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T H E R E  I S  A  M Y S T E R Y  AT  T H E  E N D  O F  
R E I O N I Z AT I O N !   LY M A N - A L P H A  C A N  H E L P !

• Many models can successfully complete reionization by z~6 and 
still match constraints of a significant neutral fraction at z >7.

galaxies probed by studies at z ~ 3–4 (e.g., Steidel et al. 2001;
Shapley et al. 2006; Iwata et al. 2009; Vanzella et al. 2010;
Nestor et al. 2011); though some ground-based studies may
suffer from contamination by intervening sources (e.g.,
Vanzella et al. 2012). Recent results imply that escape fractions
from star-forming galaxies at z ~ 2–3 range from 5% to 20%,
with lower-mass galaxies, especially those with Lyα in
emission, having a greater likelihood of having detectable
escaping ionizing emission (e.g., Mostardi et al. 2013; Nestor
et al. 2013).

Finkelstein et al. (2012a) used measurements of the emission
rate of ionizing photons from observations of the Lyα forest in
quasar spectra to place an upper limit on fesc from galaxies.
Assuming that the rest-frame UV luminosity function extended
down to MUV = -13, the escape fraction must be fesc < 13%
to avoid violating the Lyα forest measurements of Bolton &
Haehnelt (2007). Using this value, and assuming C = 3, the
luminosity functions available at the time were consistent with
a wide range of reionization histories, including an end redshift
as late as z 1 5, and an ionized fraction at z ~ 7 from 30% to
100%. Kuhlen & Faucher-Giguère (2012) and Robertson et al.
(2013) did similar analyses, folding in additional observables
(e.g., the Lyα forest and CMB), and found that in order to
complete reionization by z ~ 6, the luminosity function must
extend much deeper than can presently be observed, and/or the
average escape fraction must be higher at higher redshift.

Here, we use our updated luminosity functions to re-examine
the contribution of galaxies to reionization. Figure 20 shows
both the observable specific UV luminosity density ( UVr ),
which we define to be that above our 50% completeness limit,

as well as the total UVr , which we define as the integrated
luminosity function down to M1500 = -13. We then compare
these values to the critical number of UV photons necessary to
sustain an ionized IGM at a given redshift, taken from Madau
et al. (1999). This figure is similar to Figure 3 from Finkelstein
et al. (2012a), thus we refer the reader there for more details.
Effectively, these critical curves depend on assumptions about
the stellar IMF, metallicity, fesc, and clumping factor. The first
two are responsible for the conversion from observed UV
photons to intrinsic ionizing photons. We assumed a Salpeter
IMF, and the width of the curves denote the impact of changing
the metallicity from 0.2 Z- /Z:� 1.0. We show several
curves for the reader’s choice of the ratio of C fesc. Here, we
use a fiducial value of C = 3 and fesc = 13%, which are
consistent with Finkelstein et al. (2012a).
The right panel of Figure 20 shows the ionization history of

the IGM, comparing our derived value for the total specific UV
luminosity density to our fiducial model of C = 3 and fesc =
13%, folding in the values at z = 10.4 from Bouwens et al.
(2015) to extend our analysis beyond z = 8. Our luminosity
functions are consistent with a reionization history that starts at
z ~ 11, and ends by z > 5. Although the exact value of the
volume ionized fraction in the IGM is uncertain between these
redshifts, due to the persistent uncertainty in the faint-end
slope, our results imply the following constraints (given the
caveat of our assumptions). At z = 6, we can constrain xH II >
0.85 (1σ), while out to the limit of our observations at z = 8 the
data are still consistent with a fully ionized IGM (68% C.L. of
0.15 xH II< = <1.0). We find a midpoint of reionization
(xH II = 0.5) of 6.7 z< < 9.4 (68% C.L.).

Figure 20. (Left) specific luminosity density ( VUr ) vs. redshift (similar to Figure 3 from Finkelstein et al. 2012a). Here we show our luminosity functions integrated
down to M 13< - as blue circles. The cyan circles denote the value of VUr when we integrate down to our 50% completeness limit (−18 at z = 7). Recent results
from Bouwens et al. (2015) at z 10» are shown in green, with the lower and upper squares representing limiting magnitudes of −17 and −13, respectively. The wide
gray curves denote the value of VUr needed to sustain a fully reionized IGM at a given redshift, for a given ratio of the clumping factor C over the escape fraction of
ionizing photons fesc (Madau et al. 1999). The thin blue curve shows our fiducial value of C 3= and fesc= 13%. (Right) The volume ionized fraction, xHII, of the
IGM, which can be sustained given the integral of our luminosity functions at z = 4–8 (as well as that at z = 10.4 from Bouwens et al. 2015). We assume that the
luminosity function extends to M VU = -13, C 3= , and fesc= 13% (this escape fraction is the highest that does not violate constraints set by the Lyα forest at z = 6;
Finkelstein et al. 2012b). We plot constraints on xHII from the spectroscopy of quasars at z < 6 from Fan et al. (2006) and at z = 7 from Bolton et al. (2011). The blue
circle denotes constraints on xHII from the evolution in the Lyα luminosity function from z = 5.7 to 6.6 from Ouchi et al. (2010), while the blue bar denotes the range
of xHII values inferred from z 7» follow up Lyα spectroscopic studies (e.g., Faisst et al. 2014; Pentericci et al. 2014; Tilvi et al. 2014). The instantaneous redshift for
reionization from Planck (8.8 1.1

1.2
-
+ ) is indicated by the red rectangle. The derived 50% and 90% xHII redshifts from the study of Kuhlen & Faucher-Giguère (2012) are

shown in green. The righthand axis corresponds to the hatched regions, which show the Thomson optical depth to electron scattering ( est ), as predicted by our
integrated luminosity functions (blue) compared to Planck (red) and WMAP9 (brown). Compared to previous results, the improved constraints on the luminosity
functions yield a tighter range of possible reionization histories. Broadly speaking, we find a picture where the universe is fully ionized by z = 6, with the neutral
fraction becoming non-negligible at z 7. , with est highly consistent with the Planck value.
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Figure 1, given our simple assumptions for the escape fraction
fesc, early stellar populations, and the clumpiness of the IGM.
Importantly, the reduction in τ by Planck (compared to
WMAP) largely eliminates the tension between r z( )SFR and τ
that was discussed by many authors, including Robertson et al.
(2013). That an SFR history consistent with the r z( )SFR data
easily reproduces the Planck τ strengthens the conclusions of
Robertson et al. (2013) that the bulk of the ionizing photons
emerged from galaxies. Figure 2 shows that the observed
galaxy population at <z 10 can easily reach the 68%
credibility intervals of τ with plausible assumptions about fesc
and Lmin. As a consequence, the reduced τ eliminates the need
for very high-redshift ( �z 10) star formation (see Section 3).
We note the dust correction used in computing rSFR at ~z 6
permits an equivalently lower fesc without significant change in
the derived τ. We note that to reach t 2 0.08 given the r z( )SFR
constraints requires 2f 0.3esc or 1C 1HII .
Figure 2 also shows t z( ) computed with the 9 yr WMAP τ

marginalized likelihood as a constraint on the high-redshift
SFR density (blue region; Robertson et al. 2013), which
favored a relatively low t ~ 0.07. If, instead, the SFR density
rapidly declines as r µ + -z(1 )SFR

10.9 beyond ~z 8 as
suggested by, e.g., Oesch et al. (2014), the Planck τ is not
reached (light blue region). Finally, if we force the model to
reproduce the best-fit WMAP τ (orange region), the increased
ionization at high redshifts requires a dramatic increase in the
>z 7.5 SFR (see Figure 1) and poses difficulties in matching

other data on the IGM ionization state, as we discuss next.

2.3. Ionization History

Similarly, we can update our understanding of the evolving
ionization fraction Q z( )HII computed during the integration of
Equation (4). Valuable observational progress in this area
made in recent years exploits the fraction of star-forming
galaxies showing Lyα emission (e.g., Stark et al. 2010) now
extended to z ∼ 7 − 8 from Treu et al. (2013), Pentericci et al.
(2014), and Schenker et al. (2014); the Lyα damping wing
absorption constraints from GRB host galaxies by Chornock
et al. (2013); and the number of dark pixels in Lyα forest
observations of background quasars (McGreer et al. 2015).
While most of these results require model-dependent inferences
to relate observables to QHII, they collectively give strong
support for reionization ending rapidly near �z 6.
Figure 3 shows these constraints, along with the inferred

68% credibility interval (red region; ML model shown in
white) on the marginalized distribution of the neutral fraction
- Q1 HII from the SFR histories shown in Figure 1 and the

Planck constraints on τ. Although our model did not use these
observations to constrain the computed reionization history, we
nonetheless find good agreement.6

Figure 3 also shows the earlier model of Robertson et al.
(2013; blue region) that completes reionization at a slightly
lower redshift and displays a more prolonged ionization
history. This model was in some tension with the WMAP τ
(Figure 2). If we force the model to reproduce the WMAP τ
(orange region), reionization ends by ~z 7.5, which is quite
inconsistent with several observations that indicate neutral gas
within IGM over the range 1 1z6 8 (Figure 3).

Figure 1. Star formation rate density rSFR with redshift. Shown are the SFR
densities from Madau & Dickinson (2014) determined from infrared (dark red
points) and ultraviolet (blue points) luminosity densities, updated for recent
results and extrapolated to a minimum luminosity = �L L0.001min . A
parameterized model for the evolving SFR density (Equation (2)) is fit to
the data under the constraint that the Thomson optical depth τ to electron
scattering measured by Planck is reproduced. The maximum likelihood model
(white line) and 68% credibility interval on rSFR (red region) are shown. A
consistent SFR density history is found even if the Planck τ constraint is
ignored (dotted black line). These inferences can be compared with a model
forced to reproduce the previous WMAP τ (orange region), which requires a
much larger rSFR at redshifts >z 5.

Figure 2. Thomson optical depth to electron scattering τ, integrated over
redshift. Shown is the Planck constraint t = o0.066 0.012 (gray area), along
with the marginalized 68% credibility interval (red region) computed from the
SFR histories rSFR shown in Figure 1. The corresponding inferences of t z( )
from Robertson et al. (2013; dark blue region), a model forced to reproduce the
9 yr WMAP τ constraints (orange region), and a model with rSFR truncated at
>z 8 (light blue region) following Oesch et al. (2014) are shown for

comparison. 6 The model does not fare well in comparison to Lyα forest measurements
when ~Q 1HII because of our simplified treatment of the ionization process
(see the discussion in Robertson et al. 2013).
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Galaxies are 
the source 
fesc=10-20%, 
Mlim=-13,  
log ξion ~ 25.2 Most galaxies have very low escape 

fractions (<2%), with a small fraction with 
higher (>10%) escape fractions, and/or 

that fesc varies with mass/luminosity.
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T H I S  L E A D S  T O  A  D I S C R E PA N C Y  W I T H  
T H E  M E A S U R E D  I O N I Z I N G  E M I S S I V I T I E S

Becker & Bolton 2013

1032 G. D. Becker and J. S. Bolton

Figure 6. Integrated emissivity of ionizing photons, Ṅion, along with values from the literature over 2 < z < 5. In each panel, the inner shaded band gives
the total range of systematic uncertainty, while the outer shaded band gives the total statistical error. In the left-hand panel the filled circles show the nominal
values of Ṅion for our fiducial model with γ = 1.4 and α = 2.0. In the middle and left-hand panels, the filled circles show Ṅion for values of γ and α

corresponding to those adopted in previous works (Bolton & Haehnelt 2007; Kuhlen & Faucher-Giguère 2012). The Kuhlen & Faucher-Giguère (2012) value
at z = 5 was calculated using # from Bolton & Haehnelt (2007). The literature values have been adjusted for cosmology and to reflect a σν ∝ ν−2.75 scaling of
the H I ionization cross-section. The Kuhlen & Faucher-Giguère (2012) values have also been adjusted to give results integrated over all frequencies ν > ν912.
Differences between our results and those of previous works are related mainly to the combined differences in # and the ionizing opacity, as well as to the fact
that we include radiative transfer effects when computing Ṅion. See the text for details.

based on artificial spectra drawn from hydrodynamical simulations.
An additional factor of 2 comes from the fact that they use a local
source approximation to compute the mean free path and Ṅion (see
Appendix C). The remaining factor of ∼1.2 reflects small differ-
ences in the adopted shape of f (NH I, z) used to compute the mean
free path (see Songaila & Cowie 2010), as well as the fact that our
# values formally decrease from z = 2.4 to 3.2, which amplifies
the radiative transfer effect somewhat above the case discussed in
Appendix C.

6 TH E S O U R C E S O F IO N I Z I N G PH OTO N S

Our estimates for the ionizing emissivity are based on the physical
conditions of the IGM and include the ionizing output from all
sources. We now turn towards disentangling the contributions from
AGN and galaxies, and using the results to infer possible trends in
the ionizing efficiency of galaxies in the post-reionization era.

For the ionizing emissivity of AGN, we adopt estimates made by
Cowie, Barger & Trouille (2009). This work combined direct mea-
surements of the ionizing and near-UV luminosities of AGN at z ∼ 1
with the evolution of the near-UV luminosity density in an X-ray se-
lected sample of broad-line AGN over 0 < z < 5. We compare their
results for the specific emissivity from AGN at 912 Å to our results
for the total specific emissivity from all sources in Fig. 7. The Cowie
et al. (2009) estimate of the AGN contribution falls well below the
total emissivity, and becomes an increasingly small fraction towards
higher redshifts. We calculate the contribution from galaxies, ϵG

912,
by subtracting the AGN estimate from our total values, linearly in-
terpolating the Cowie et al. (2009) AGN measurements on to our
redshift bins and using a Monte Carlo approach to propagate the er-
rors. Our estimates of the galaxy emissivity are shown in Fig. 7. The
galaxy and AGN contributions are potentially comparable, at least
to within the errors, at z ≃ 2.4. At higher redshifts, however, the
galaxies increasingly dominate the ionizing emissivity, producing
essentially all of the ionizing photons just below the Lyman limit at
z ≥ 4. These results are consistent with a picture in which galaxies
provide most of the ionizing photons during hydrogen reionization

Figure 7. The specific emissivity at 912 Å. The filled circles give our results
for our fiducial parameters (γ = 1.4, α = 2.0). The inner shaded band gives
the total range of systematic uncertainty, while the outer shaded band gives
the total statistical error. Estimates of the AGN emissivity from Cowie
et al. (2009) are shown as open squares, while the dotted line is the model
AGN emissivity adopted by Haardt & Madau (2012). The open circles give
our results after subtracting the Cowie et al. (2009) estimate of the AGN
contribution. The error bars at z = 2.85 and z = 3.0 are estimates of the
emissivity from galaxies brighter than ∼0.1L∗ based on direct measurements
of escaping ionizing radiation from LBGs and LAEs (Mostardi et al. 2013;
Nestor et al. 2013).

(z > 6), but also indicate that the contribution from galaxies remains
dominant down to much lower redshifts.

The contribution of AGN to the UV background is a subject of
ongoing debate (for a recent discussion see Fontanot, Cristiani &
Vanzella 2012). Haardt & Madau (2012), for example, adopt an
AGN ionizing emissivity based on bolometric luminosity functions
compiled by Hopkins, Richards & Hernquist (2007) that is roughly
a factor of 2 higher than the Cowie et al. (2009) estimates. We show
the Haardt & Madau (2012) model as a dotted line in Fig. 7. For
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Direct measurements of 
the total ionizing emissivity

This doesn’t even consider AGNs, 
which we know are there at z < 4!
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photons s−1 M⊙
−1 yr−1; 25.24 in the units used here of Hz

erg−1). These assumed values are comparable to those used
for the purple shaded region in Figure 3 (fesc=13%; log(ξion) =
25.34); these assumptions give near-identical results to those
from Robertson et al. when using our assumed luminosity
functions, highlighting that the minor differences in the lu-
minosity functions (or resultant SFR density) assumed do not
play a large role in the differences in QHII(z).

The differences in ξion and fesc must therefore be responsi-
ble. While both certainly play a role, the differences in QHII(z)
are easy to understand when simply exploring fesc. In the
Robertson et al. model, galaxies at all redshifts and luminosi-
ties have the same escape fraction of 20%. This means that the
ionizing emissivity from a given luminosity range is directly
proportional to the non-ionizing UV luminosity density in that
same range. The result of this assumption is that the faintest
galaxies do not play a major role. This is illustrated in Fig-
ure 9, where the gray shaded lines show the cumulative ioniz-
ing emissivity using the assumptions from Robertson et al. At
z = 6, at the end of reionization, ∼half of the ionizing emissiv-
ity comes from rather bright galaxies, with L > 0.1L∗. While
the evolving faint end slope changes this with redshift, even
by z =10, a near majority of the ionizing emissivity comes
from galaxies with L > 0.01L∗. As massive/bright galax-
ies are building up with time, the relative insignificance of L
≪ 0.01L∗ galaxies to the ionizing photon budget means that
reionziation gets a late start. As the brighter/more massive
galaxies build up, the ionizing emissivity increases rapidly,
resulting in a reionization history that starts late, but finishes
quickly, much like that seen in Robertson et al. (2015). The
blue shaded lines in Figure 9 show the results of this work.
While the same lumniosity functions are assumed as the gray
lines, in our model the escape fraction is halo-mass depen-
dant, so even modestly-bright galaxies contribute very little,
while the faintest galaxies dominate. This, combined with the
steepening faint-end slope at higher redshift, allows reioniza-
tion to begin earlier. This difference is enhanced by our evo-
lution in ξion to higher values at higher redshifts and lower
luminosities, allowing those galaxies which have significant
escape fractions to have larger ionizing photon budgets. How-
ever, as the faint-end slope shallows with decreasing redshift,
the emissivity from galaxies from our model decreases, re-
sulting in a very constrained ionizing photon budget towards
the end of reionization, discussed in the following subsection.

At this point, both models can succesfully complete reion-
ization. However, the different assumptions, particularly on
the escape fraction, result in modest differences in the reion-
ization history. These differences are greatest at z ≈ 9, where
the Robertson et al. model, driven by modestly bright galax-
ies, finds QHII ∼ 0.2, and our model, driven by the faintest
galaxies, finds QHII ∼ 0.6. Future observations may be able to
distinguish between these scenarios, and can thus potentially
indicate the luminosity range of the galaxies driving reioniza-
tion. In §X.X and Figure X below we further compare our
results for QHII(z) to the wealth of observational and theoret-
ical results in the literature.

Finally, while we did not include any constraints on the ion-
ization of He II in our model, here we comment on the resul-
tant distribution of QHeIII(z), shown as the red-shaded region
in Figure 10. Our fiducial model results in a He,II reionization
history which gets started at a low level at z ∼ 6, as the AGN
help to complete hydrogen reionization, hitting 50% comple-
tion at z ∼ 3.3, and completing at z ∼ 2.5. This is consistent
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FIG. 9.— A comparison of the cumulative ionizing emissivity from this
work, to that from Robertson et al. (2015). We indicate with red lines the
values of [1, 0.1, 0.01] L∗ at z = 8 (values are other redshifts are comparable;
this work assumes dM∗/dz=0.13).

with observations of the H I and He II Lyα forests. Current
observations of the latter show a strong evolution in its mean
opacity and dispersion at z ! 2.8 (e.g. Worseck et al. 2011,
2016). Additionally, the analogue of Gunn-Peterson troughs
observed in the z ! 2.7 He II Lyα forest have been used to
place limits of QHeII ! 10% at the cosmic mean density, which
implies that He II reionization was still in progress at z ∼ 2.7
(McQuinn 2009; Shull et al. 2010; Syphers & Shull 2014).
Finally, recent H I Lyα forest measurements have found evi-
dence for a bump in the thermal history of the IGM at z ∼ 2.8,
which has been interpreted to coincide with the end of the
He II reionization process (e.g. Schaye et al. 2000; Becker
et al. 2011; Hiss et al. 2017; Puchwein et al. 2015; Upton
Sanderbeck et al. 2016). Together, these measurements pro-
vide evidence that He II may be ending at z ∼ 2.5, consistent
with our findings (see however McQuinn & Worseck 2014;
Davies & Furlanetto 2014; Davies et al. 2017, for alternative
interpretations of the He II Lyα forest data). We note that our
results also suggest a more extended He II reionization pro-
cess than is found in existing simulations – as much as 20%
complete by z ≈ 6 (McQuinn et al. 2009; Compostella et al.
2013; La Plante et al. 2017). This is qualitatively consistent
with the conclusion of Worseck et al. (2016), who find evi-
dence for extended reionization in the statistics of the He II
Lyα forest opacity3.

4.1.3. Comparison with Observational Constraints – Ṅion(z)

4.1.4. Comparison with Observational Constraints – tau

comment on changing 2015–2016 here!!!
get here today

4.2. Fiducial Model: Evolving Versus Flat Faint-End Slope

Results - 4.1: Fiducial results discussion of posteriors, etc.
- make sure to explain flat/evovlnig LF (z > 7 already fine,
don’t need more)

4.2 w/w/o AGN (and AGN at various redshifts) - difference
is likely minor at z > 7, but major at z=4-6 - On AGN - the
final result is hardly “damning” evidence requiring AGN, but
it can ease the burden a bit - Explain Q HeIII

3 See however D’Aloisio et al. (2017) for a discussion of potential caveats
in simulating the impact of He II reionization on the transmission statistics of
the He II Lyα forest.

This leads to *very* faint galaxies 
being the dominant contributor
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A L L  I S  W E L L ?

• The constraints used in this analysis (dark pixels from 
McGreer+15, emissivities from Becker+13, and Planck 2015 
optical depth) do not prohibit this reionization history.
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Existing Lyα measurements 
at z ~ 7 prefer a lower 

ionized fraction (~50%)
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LY M A N - A L P H A  A S  A  P R O B E  O F  
R E I O N I Z AT I O N

• Lyα photons are resonantly scattered by neutral 
HI gas, and so should be a unique tracer of the 
evolution of the IGM neutral fraction during 
reionization (e.g., Miralda-Escude+98, Malhotra 
& Rhoads 04, 06; Dijkstra+07). 

• This has often been traced by exploring the 
“Lyman-alpha” fraction. 

• This measure doesn’t include the continuum 
brightness of the galaxy, so analyses often 
split into multiple bins. 

• The EW distribution (P[W]) is a more 
straightforward way to trace this evolution. 

• Now being used, see Pentericci+2018, 
Mason+2018, Jung+2018

Mason+2018



Texas Spectroscopic Search for Lyα Emission at the End of Reionization
Constraining the Lyα Equivalent Width Distribution at z > 6

1The University of Texas at Austin, 2The University of Melbourne, 3ASTRO 3D, 4National Optical Astronomy Observatory, 5Texas A&M University, 6NASA Goddard Space Flight Center, 7Arizona State University

Intae Jung1, Steven Finkelstein1, Rachael Livermore1,2,3, Mark Dickinson4, Rebecca Larson1, Casey Papovich5, Mimi Song6,  Vithal Tilvi7, and Isak Wold1

1. Background & Goal

Tracing Neutral Hydrogen in the Intergalactic Medium (IGM)
A rapid drop of the Ly! fraction (= NLAE/NLBG,observed) at z ~ 6 � 7: Due to the resonant nature of Lyα
scattering by neutral hydrogen, the presence of neutral hydrogen in the IGM easily attenuates Lyα emission line strengths.
The fraction of continuum-selected Lyman break galaxies (LBGs) with strong spectroscopically-detected Lyα emission
(known as the “Lyα fraction”) was found to increase from z = 3 to z = 6 (Stark et al. 2010). It was thus expected that the
Lyα fraction at z ~ 7 would be at least as high as at z = 6 (Stark et al. 2011). However, initial studies have found an apparent
deficit of strong Lyα emission at z > 6.5 (e.g., Fontana et al. 2010, Ono et al. 2012, Treu et al. 2013, Caruana et al. 2014,
Pentericci et al. 2014, Schenker et al. 2014, Tilvi et al. 2014, Vanzella et al. 2014, Schmidt et al. 2016). While many previous
studies have used the Lyα fraction as a measure of the evolution of Lyα emission, it is a somewhat less constraining measure
since it often does not account for the continuum luminosity of the host galaxy.

Constraining the Ly! Equivalent Width Distribution: We implement a more detailed analysis of our dataset,
where we place constraints on the evolution of the Lyα equivalent width (EW) distribution, using detailed simulations to
include the effects of incompleteness. This distribution function has been well studied at 0.3 < z < 6, and has been found to
have the form of an exponential distribution, dN/dEW � exp(-EW/W0), with a characteristic EW e-folding scale (W0) of
~60Å over the epoch 0.3 < z < 3 (e.g., Gronwall et al. 2007, Guaita et al. 2010, Ciardullo et al. 2012, Wold et al. 2014, Wold
et al. 2017); and possibly higher at higher redshift (e.g., Ouchi et al. 2008, Zheng et al. 2014). Particularly, in the epoch of
reionization, the neutral hydrogen atoms in the IGM are expected to diminish these EWs, lowering the e-folding scale (W0)
of the observed Lyα EW distribution (e.g., Bolton & Haehnelt 2013, Mason et al. 2017, refer figures below). Thus, a measure
of the e-folding scale of the Lyα EW distribution at the end of reionization is a key observable, which reflects the ionization
status of the IGM.

Question: At what confidence can new observations rule out the e-folding scale (W0) of ~60-100Å at z>6?

Goal: We perform a large optical + near-infrared (NIR) spectroscopic survey of high-redshift galaxies with a
robust sample of candidate galaxies at z ~ 5 - 8, and constrain the Ly! equivalent width distribution at the
end of cosmic reionization with the detected Ly! emitters.

Abstract
The distribution of Lyα emission is a presently accessible method for studying the state of the intergalactic medium (IGM) into the reionization era. We carried out deep spectroscopic observations in order to search for Lyα emission from galaxies
with photometric redshifts z = 5.5 - 8.3 selected from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS). Utilizing data from the Keck/DEIMOS spectrograph, we explore a wavelength coverage of Lyα emission at z ~ 5
- 7 with four nights of spectroscopic observations for 118 galaxies, detecting five emission lines with ~ 5σ significance: three in the GOODS-N and two in the GOODS-S field. We constrain the equivalent width (EW) distribution of Lyα emission by
comparing the number of detected objects with the expected number constructed from detailed simulations of mock emission lines that account for the observational conditions (e.g., exposure time, wavelength coverage, and sky emission) and galaxy
photometric redshift probability distribution functions. The Lyα EW distribution is well described by an exponential form, dN/dEW� exp(-EW/W0), characterized by the e-folding scale (W0) of ~ 60 - 100Å at 0.3 < z < 6. By contrast, our measure of
the Lyα EW distribution at 6.0 < z < 7.0 rejects a Lyα EW distribution with W0 > 36.4Å (125.3Å) at 1σ (2σ) significance. This provides additional evidence that the EW distribution of Lyα declines at z > 6, suggesting an increasing fraction of neutral
hydrogen in the IGM at that epoch. Incorporating additional data from our MOSFIRE observations in our follow-up paper will update this result and its statistical confidence, and extend these studies to higher redshift.

2. A Spectroscopic Search for Galaxies with Ly! Emission
Targets: Galaxies at z = 5.5-8.2 from a photometric redshift catalog (Finkelstein et al. 2015)

Ground-based spectroscopic data for z = 5.5 – 8.2 galaxies with the DEIMOS (�1"m) and MOSFIRE (�1"
m) spectrographs on the Keck telescopes (the majority coming through the NASA/Keck allocation)

Emission line detections at z ~ 5.5 - 6.7 from DEIMOS observations (PI: Rachael Livermore)

The five emission lines are three detections in GOODS-N and two detections in GOODS-S.
5. Summary & Future Work

wWe have �5 Ly! emission lines detected at z > 5.5 from our DEIMOS observation among 118 candidate galaxies.
w We simulate the expected number of Ly! detections from our observational dataset, comprehensively taking into
account noise in the dataset and galaxy photometric redshift probability distributions.
w Our dataset constrains the Ly! EW e-folding scale at z ~ 6.5 to be < 36.40Å at 1# confidence (125.28Å at 2#)
Takeaway: Our measure of the Ly! EW e-folding scale at z ~ 6.5 is lower than previous measurements at lower
redshifts, providing weak evidence for an increasing fraction of neutral hydrogen in the IGM at this epoch. Additional
data from our MOSFIRE observations at z>7 will update this result in a future paper with a higher statistical
confidence.

Future Work: Discoveries of Lyα Emitters at z > 7 from the MOSFIRE Data

✔ Including our MOSFIRE dataset, we will provide an improved measure of a Ly! EW distribution at z ~ 6 - 8.
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3. Measuring the Ly! Equivalent Width Distribution

★ Simulating the expected number of detections accounting for incompleteness
A simple but key observable from our spectroscopic survey is the number of detected Lyα emission lines. This depends not only
on the observed Lyα EW distribution of the observed galaxies, but also the completeness of the observations. We wish to test
the hypothesis that a uniform quenching of Lyα emission from a partially-neutral IGM is evolving the e-folding scale of the EW
distribution towards lower values at z ≥ 6. To facilitate this, we develop simulations which assess the likelihood
of detecting a Lyα emission line of a given strength accounting for all sources of incompleteness (e.g.,
spectroscopic depth, sky emission, wavelength coverage, P(z) distribution). In this simulation a Monte-Carlo
aspect is needed, as the broad photometric redshift distributions require us to sample a broad wavelength range, and the line
strength of the simulated Lyα emission lines are sampled through the assumed EW distribution.

For each mock emission line,

Ly! Equivalent Width Distribution at z ~ 6.5 from MCMC sampling
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ç Mask designs of our DEIMOS and MOSFIRE configurations
overlaid in the GOODS-S (left) and GOODS-N (right)
WFC3/F160W CANDELS images. Observed areas are
marked by green rectangles: larger solid rectangles (5’x16.7’)
show DEIMOS observations, and smaller dashed squares
(6’x4’) represent MOSFIRE observations. Cyan and yellow
circles are observed galaxies with DEIMOS and MOSFIRE,
respectively. *While this figure shows our entire
spectroscopic survey program with DEIMOS and MOSFIRE,
we discuss our analysis with DEIMOS in later sections, and
our follow-up paper will include the MOSFIRE data.

We perform this emission line simulation (described in the left)
for our observations, measuring the posterior distribution of the
expected number of detections as a function of S/N for e-folding
scales of W0=5-200Å. For each choice of W0, we carry out 1000
Monte Carlo simulations. The figure above shows the mean
expected number of detections, averaged over each set of 1000
simulations, as a function of S/N for a range of EW distributions
for z � 6.5. A larger choice of W0 predicts a larger number of Ly!
detections.

GOODS-NGOODS-S

é One- and two-dimensional spectra of line-detected objects in GOODS-N (left three) and in GOODS-S (right two). Red curves show
the best-fit asymmetric Gaussian curves. The object IDs in the table are encoded with their photometric redshifts and the fields where they
are detected in imaging data.Table 1 below summarizes the properties of the five LAEs.

4. Redshift Dependence of the Ly! EW Distribution

ii) We assign the simulated Lyα line strength from the assumed EW distribution 

i) We assign a wavelength for the Lyα line by drawing randomly from P(z)

iii) determine the S/N level of the simulated Lyα line at that wavelength. 

λLyα = (1+zphot)×1215.67Å
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P (EW) � exp (-EW/W0), 
where W0 is an exponential scale length.

As counting the number of Lyα line detections can be described as a
general Poisson problem, the likelihood of obtaining the particular
results (counting the number of Lyα detections) is the Poisson
likelihood. A well-known statistic related to the Poisson likelihood is
the ``Cash statistic” as below.

Performing the MCMC sampling with the detections from our
observations, we calculate the posterior distribution of the Lyα EW e-
folding scale at z ~ 6.5. Our low number of detections make us
unable to robustly constrain the median of W0, thus we find a 1σ
(84%) upper limit of W0<36.4Å (125.28Å for a 2σ limit)
(see the right figure è).

é (Left) the probability distribution of the expected number of Ly! detections as a
function of a S/N level (S) at z~6.5, which is obtained from the 105 MCMC chain steps.
Higher probability regions are denoted by the brighter colors. The black solid curve
shows the mean of the expected number of detections from our simulations as a
function of S/N (S), and the dashed curves are 1σ uncertainties. Our three detections
are drawn as the red solid line. (Right) the cumulative probability of the EW e-folding
scale (W0) from our MCMC-based fitting algorithm. The 1σ and 2σ upper limits are
denoted with dotted and dashed red vertical lines, respectively.

5σ detection limit
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The Lyα EW e-folding scale, W0, is expected to decrease with increasing neutral
hydrogen in the IGM. In the right figure (è), we compare the redshift
dependence of the Lyα EW e-folding scale from previous studies to our measure.

Compared to the derived evolution at lower redshift, our measurement (red
arrows) shows that, at 1σ confidence, this quantity must begin to drop at z > 6.
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Mask 
# Observing Dates # of

Objects
Exp. 
Time

1 2013 Apr 18 24 5.76 hr

2 2013 Apr 19 19 5.52 hr

3 2014 Mar 14, 15, 25 23 6.26 hr

4 2014 Apr17, 18, May 13 13 7.21 hr

5 2015 Feb 23, 24 10 4.47 hr

6 2015 Feb 23, 24 10 4.47 hr

The MOSFIRE data analysis is in progress (Table 2),  and we first focus on analyzing the deepest MOSFIRE data (Table3), where the 
integration time is >15hr, from the overlapping area of the MOSFIRE mask designs in GOODS-N.

(Preliminary) 
An example of the detected emission lines from MOSFIRE.

*In the figure above, the black dashed line describes the best-fit redshift evolution from Zheng et al. (2014), compiling 0<z<7 LAEs from literature: Guaita et al. (2010) at z=2.1, Nilsson et al. (2009) at z=2.25, Gronwall et al. (2007) at z=3.1,
Ciardullo et al. (2012) at z=3.1, Ouchi et al. (2008) at z=3.1, 3.7, Zheng et al. (2014) at z=4.5, Kashikawa et al. (2011) at z=5.7, 6.5, and Hu et al. (2010) at z=5.7, 6.5 shown as filled circles. Blue diamonds are the measurements of Hashimoto et al.
(2017) from the MUSE HUDF Survey (Bacon et al. 2017). At lower redshift, the W0 measurements of Wold et al. (2017) at z ~ 0.3 and Wold et al. (2014) at z ~ 0.9 (orange triangles) suggest a relatively unevolving EW e-folding scale of Lyα across
z ~ 0.3 - 3.0, considering the other measurements described above, including black triangle (Blanc et al. 2011) at z ~ 2.85.

ç The Lyα EW distribution from Tilvi et al. (2014) and
Mason et al. (2017). In the epoch of reionization, the neutral
hydrogen atoms in the intergalactic medium would diminish
these EWs, lowering the scale length of the distribution. A
higher fraction of neutral hydrogen in the IGM into the
reionization epoch would reduce the strength of Lyα
emission and lower the EW e-folding scaling.

Object ID RA
(J2000.0)

Dec
(J2000.0) Exp. Time

z8_GND_9408 189.300125 62.280358 ~19.0 hr

z7_GNW_22375 189.342583 62.308517 ~19.0 hr

z7_GND_22483 189.146417 62.240519 ~16.5 hr

z7_GND_42912 189.157875 62.302372 ~16.5 hr

z7_GND_18869 189.205292 62.250767 ~16.5 hr

z7_GND_16863 189.333083 62.257236 ~16.3 hr

Table 2. Summary of our MOSFIRE observations Table 3. Summary of the deepest MOSFIRE objects (>15hr)

é
The emission line from z7_GND_9177 (texp>10hr)

at 9835Å with zLyα~7.09.

v Unfortunately, for our DEIMOS GOODS-S data, we could not achieve properly flux-calibrated spectra due to the bad observing conditions
(e.g., a large variation of the seeing between science objects and standard star observations, and a large drift on centering 2D spectra due to
atmospheric dispersion, which is problematic to center 2D spectra precisely in the spatial direction). Thus, the calibrated fluxes for the
GOODS-S dataset are unreliable, and we were unable to use the calibrated Lyα line flux of the GOODS-S objects in our analysis in later
sections.

Table 1. Summary of Ly! Emitters Observed with Keck/DEIMOS

* We have 19 high-z candidate galaxies with >10hr.
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1. Background & Goal

Tracing Neutral Hydrogen in the Intergalactic Medium (IGM)
A rapid drop of the Ly! fraction (= NLAE/NLBG,observed) at z ~ 6 � 7: Due to the resonant nature of Lyα
scattering by neutral hydrogen, the presence of neutral hydrogen in the IGM easily attenuates Lyα emission line strengths.
The fraction of continuum-selected Lyman break galaxies (LBGs) with strong spectroscopically-detected Lyα emission
(known as the “Lyα fraction”) was found to increase from z = 3 to z = 6 (Stark et al. 2010). It was thus expected that the
Lyα fraction at z ~ 7 would be at least as high as at z = 6 (Stark et al. 2011). However, initial studies have found an apparent
deficit of strong Lyα emission at z > 6.5 (e.g., Fontana et al. 2010, Ono et al. 2012, Treu et al. 2013, Caruana et al. 2014,
Pentericci et al. 2014, Schenker et al. 2014, Tilvi et al. 2014, Vanzella et al. 2014, Schmidt et al. 2016). While many previous
studies have used the Lyα fraction as a measure of the evolution of Lyα emission, it is a somewhat less constraining measure
since it often does not account for the continuum luminosity of the host galaxy.

Constraining the Ly! Equivalent Width Distribution: We implement a more detailed analysis of our dataset,
where we place constraints on the evolution of the Lyα equivalent width (EW) distribution, using detailed simulations to
include the effects of incompleteness. This distribution function has been well studied at 0.3 < z < 6, and has been found to
have the form of an exponential distribution, dN/dEW � exp(-EW/W0), with a characteristic EW e-folding scale (W0) of
~60Å over the epoch 0.3 < z < 3 (e.g., Gronwall et al. 2007, Guaita et al. 2010, Ciardullo et al. 2012, Wold et al. 2014, Wold
et al. 2017); and possibly higher at higher redshift (e.g., Ouchi et al. 2008, Zheng et al. 2014). Particularly, in the epoch of
reionization, the neutral hydrogen atoms in the IGM are expected to diminish these EWs, lowering the e-folding scale (W0)
of the observed Lyα EW distribution (e.g., Bolton & Haehnelt 2013, Mason et al. 2017, refer figures below). Thus, a measure
of the e-folding scale of the Lyα EW distribution at the end of reionization is a key observable, which reflects the ionization
status of the IGM.

Question: At what confidence can new observations rule out the e-folding scale (W0) of ~60-100Å at z>6?

Goal: We perform a large optical + near-infrared (NIR) spectroscopic survey of high-redshift galaxies with a
robust sample of candidate galaxies at z ~ 5 - 8, and constrain the Ly! equivalent width distribution at the
end of cosmic reionization with the detected Ly! emitters.

Abstract
The distribution of Lyα emission is a presently accessible method for studying the state of the intergalactic medium (IGM) into the reionization era. We carried out deep spectroscopic observations in order to search for Lyα emission from galaxies
with photometric redshifts z = 5.5 - 8.3 selected from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS). Utilizing data from the Keck/DEIMOS spectrograph, we explore a wavelength coverage of Lyα emission at z ~ 5
- 7 with four nights of spectroscopic observations for 118 galaxies, detecting five emission lines with ~ 5σ significance: three in the GOODS-N and two in the GOODS-S field. We constrain the equivalent width (EW) distribution of Lyα emission by
comparing the number of detected objects with the expected number constructed from detailed simulations of mock emission lines that account for the observational conditions (e.g., exposure time, wavelength coverage, and sky emission) and galaxy
photometric redshift probability distribution functions. The Lyα EW distribution is well described by an exponential form, dN/dEW� exp(-EW/W0), characterized by the e-folding scale (W0) of ~ 60 - 100Å at 0.3 < z < 6. By contrast, our measure of
the Lyα EW distribution at 6.0 < z < 7.0 rejects a Lyα EW distribution with W0 > 36.4Å (125.3Å) at 1σ (2σ) significance. This provides additional evidence that the EW distribution of Lyα declines at z > 6, suggesting an increasing fraction of neutral
hydrogen in the IGM at that epoch. Incorporating additional data from our MOSFIRE observations in our follow-up paper will update this result and its statistical confidence, and extend these studies to higher redshift.

2. A Spectroscopic Search for Galaxies with Ly! Emission
Targets: Galaxies at z = 5.5-8.2 from a photometric redshift catalog (Finkelstein et al. 2015)

Ground-based spectroscopic data for z = 5.5 – 8.2 galaxies with the DEIMOS (�1"m) and MOSFIRE (�1"
m) spectrographs on the Keck telescopes (the majority coming through the NASA/Keck allocation)

Emission line detections at z ~ 5.5 - 6.7 from DEIMOS observations (PI: Rachael Livermore)

The five emission lines are three detections in GOODS-N and two detections in GOODS-S.
5. Summary & Future Work

wWe have �5 Ly! emission lines detected at z > 5.5 from our DEIMOS observation among 118 candidate galaxies.
w We simulate the expected number of Ly! detections from our observational dataset, comprehensively taking into
account noise in the dataset and galaxy photometric redshift probability distributions.
w Our dataset constrains the Ly! EW e-folding scale at z ~ 6.5 to be < 36.40Å at 1# confidence (125.28Å at 2#)
Takeaway: Our measure of the Ly! EW e-folding scale at z ~ 6.5 is lower than previous measurements at lower
redshifts, providing weak evidence for an increasing fraction of neutral hydrogen in the IGM at this epoch. Additional
data from our MOSFIRE observations at z>7 will update this result in a future paper with a higher statistical
confidence.

Future Work: Discoveries of Lyα Emitters at z > 7 from the MOSFIRE Data

✔ Including our MOSFIRE dataset, we will provide an improved measure of a Ly! EW distribution at z ~ 6 - 8.
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3. Measuring the Ly! Equivalent Width Distribution

★ Simulating the expected number of detections accounting for incompleteness
A simple but key observable from our spectroscopic survey is the number of detected Lyα emission lines. This depends not only
on the observed Lyα EW distribution of the observed galaxies, but also the completeness of the observations. We wish to test
the hypothesis that a uniform quenching of Lyα emission from a partially-neutral IGM is evolving the e-folding scale of the EW
distribution towards lower values at z ≥ 6. To facilitate this, we develop simulations which assess the likelihood
of detecting a Lyα emission line of a given strength accounting for all sources of incompleteness (e.g.,
spectroscopic depth, sky emission, wavelength coverage, P(z) distribution). In this simulation a Monte-Carlo
aspect is needed, as the broad photometric redshift distributions require us to sample a broad wavelength range, and the line
strength of the simulated Lyα emission lines are sampled through the assumed EW distribution.

For each mock emission line,

Ly! Equivalent Width Distribution at z ~ 6.5 from MCMC sampling
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ç Mask designs of our DEIMOS and MOSFIRE configurations
overlaid in the GOODS-S (left) and GOODS-N (right)
WFC3/F160W CANDELS images. Observed areas are
marked by green rectangles: larger solid rectangles (5’x16.7’)
show DEIMOS observations, and smaller dashed squares
(6’x4’) represent MOSFIRE observations. Cyan and yellow
circles are observed galaxies with DEIMOS and MOSFIRE,
respectively. *While this figure shows our entire
spectroscopic survey program with DEIMOS and MOSFIRE,
we discuss our analysis with DEIMOS in later sections, and
our follow-up paper will include the MOSFIRE data.

We perform this emission line simulation (described in the left)
for our observations, measuring the posterior distribution of the
expected number of detections as a function of S/N for e-folding
scales of W0=5-200Å. For each choice of W0, we carry out 1000
Monte Carlo simulations. The figure above shows the mean
expected number of detections, averaged over each set of 1000
simulations, as a function of S/N for a range of EW distributions
for z � 6.5. A larger choice of W0 predicts a larger number of Ly!
detections.

GOODS-NGOODS-S

é One- and two-dimensional spectra of line-detected objects in GOODS-N (left three) and in GOODS-S (right two). Red curves show
the best-fit asymmetric Gaussian curves. The object IDs in the table are encoded with their photometric redshifts and the fields where they
are detected in imaging data.Table 1 below summarizes the properties of the five LAEs.

4. Redshift Dependence of the Ly! EW Distribution

ii) We assign the simulated Lyα line strength from the assumed EW distribution 

i) We assign a wavelength for the Lyα line by drawing randomly from P(z)

iii) determine the S/N level of the simulated Lyα line at that wavelength. 

λLyα = (1+zphot)×1215.67Å
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P (EW) � exp (-EW/W0), 
where W0 is an exponential scale length.

As counting the number of Lyα line detections can be described as a
general Poisson problem, the likelihood of obtaining the particular
results (counting the number of Lyα detections) is the Poisson
likelihood. A well-known statistic related to the Poisson likelihood is
the ``Cash statistic” as below.

Performing the MCMC sampling with the detections from our
observations, we calculate the posterior distribution of the Lyα EW e-
folding scale at z ~ 6.5. Our low number of detections make us
unable to robustly constrain the median of W0, thus we find a 1σ
(84%) upper limit of W0<36.4Å (125.28Å for a 2σ limit)
(see the right figure è).

é (Left) the probability distribution of the expected number of Ly! detections as a
function of a S/N level (S) at z~6.5, which is obtained from the 105 MCMC chain steps.
Higher probability regions are denoted by the brighter colors. The black solid curve
shows the mean of the expected number of detections from our simulations as a
function of S/N (S), and the dashed curves are 1σ uncertainties. Our three detections
are drawn as the red solid line. (Right) the cumulative probability of the EW e-folding
scale (W0) from our MCMC-based fitting algorithm. The 1σ and 2σ upper limits are
denoted with dotted and dashed red vertical lines, respectively.

5σ detection limit
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The Lyα EW e-folding scale, W0, is expected to decrease with increasing neutral
hydrogen in the IGM. In the right figure (è), we compare the redshift
dependence of the Lyα EW e-folding scale from previous studies to our measure.

Compared to the derived evolution at lower redshift, our measurement (red
arrows) shows that, at 1σ confidence, this quantity must begin to drop at z > 6.
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Mask 
# Observing Dates # of

Objects
Exp. 
Time

1 2013 Apr 18 24 5.76 hr

2 2013 Apr 19 19 5.52 hr

3 2014 Mar 14, 15, 25 23 6.26 hr

4 2014 Apr17, 18, May 13 13 7.21 hr

5 2015 Feb 23, 24 10 4.47 hr

6 2015 Feb 23, 24 10 4.47 hr

The MOSFIRE data analysis is in progress (Table 2),  and we first focus on analyzing the deepest MOSFIRE data (Table3), where the 
integration time is >15hr, from the overlapping area of the MOSFIRE mask designs in GOODS-N.

(Preliminary) 
An example of the detected emission lines from MOSFIRE.

*In the figure above, the black dashed line describes the best-fit redshift evolution from Zheng et al. (2014), compiling 0<z<7 LAEs from literature: Guaita et al. (2010) at z=2.1, Nilsson et al. (2009) at z=2.25, Gronwall et al. (2007) at z=3.1,
Ciardullo et al. (2012) at z=3.1, Ouchi et al. (2008) at z=3.1, 3.7, Zheng et al. (2014) at z=4.5, Kashikawa et al. (2011) at z=5.7, 6.5, and Hu et al. (2010) at z=5.7, 6.5 shown as filled circles. Blue diamonds are the measurements of Hashimoto et al.
(2017) from the MUSE HUDF Survey (Bacon et al. 2017). At lower redshift, the W0 measurements of Wold et al. (2017) at z ~ 0.3 and Wold et al. (2014) at z ~ 0.9 (orange triangles) suggest a relatively unevolving EW e-folding scale of Lyα across
z ~ 0.3 - 3.0, considering the other measurements described above, including black triangle (Blanc et al. 2011) at z ~ 2.85.

ç The Lyα EW distribution from Tilvi et al. (2014) and
Mason et al. (2017). In the epoch of reionization, the neutral
hydrogen atoms in the intergalactic medium would diminish
these EWs, lowering the scale length of the distribution. A
higher fraction of neutral hydrogen in the IGM into the
reionization epoch would reduce the strength of Lyα
emission and lower the EW e-folding scaling.

Object ID RA
(J2000.0)

Dec
(J2000.0) Exp. Time

z8_GND_9408 189.300125 62.280358 ~19.0 hr

z7_GNW_22375 189.342583 62.308517 ~19.0 hr

z7_GND_22483 189.146417 62.240519 ~16.5 hr

z7_GND_42912 189.157875 62.302372 ~16.5 hr

z7_GND_18869 189.205292 62.250767 ~16.5 hr

z7_GND_16863 189.333083 62.257236 ~16.3 hr

Table 2. Summary of our MOSFIRE observations Table 3. Summary of the deepest MOSFIRE objects (>15hr)

é
The emission line from z7_GND_9177 (texp>10hr)

at 9835Å with zLyα~7.09.

v Unfortunately, for our DEIMOS GOODS-S data, we could not achieve properly flux-calibrated spectra due to the bad observing conditions
(e.g., a large variation of the seeing between science objects and standard star observations, and a large drift on centering 2D spectra due to
atmospheric dispersion, which is problematic to center 2D spectra precisely in the spatial direction). Thus, the calibrated fluxes for the
GOODS-S dataset are unreliable, and we were unable to use the calibrated Lyα line flux of the GOODS-S objects in our analysis in later
sections.

Table 1. Summary of Ly! Emitters Observed with Keck/DEIMOS

* We have 19 high-z candidate galaxies with >10hr.

(arXiv:1803.01870)

Texas Spectroscopic Search for Lyα Emission at the End of Reionization
Constraining the Lyα Equivalent Width Distribution at z > 6

1The University of Texas at Austin, 2The University of Melbourne, 3ASTRO 3D, 4National Optical Astronomy Observatory, 5Texas A&M University, 6NASA Goddard Space Flight Center, 7Arizona State University

Intae Jung1, Steven Finkelstein1, Rachael Livermore1,2,3, Mark Dickinson4, Rebecca Larson1, Casey Papovich5, Mimi Song6,  Vithal Tilvi7, and Isak Wold1

1. Background & Goal

Tracing Neutral Hydrogen in the Intergalactic Medium (IGM)
A rapid drop of the Ly! fraction (= NLAE/NLBG,observed) at z ~ 6 � 7: Due to the resonant nature of Lyα
scattering by neutral hydrogen, the presence of neutral hydrogen in the IGM easily attenuates Lyα emission line strengths.
The fraction of continuum-selected Lyman break galaxies (LBGs) with strong spectroscopically-detected Lyα emission
(known as the “Lyα fraction”) was found to increase from z = 3 to z = 6 (Stark et al. 2010). It was thus expected that the
Lyα fraction at z ~ 7 would be at least as high as at z = 6 (Stark et al. 2011). However, initial studies have found an apparent
deficit of strong Lyα emission at z > 6.5 (e.g., Fontana et al. 2010, Ono et al. 2012, Treu et al. 2013, Caruana et al. 2014,
Pentericci et al. 2014, Schenker et al. 2014, Tilvi et al. 2014, Vanzella et al. 2014, Schmidt et al. 2016). While many previous
studies have used the Lyα fraction as a measure of the evolution of Lyα emission, it is a somewhat less constraining measure
since it often does not account for the continuum luminosity of the host galaxy.

Constraining the Ly! Equivalent Width Distribution: We implement a more detailed analysis of our dataset,
where we place constraints on the evolution of the Lyα equivalent width (EW) distribution, using detailed simulations to
include the effects of incompleteness. This distribution function has been well studied at 0.3 < z < 6, and has been found to
have the form of an exponential distribution, dN/dEW � exp(-EW/W0), with a characteristic EW e-folding scale (W0) of
~60Å over the epoch 0.3 < z < 3 (e.g., Gronwall et al. 2007, Guaita et al. 2010, Ciardullo et al. 2012, Wold et al. 2014, Wold
et al. 2017); and possibly higher at higher redshift (e.g., Ouchi et al. 2008, Zheng et al. 2014). Particularly, in the epoch of
reionization, the neutral hydrogen atoms in the IGM are expected to diminish these EWs, lowering the e-folding scale (W0)
of the observed Lyα EW distribution (e.g., Bolton & Haehnelt 2013, Mason et al. 2017, refer figures below). Thus, a measure
of the e-folding scale of the Lyα EW distribution at the end of reionization is a key observable, which reflects the ionization
status of the IGM.

Question: At what confidence can new observations rule out the e-folding scale (W0) of ~60-100Å at z>6?

Goal: We perform a large optical + near-infrared (NIR) spectroscopic survey of high-redshift galaxies with a
robust sample of candidate galaxies at z ~ 5 - 8, and constrain the Ly! equivalent width distribution at the
end of cosmic reionization with the detected Ly! emitters.

Abstract
The distribution of Lyα emission is a presently accessible method for studying the state of the intergalactic medium (IGM) into the reionization era. We carried out deep spectroscopic observations in order to search for Lyα emission from galaxies
with photometric redshifts z = 5.5 - 8.3 selected from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS). Utilizing data from the Keck/DEIMOS spectrograph, we explore a wavelength coverage of Lyα emission at z ~ 5
- 7 with four nights of spectroscopic observations for 118 galaxies, detecting five emission lines with ~ 5σ significance: three in the GOODS-N and two in the GOODS-S field. We constrain the equivalent width (EW) distribution of Lyα emission by
comparing the number of detected objects with the expected number constructed from detailed simulations of mock emission lines that account for the observational conditions (e.g., exposure time, wavelength coverage, and sky emission) and galaxy
photometric redshift probability distribution functions. The Lyα EW distribution is well described by an exponential form, dN/dEW� exp(-EW/W0), characterized by the e-folding scale (W0) of ~ 60 - 100Å at 0.3 < z < 6. By contrast, our measure of
the Lyα EW distribution at 6.0 < z < 7.0 rejects a Lyα EW distribution with W0 > 36.4Å (125.3Å) at 1σ (2σ) significance. This provides additional evidence that the EW distribution of Lyα declines at z > 6, suggesting an increasing fraction of neutral
hydrogen in the IGM at that epoch. Incorporating additional data from our MOSFIRE observations in our follow-up paper will update this result and its statistical confidence, and extend these studies to higher redshift.

2. A Spectroscopic Search for Galaxies with Ly! Emission
Targets: Galaxies at z = 5.5-8.2 from a photometric redshift catalog (Finkelstein et al. 2015)

Ground-based spectroscopic data for z = 5.5 – 8.2 galaxies with the DEIMOS (�1"m) and MOSFIRE (�1"
m) spectrographs on the Keck telescopes (the majority coming through the NASA/Keck allocation)

Emission line detections at z ~ 5.5 - 6.7 from DEIMOS observations (PI: Rachael Livermore)

The five emission lines are three detections in GOODS-N and two detections in GOODS-S.
5. Summary & Future Work

wWe have �5 Ly! emission lines detected at z > 5.5 from our DEIMOS observation among 118 candidate galaxies.
w We simulate the expected number of Ly! detections from our observational dataset, comprehensively taking into
account noise in the dataset and galaxy photometric redshift probability distributions.
w Our dataset constrains the Ly! EW e-folding scale at z ~ 6.5 to be < 36.40Å at 1# confidence (125.28Å at 2#)
Takeaway: Our measure of the Ly! EW e-folding scale at z ~ 6.5 is lower than previous measurements at lower
redshifts, providing weak evidence for an increasing fraction of neutral hydrogen in the IGM at this epoch. Additional
data from our MOSFIRE observations at z>7 will update this result in a future paper with a higher statistical
confidence.

Future Work: Discoveries of Lyα Emitters at z > 7 from the MOSFIRE Data

✔ Including our MOSFIRE dataset, we will provide an improved measure of a Ly! EW distribution at z ~ 6 - 8.

References wBacon et al. 2017, A&A, 608, A1 wBlanc et al. 2011, ApJ, 736,31 wBolton & Haehnelt 2013, MNRAS, 416, L70 wCaruana et 
al. 2014, MNRAS, 443, 2831 wCiardullo et al. 2012, ApJ, 744, 110 wCowie et al. 2010,  ApJ, 711, 928 wFontana et al. 2010, ApJL, 725, L205 
wFinkelstein et al. 2015, ApJ, 810, 71 wGronwall et al. 2007, ApJ, 667, 79 wGuaita et al. 2010, ApJ, 714, 255 wHashimoto et al. 2017, A&A, 608, A10 
wHu et al. 2010, ApJ, 725, 394 wKashikawa et al. ApJ, 734, 119 wMason et al. 2017, arXiv:1709.05356 wNilsson et al. 2009, A&A, 498, 13 wOno et 
al. 2012, ApJ, 744, 83 wOuchi et al. 2008, ApJS, 176, 301 wPentericci et al. 2014, ApJ, 793, 113 wSchenker et al. 2014, ApJ, 795, 20 wSchmidt et al. 
2016, ApJ, 818, 38 wStark et al. 2010, ApJ, 408, 1628 wStark et al. 2011, ApJL, 728, L2 wTilvi et al. 2014, ApJ, 794, 5 wTreu et al. 2013, ApJ, 747, 27 
wVanzella et al. 2014, A&A, 569, A78 wWold et al. 2014, ApJ, 783, 119 wWold et al. 2017, ApJ, 848, 108 wZheng et al. 2014, MNRAS, 439, 1101

3. Measuring the Ly! Equivalent Width Distribution

★ Simulating the expected number of detections accounting for incompleteness
A simple but key observable from our spectroscopic survey is the number of detected Lyα emission lines. This depends not only
on the observed Lyα EW distribution of the observed galaxies, but also the completeness of the observations. We wish to test
the hypothesis that a uniform quenching of Lyα emission from a partially-neutral IGM is evolving the e-folding scale of the EW
distribution towards lower values at z ≥ 6. To facilitate this, we develop simulations which assess the likelihood
of detecting a Lyα emission line of a given strength accounting for all sources of incompleteness (e.g.,
spectroscopic depth, sky emission, wavelength coverage, P(z) distribution). In this simulation a Monte-Carlo
aspect is needed, as the broad photometric redshift distributions require us to sample a broad wavelength range, and the line
strength of the simulated Lyα emission lines are sampled through the assumed EW distribution.

For each mock emission line,

Ly! Equivalent Width Distribution at z ~ 6.5 from MCMC sampling

Intae Jung

PhD candidate at the University of Texas at Austin
itjung@astro.as.utexas.edu

ç Mask designs of our DEIMOS and MOSFIRE configurations
overlaid in the GOODS-S (left) and GOODS-N (right)
WFC3/F160W CANDELS images. Observed areas are
marked by green rectangles: larger solid rectangles (5’x16.7’)
show DEIMOS observations, and smaller dashed squares
(6’x4’) represent MOSFIRE observations. Cyan and yellow
circles are observed galaxies with DEIMOS and MOSFIRE,
respectively. *While this figure shows our entire
spectroscopic survey program with DEIMOS and MOSFIRE,
we discuss our analysis with DEIMOS in later sections, and
our follow-up paper will include the MOSFIRE data.

We perform this emission line simulation (described in the left)
for our observations, measuring the posterior distribution of the
expected number of detections as a function of S/N for e-folding
scales of W0=5-200Å. For each choice of W0, we carry out 1000
Monte Carlo simulations. The figure above shows the mean
expected number of detections, averaged over each set of 1000
simulations, as a function of S/N for a range of EW distributions
for z � 6.5. A larger choice of W0 predicts a larger number of Ly!
detections.

GOODS-NGOODS-S

é One- and two-dimensional spectra of line-detected objects in GOODS-N (left three) and in GOODS-S (right two). Red curves show
the best-fit asymmetric Gaussian curves. The object IDs in the table are encoded with their photometric redshifts and the fields where they
are detected in imaging data.Table 1 below summarizes the properties of the five LAEs.

4. Redshift Dependence of the Ly! EW Distribution

ii) We assign the simulated Lyα line strength from the assumed EW distribution 

i) We assign a wavelength for the Lyα line by drawing randomly from P(z)

iii) determine the S/N level of the simulated Lyα line at that wavelength. 

λLyα = (1+zphot)×1215.67Å
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P (EW) � exp (-EW/W0), 
where W0 is an exponential scale length.

As counting the number of Lyα line detections can be described as a
general Poisson problem, the likelihood of obtaining the particular
results (counting the number of Lyα detections) is the Poisson
likelihood. A well-known statistic related to the Poisson likelihood is
the ``Cash statistic” as below.

Performing the MCMC sampling with the detections from our
observations, we calculate the posterior distribution of the Lyα EW e-
folding scale at z ~ 6.5. Our low number of detections make us
unable to robustly constrain the median of W0, thus we find a 1σ
(84%) upper limit of W0<36.4Å (125.28Å for a 2σ limit)
(see the right figure è).

é (Left) the probability distribution of the expected number of Ly! detections as a
function of a S/N level (S) at z~6.5, which is obtained from the 105 MCMC chain steps.
Higher probability regions are denoted by the brighter colors. The black solid curve
shows the mean of the expected number of detections from our simulations as a
function of S/N (S), and the dashed curves are 1σ uncertainties. Our three detections
are drawn as the red solid line. (Right) the cumulative probability of the EW e-folding
scale (W0) from our MCMC-based fitting algorithm. The 1σ and 2σ upper limits are
denoted with dotted and dashed red vertical lines, respectively.

5σ detection limit

where L is the Poisson likelihood, N
o,i

and N
m,i

are the observed and expected

number of detections in a corresponding S/N bin, i, and C is the goodnees-

of-fit statistic so that the expected number of detections matches the observed

number of detections in all S/N bins.
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The Lyα EW e-folding scale, W0, is expected to decrease with increasing neutral
hydrogen in the IGM. In the right figure (è), we compare the redshift
dependence of the Lyα EW e-folding scale from previous studies to our measure.

Compared to the derived evolution at lower redshift, our measurement (red
arrows) shows that, at 1σ confidence, this quantity must begin to drop at z > 6.
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Mask 
# Observing Dates # of

Objects
Exp. 
Time

1 2013 Apr 18 24 5.76 hr

2 2013 Apr 19 19 5.52 hr

3 2014 Mar 14, 15, 25 23 6.26 hr

4 2014 Apr17, 18, May 13 13 7.21 hr

5 2015 Feb 23, 24 10 4.47 hr

6 2015 Feb 23, 24 10 4.47 hr

The MOSFIRE data analysis is in progress (Table 2),  and we first focus on analyzing the deepest MOSFIRE data (Table3), where the 
integration time is >15hr, from the overlapping area of the MOSFIRE mask designs in GOODS-N.

(Preliminary) 
An example of the detected emission lines from MOSFIRE.

*In the figure above, the black dashed line describes the best-fit redshift evolution from Zheng et al. (2014), compiling 0<z<7 LAEs from literature: Guaita et al. (2010) at z=2.1, Nilsson et al. (2009) at z=2.25, Gronwall et al. (2007) at z=3.1,
Ciardullo et al. (2012) at z=3.1, Ouchi et al. (2008) at z=3.1, 3.7, Zheng et al. (2014) at z=4.5, Kashikawa et al. (2011) at z=5.7, 6.5, and Hu et al. (2010) at z=5.7, 6.5 shown as filled circles. Blue diamonds are the measurements of Hashimoto et al.
(2017) from the MUSE HUDF Survey (Bacon et al. 2017). At lower redshift, the W0 measurements of Wold et al. (2017) at z ~ 0.3 and Wold et al. (2014) at z ~ 0.9 (orange triangles) suggest a relatively unevolving EW e-folding scale of Lyα across
z ~ 0.3 - 3.0, considering the other measurements described above, including black triangle (Blanc et al. 2011) at z ~ 2.85.

ç The Lyα EW distribution from Tilvi et al. (2014) and
Mason et al. (2017). In the epoch of reionization, the neutral
hydrogen atoms in the intergalactic medium would diminish
these EWs, lowering the scale length of the distribution. A
higher fraction of neutral hydrogen in the IGM into the
reionization epoch would reduce the strength of Lyα
emission and lower the EW e-folding scaling.

Object ID RA
(J2000.0)

Dec
(J2000.0) Exp. Time

z8_GND_9408 189.300125 62.280358 ~19.0 hr

z7_GNW_22375 189.342583 62.308517 ~19.0 hr

z7_GND_22483 189.146417 62.240519 ~16.5 hr

z7_GND_42912 189.157875 62.302372 ~16.5 hr

z7_GND_18869 189.205292 62.250767 ~16.5 hr

z7_GND_16863 189.333083 62.257236 ~16.3 hr

Table 2. Summary of our MOSFIRE observations Table 3. Summary of the deepest MOSFIRE objects (>15hr)

é
The emission line from z7_GND_9177 (texp>10hr)

at 9835Å with zLyα~7.09.

v Unfortunately, for our DEIMOS GOODS-S data, we could not achieve properly flux-calibrated spectra due to the bad observing conditions
(e.g., a large variation of the seeing between science objects and standard star observations, and a large drift on centering 2D spectra due to
atmospheric dispersion, which is problematic to center 2D spectra precisely in the spatial direction). Thus, the calibrated fluxes for the
GOODS-S dataset are unreliable, and we were unable to use the calibrated Lyα line flux of the GOODS-S objects in our analysis in later
sections.

Table 1. Summary of Ly! Emitters Observed with Keck/DEIMOS

* We have 19 high-z candidate galaxies with >10hr.

(arXiv:1803.01870)

Baseline measurements at lower redshift are critical to interpret 
these epoch of reionization Lyα results

S E E  P O S T E R  B Y  I N TA E



T H E  H O B B Y  E B E R LY  T E L E S C O P E  D A R K  
E N E R G Y  E X P E R I M E N T

• We’re creating the largest spectroscopic map of the distant universe through a 
blind spectroscopic survey on the 10m Hobby Eberly Telescope (HET), tracing 
structure via Lyα emission at 1.9 < z < 3.5. 

• Our instrument VIRUS is 78 spectrograph pairs (R=750 from 350nm – 550nm), 
covering 1/5th of the focal plane with 35,000 fibers, which is currently being 
assembled on the upgraded HET (new top-end, upgrading FOV from 4’ to 22’). 

• Our fiducial survey is 450 square degrees over 3 years (taken in ~6000 pointings 
of 20 minutes each) at 1/5 fill, for nearly 100 deg2 with spectra.   

• Expect ~1 million redshifts from 1.9<z<3.5 via Lyα 

• >1 million redshifts from 0<z<0.5 via [OII] 

• HETDEX will enable the creation of a baseline dataset for comparison with high 
redshift!

S E E  P O S T E R  B Y  G A R Y  H I L L



THE SURVEY FIELDS

Figure 2: The layout of the HETDEX spring field (top) and fall field (bottom) in red, overlaid on a
combined image of the surrounding region using the WISE, SDSS and WFCAM LAS survey data.
The other colored regions denote ancillary imaging, notably the yellow, which denotes the imaging
surveys we will use to ensure a minimal contamination by lower-redshift objects, and the blue,
which denotes the SHELA Spitzer program which will allow us to calculate robust stellar masses.

installed by March 2014, at which point we will begin our primary survey. We expect very little
schedule slippage as the majority of our risks have been retired, including the tracker hardware and
software (which are complete), and the wide-field corrector, which is being designed and built by
the Steward Observatory Mirror lab (not yet complete, but the major technological hurdles have
been overcome).

The total budget for HETDEX is $36.1M, and we are now fully funded, with presently no
support from the Department of Energy. The majority of our funding has come from private
donations, but we have also received significant contributions from our partner institutions, as well
as a $8M grant from the NSF. This budget includes funding for the instrument VIRUS, the HET
upgrade, the survey itself (including the pipeline). However, there are currently no available funds
to support the science goals we discuss below in §4.

3.2 The Survey: HETDEX

The primary survey of HETDEX covers 300 deg2 of the northern sky with VIRUS. Each VIRUS
pointing will consist of three dithers, filling in the 1/3 fill factor of the individual IFUs, where each
dither receives six minutes of integration. We will not fill in the area between the IFUs, thus our 300
deg2 survey area will have a final filling factor of 1/4.5, though probing a full volume of ∼ 5.5 Gpc3.
We made this decision as our simulations show we will achieve better cosmological constraints by
observing a wider area with a non-unity filling factor. This primary field is only observable during
the spring, thus we have made plans to observe another 150 deg2 equatorial region which we can
observe in the fall. Over the three years of the primary survey, this equatorial field will achieve a
1/4.5 fill, though a 28 deg2 subregion (denoted as “SHELA” in Figure 2) will get to a 1/2.5 fill;
we intend to eventually achieve a unity filling factor (over a five year baseline), as this field has a
wide range of ancillary data allowing unique science investigations (see §4). These fields, known

Steven L. Finkelstein Page 6/15

Spring field:  
300 deg2 in 

the North (in 
Ursa Major)

Fall field: 
150 deg2 

in Stripe 82

Current status: 
32 working spectrographs on the 

telescope.  Four new arriving every 
month, VIRUS should be complete by the 

end of the year.

NB: At least single-band imaging data needed to constrain EWs to distinguish 
between LAEs at [OII] emitters (line will not be resolved).



W H E R E  W E  W E R E  AT  A  Y E A R  A G O :

Talk at  
SnowCLAW



W H E R E  W E  A R E  AT  T O D AY:

• We have been performing science verification observations in 
well-known deep fields: GOODS-N, EGS and COSMOS. 

• We are using the deep-field observations to help optimize our 
emission-line selection algorithms, characterize detection limits. 

• This is not trivial with these data! 

• Currently working on optimal combination of fibers to 
centroid object, matching with imaging counterpart, and 
optimal removal of sky emission. 

• We have also started general survey observations in both 
spring and fall fields.



W H E R E  I S  T H E  C O N T I N U U M  C O U N T E R PA R T ?

• In fields with deep HST imaging (mlimit~28), assuming an EW scale length 
of 70 A, we should see counterparts to ~99% of our sources.


• This can be very useful for understanding the positional accuracy of our 
emission line centroiding!


• Current UT undergrad Yaswant Devarakonda has been exploring this 
in the CANDELS EGS field.

Conclusion: 
Matches at < 1”  

are likely correct, but 
not always…



T H E  P O W E R  O F  V I R U S

• These green squares show the 
layout of a deep observation 
(4X HETDEX depth) we 
performed in GOODS-N, which 
obtained data in 20 IFUs. 

• We cover a similar volume as 
the MUSYC CDFS pointing to a 
similar depth (<~LLya*), in 20X 
less integration time!! 

• Full VIRUS will cover 4X the 
volume in the same amount 
of time.



Some emission lines in GOODS-N



E A R LY  L O O K  I N T O  T H E  E W  
D I S T R I B U T I O N  

• Using the observations taken 
in GOODS-N and EGS, we 
can take a sneak peak into 
the EW distribution. 

• This is for the ~70 sources 
with a continuum match 
within 1” with W0 > 20 A. 

• There are ~20 others in 
this sample, but need 
further reliability checks.
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Are these 
real?!?

Malhotra & 
Rhoads 2002



Here are some sources with W > 300 A, and a counterpart with a matching photo-z

What does this mean?  More work needs to be done to verify, but it could indicate 
that the EW distribution extends out to higher values than previously thought. 

*If* this is true, we will characterize this extremely well with HETDEX. 

Physical explanations? Extreme starbursts, AGN, low metallicities, other causes of increased 
ionization (top-heavy IMF, binary stars, etc), more inclusive of lower-SB emission?



The Cosmic 
Evolution Early 

Release Science 
(CEERS) Survey

PI: Steven Finkelstein (UT Austin)                                 
Co-I’s: Mark Dickinson (NOAO), Harry Ferguson (STScI), Andrea Grazian 

(Rome), Norman Grogin (STScI), Jeyhan Kartaltepe (RIT), Lisa Kewley (ANU), 
Dale Kocevski (Colby), Anton Koekemoer (STScI), Jennifer Lotz (STScI), 

Casey Papovich (Texas A&M), Laura Pentericci (Rome), Pablo Perez-
Gonzalez (Madrid), Nor Pirzkal (STScI), Swara Ravindranath (STScI), Rachel 

Somerville (Rutgers), Jon Trump (UConn) & Steve Wilkins (Sussex) 
Full CEERS team:  105 scientists over 10 countries, including 28 institutions



CEERS Observing Plan
• Primary Field: EGS 

• Image shows our reconfigured 
observations assuming a Spring 
2019 launch, and observations in 
Dec 2019. 

• 6 pointings: NIRSpec prime with 
NIRCam parallel 

• Imaging in 5-6 filters (1.2-4.5 μm). 

• R~1000 spectroscopy in all six 
pointings, R~100 in four pointings. 

• 4 pointings: MIRI prime w/ NIRCam in 
parallel 

• MIRI: 2 pointings deep F560W & 
F770W, 2 pointings shallower obs 
out to 21 μm. 

• 4 pointings: NIRCam grism prime 
(F356W)

APT file is available by searching program #1345 at: 
https://jwst.stsci.edu/observing-programs/program-information 

https://jwst.stsci.edu/observing-programs/program-information


CEERS: Primary Science Goals
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Numbers shown are those 
expected in CEERS at M < 
-19.5 at z~10 and 11.5 for 
two competing models.  
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Figure 3:  Cumulative galaxy 
number density at M< -19.5. 
Lines denote individual models, 
while the shaded region varies 
the relationship between SFR 
and gas density within the semi-
analytic model of Yung et al. 
(2017, in prep), from the local 

ΣSFR ~ ΣH2 (lower), to a steeper 
dependence ΣSFR ~ ΣH22 (upper). 
While models are consistent 
with data at z<8, they diverge at 
higher redshift.  CEERS will 
distinguish between these 
models at ~3σ significance in 
two redshift bins at z~9-12.5.

1) CEERS should detect ~5-50 galaxies at z > 10, 
distinguishing between models which assume 

different star-forming efficiencies, in addition to 
finding high-priority targets for Cycle 2.

2) CEERS NIRSpec and NIRCam grism 
will detect numerous lines out to z~10, 

allowing spectroscopic confirmation and 
measurement of key physical properties, 

including ionization parameter, 
metallicity, and AGN presence.
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Figure 4:  Left) HST+Spitzer images of a candidate z=8.91 EGS galaxy 
compared to simulated CEERS imaging.  The SED highlights that 
NIRCam+MIRI rules out a more massive solution.  Middle) Simulated 
CEERS NIRSpec R~1000 MAPPINGS spectrum of this object, highlighting 
several faint lines.  Right) 1245s CEERS NIRCam grism simulation of Hβ+
[OIII] at z=6 for different fluxes.  CEERS will discover ~50 new faint [OIII] 
emitters at 5.3<z<7, and probe [OII] (Hα) at higher (lower) redshifts.
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predictions of the galaxy UV luminosity function (UVLF), as shown in Fig. 3. While all mod-
els are consistent with the data at z<8, they diverge at higher redshift. CEERS will distin-
guish between competing models at the 3� level at z⇠9–13, providing the first meaningful
insight into the conversion of gas into stars at the earliest times.

1.2: Spectroscopic Characterization of Galaxies in the Epoch of Reionization: CEERS NIR-
Spec and NIRCam grism spectroscopy will revolutionize this field by providing the first
large public spectroscopic sample of ⇠90 galaxies in the reionization era. CEERS achieves
a much broader discovery space than even the deepest ground-based near-IR observations,
reaching >2⇥ fainter at 1–2.5µm without terrestrial sky lines, and opening up 2.5–5µm. This
moves spectroscopic studies beyond just Ly↵, which is hard to detect at z>6 due to factors
related to galaxy evolution and reionization (e.g., Ono et al. 2012; Pentericci et al. 2014;
Treu et al. 2013, Tilvi et al. 2014). To date, only ⇠10 galaxies have been spectroscopically
confirmed at z>7 (e.g., Finkelstein 2016 and references therein) with no detailed study of
photometric redshift reliability at z>6. CEERS will use:

. . . NIRSpec to probe [O iii] at z< 9 to EWrest>200 Å, su�cient to detect [O iii] emission
from all ⇠40 z>6 galaxies in the CEERS fiducial MSA setup (e.g., Smit et al. 2015).

. . . the NIRCam grism to detect ⇠50 [O iii] lines at 5.3<z<7.0 predominantly from faint
galaxies (EWrest⇠>1000Å), demonstrating simultaneous galaxy discovery and spectro-
scopic confirmation. The grism will also probe [O ii] (7.5<z<9.7) and H↵ (3.8<z<5.1).

. . . NIRSpec to observe C iii] ��1906,1909 over these same galaxies, an emerging alternative
to Ly↵ as a redshift tracer (e.g., Stark et al. 2015ab, 2016; Jaskot & Ravindranath 2016),
demonstrating its utility for Cycle 2 observations of the CEERS 9<z<13 sample.

. . . NIRSpec prism observations in 4 pointings to detect spectroscopically Ly↵–continuum
breaks in the 27 z>6 galaxies in the fiducial prism plan.

. . . NIRSpec to observe Ly↵ from ⇠20 z>7 objects (with redshifts via [O iii]), testing the
distribution of Ly↵ emission at z>7, empowering future JWST programs to use Ly↵ to
constrain the timeline and topology of reionization (e.g. Kakiichi et al. 2017).

1.3: Stellar Populations in the Early Universe: JWST near/mid-IR photometry will enable
robust stellar mass measurements at the highest redshifts. Our simulations show that the
CEERS NIRCam+MIRI imaging removes most degeneracies due to age, dust and nebular
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3) CEERS will unveil high-resolution 
rest-optical morphologies for 

modestly-high redshift galaxies, 
and high-resolution imaging in the 

PAH/hot-dust continuum for 
galaxies at moderate redshifts.

z~2

z~1.5



Example z~9 Observation



Deliverables
Build and release simulated CEERS datasets.  Make updated 

HST mosaics & catalogs.  Also will communicate to 
community, including blog detailing our interaction with the 

data (simulated and real), and “CEERS briefings”

Pre-Launch

v0.5 image mosaics for NIRCam and MIRI 
- v0.5 reduced 2D and 1D spectra for NIRSpec and NIRCam grism

3 months post-data 
acquisition 

(by Cycle 2 Call)

v1 image mosaics and 2D and 1D spectra 
PSF-matched photometry catalog HST+NIRCam, MIRI 

v1 Spectroscopic catalog (line fluxes and spectroscopic redshifts) 
Release sample of z > 9 galaxy candidates

6 months post-data 
acquisition 

(by Cycle 2 deadline)

12 months post-
data acquisition

v2 image mosaics and 2D and 1D spectra 
Publish multi-wavelength catalog, including photo-z, M*, SFR 

v2 Spectroscopic catalog (line fluxes and spectroscopic redshifts) 
F200W morphology catalog  

Publication of slit-loss analysis



C O N C L U S I O N S

• Lyα is beginning to fulfill its “destiny” as a tracer of the 
evolution of reionization, but a robust baseline sample of 
objects at lower redshifts is needed to help the interpretation. 

• HETDEX is well on its way, and will provide very large samples 
of LAEs which can be used to create such a baseline. 

• Early HETDEX data show signs of an interesting population 
of high-EW LAEs 

• JWST observations (like CEERS) can be used to understand 
the physical mechanisms promoting this emission.


