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Understanding how reionization ends can 
tell us what drives it
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The faintest 
(<0.001L*) 

galaxies drive 
reionization

The lowest-mass 
galaxies have the 
highest escape 

fractionsBrighter (>0.1L*) 
galaxies drive 
reionization

All galaxies have 
10-20% escape 
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How rapidly does reionization end?



• Lyα should be a sensitive tracer of 
reionization (e.g., Miralda-
Escude+98, Malhotra & Rhoads 04, 
06; Furlanetto+06; Dijkstra+07).

• It is relatively “abundant” at z=6, 
just after the end of reionization, 
and is resonantly scattered by HI.

• A patchy IGM should be directly 
traceable by the patchiness of 
Lya emission.

What is the ionized fraction at z~7-8?

XHI=0.3XHI=0.5XHI=0.7

McQuinn+2007

Stark+11



• This has led to a booming industry of attempted Lyα measurements at z > 6.5, with 
some notable successes (e.g., Shibuya+12, Finkelstein+13, Rhoads+13, Oesch+15, 
Zitrin+15, Roberts-Borsani+16, Song+16, Stark+16, Hoag+17, LaPorte+17).

Is Lyman-alpha indicating a substantially 
neutral IGM?

LETTER
doi:10.1038/nature12657

A galaxy rapidly forming stars 700 million years after
the Big Bang at redshift 7.51
S. L. Finkelstein1, C. Papovich2, M. Dickinson3, M. Song1, V. Tilvi2, A. M. Koekemoer4, K. D. Finkelstein1, B. Mobasher5,
H. C. Ferguson4, M. Giavalisco6, N. Reddy5, M. L. N. Ashby7, A. Dekel8, G. G. Fazio7, A. Fontana9, N. A. Grogin4, J.-S. Huang7,
D. Kocevski10, M. Rafelski11, B. J. Weiner12 & S. P. Willner7

Of several dozen galaxies observed spectroscopically that are candi-
dates for having a redshift (z) in excess of seven, only five have had
their redshifts confirmed via Lyman a emission, at z 5 7.008, 7.045,
7.109, 7.213 and 7.215 (refs 1–4). The small fraction of confirmed
galaxies may indicate that the neutral fraction in the intergalactic
medium rises quickly at z . 6.5, given that Lyman a is resonantly
scattered by neutral gas3,5–8. The small samples and limited depth of
previous observations, however, makes these conclusions tentative.
Here we report a deep near-infrared spectroscopic survey of
43 photometrically-selected galaxies with z . 6.5. We detect a
near-infrared emission line from only a single galaxy, confirming
that some process is making Lyman a difficult to detect. The
detected emission line at a wavelength of 1.0343 micrometres is
likely to be Lyman a emission, placing this galaxy at a redshift
z 5 7.51, an epoch 700 million years after the Big Bang. This
galaxy’s colours are consistent with significant metal content,
implying that galaxies become enriched rapidly. We calculate a
surprisingly high star-formation rate of about 330 solar masses
per year, which is more than a factor of 100 greater than that seen
in the Milky Way. Such a galaxy is unexpected in a survey of our
size9, suggesting that the early Universe may harbour a larger
number of intense sites of star formation than expected.

We obtained near-infrared (NIR) spectroscopy of galaxies originally
discovered in the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS)10,11 with the newly commissioned NIR
spectrograph MOSFIRE12 on the Keck I 10-m telescope. From a parent
sample of over 100 galaxy candidates at z . 7 in the GOODS-North
field selected via their Hubble Space Telescope (HST) colours through
the photometric redshift technique13–16, we observed 43 candidate high-
redshift galaxies over two MOSFIRE pointings with exposure times of
5.6 and 4.5 h, respectively. Our observations covered Lyman a (Lya)
emission at redshifts of 7.0–8.2. We visually inspected the reduced data
at the expected slit positions for our 43 observed sources and found
plausible emission lines in eight objects, with only one line detected
at .5s significance. The detected emission line is at a wavelength of
1.0343mm with an integrated signal-to-noise ratio of 7.8 (Fig. 1) and
comes from the object designated z8_GND_5296 in our sample (right
ascension 12 h 36 min 37.90 s, declination 62u 189 8.50, J2000). On the
basis of arguments outlined below (and discussed extensively in the
Supplementary Information), we identify this line as the Lya transi-
tion of hydrogen at a line-peak redshift of z 5 7.5078 6 0.0004; this is
consistent with our photometric redshift 95% confidence range of
7.3 , z , 8.1 for z8_GND_5296.

As expected for a galaxy at z 5 7.51, z8_GND_5296 is undetected in
the HST optical bands, including an extremely deep 0.8mm image
(Fig. 2). The galaxy is bright in the HST NIR bands, becoming brighter

with increasing wavelength, implying that the Lyman break lies near
1mm and that the galaxy has a moderately red rest-frame ultraviolet
colour. The galaxy is well-detected in both Spitzer/IRAC bands (3.6mm
and 4.5mm wavelength) and is much brighter at IRAC 4.5mm than at
IRAC 3.6mm. The strong break at observed 1mm restricts the observed
emission line to be either Lya at z 5 7.51 (near the Lyman break) or
[O II] 3,726 and 3,729 Å (a doublet) at z 5 1.78 (near the rest-frame
Balmer/4,000 Å break). We investigated these two possibilities by com-
paring our observed photometry to a suite of stellar population models
at both redshifts (Fig. 3). A much better fit to the data is obtained when

1The University of Texas at Austin, 2515 Speedway, Stop C1400, Austin, Texas 78712, USA. 2George P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University,
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Kentucky, Lexington, Kentucky 40506, USA. 11Infrared Processing and Analysis Center, MS 100-22, Caltech, Pasadena, California 91125, USA. 12Steward Observatory, University of Arizona, 933 North
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Figure 1 | The observed NIR spectrum of the galaxy z8_GND_5296. a, The
reduced two-dimensional spectrum. An emission line is clearly seen as a
positive signal (white) in the centre, with the negative signals (black) above and
below being a result of our ‘dithering’ pattern in the spatial direction along the
slit; this is a pattern only exhibited for real objects. b, The extracted
one-dimensional spectrum (black, smoothed to the spectral resolution; grey,
not smoothed). The sky spectrum is shown as the filled grey curve with the scale
reduced greatly compared to that of the data. We measure the line to have a
signal-to-noise (S/N) of 7.8, and it is also clearly detected in separate reductions
of the first and second halves of the data with signal-to-noise ratios of 6.4 and
5.2, respectively. The line has a full-width at half-maximum (FWHM) of 7.7 Å
and is clearly resolved compared to nearby sky emission lines, which have
FWHM 5 2.7 Å. The red line denotes the peak flux of the detected emission
line, which corresponds to a redshifted Lya line at z 5 7.507860.0004. All other
strongly positive or negative features are subtraction residuals due to strong
night sky emission. Although the line appears symmetric, there is a sky line
residual just to the red of our detected emission line, which makes a
measurement of our line’s asymmetry difficult.
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• In spite of some detections (e.g., Shibuya+12, Finkelstein+13, Oesch+15, 
Zitrin+15, Song+16, Stark+16, Hoag+17, LaPorte+17, Hu+18), the majority 
of  z>7 galaxies go undetected with spectroscopic followup.  

• How high of a neutral fraction is needed?

• The most recent studies infer XHI = 60-90% at z=7-8 
(Mason+18,19; Hoag+19).

• However, converting observed spectra to constraints on the neutral fraction 
has lots of assumptions and potential for systematic uncertainties, including:

• Incomplete spectral coverage of the full P(z); copious telluric emission 
lines.

• Limited spectroscopic depth

• Small areas covered
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What is the ionized fraction at z~7-8?



The Texas Spectroscopic Search for Lyα emission at 
the End of Reionization 

In Intae Jung’s thesis work, we used data 
taken over 18 nights from Keck with 
DEIMOS and MOSFIRE to try to overcome 
some of these systematics, specifically: 

PhD Defense Intae Jung

5/24/2019

Data: Texas Spectroscopic Search for Ly! Emission 
at the End of Reionization

• Spectroscopic follow-up for 183 z = 5.5 – 8.2 galaxies, photometrically-selected from CANDELS data 
(Finkelstein et al. 2015), with Keck/DEIMOS (optical; ≾1#m) and MOSFIRE (near-IR; ≿1#m)

GOODS-S GOODS-N

Photo-z 5.5<z<6.5 6.5<z<7.5 7.5<z<8.5

GOODS-S (52) 31 20 1

GOODS-N (66) 27 34 5

Total (118) 58 54 6

Photo-z 5.5<z<6.5 6.5<z<7.5 7.5<z<8.5

GOODS-S (12) - 10 2

GOODS-N (72) 5 52 15

Total (84) 5 62 17

DEIMOS (z ~ 6 – 7) MOSFIRE (z ≳ 7)

DEIMOS: 4 nights (Jung et al. 2018)
MOSFIRE: 4 nights (Song et al. 2016)
MOSFIRE (Jung et al. 2019a)
MOSFIRE: 10 nights (Jung et al. 2019b in prep)

*Effective total number of nights from the entire survey: ~9 nights (10hr/night)

72 galaxies observed w/ 
MOSFIRE at t > 5 hr

Intae Jung

In Intae Jung’s thesis work, we used data 
taken over 18 nights from Keck with 
DEIMOS and MOSFIRE to try to overcome 
some of these systematics, specifically: 

Depth: Our MOSFIRE integrations range 
from 5-20 hours. 

Sample selection: Significant effort to 
improve the photo-z’s (and minimize 
sample contamination) of the observed 
galaxies. 

Wavelength: ~20 of our sources are 
covered by both DEIMOS and MOSFIRE
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III. Constraining the Lyα EW Distribution at z > 7
with MOSFIRE Jung et al. (2019b, in prep)

In total, 9 new Ly! (-likely) emission lines detected with S/N > 4.
✓ 4 new Ly! emission lines detected with S/N > 4 at z > 7.5 (in literature 8 LAEs known at z>7.5).

(Finkelstein+13, Jung+19a)

(Jung+19a)

✓

✓
✓
✓

• Red: S/N > 5

• Blue: 4 < S/N < 5

• Black: 3 < S/N < 4

Nine z > 7 Lyα lines detected at >4σ @ zLyα=7.1-7.9 (five at >5σ @ z=7.1-7.6)

Jung,SF+19b

Significant asymmetry is seen when S/N > 10

PhD Defense Intae Jung
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II. The Deepest Near-Infrared Spectroscopic Observation at z ≳ 7

A New Ly" Detection at z=7.60 (z7_GND_16863) A Ly" emitter at z=7.51 (z7_GND_42912)

Four z > 7 Targets with texp > 16 hours

from MOSFIRE

Two Ly# emission Lines: Asymmetric Shape

Ly# Emission Line Properties

Asymmetry

★ Asymmetric Ly" Line Profiles
Interaction with an outflowing ISM provides easier escape routes for the red wing of Lyα (e.g., Dijkstra 2014),
thus the redshifted asymmetric Lyα emission line profile is often explained by common galactic outflows (e.g.,
Verhamme et al. 2006; Gronke et al. 2015; Remolina-Gutierrez & Forero-Romero 2019), which could be
boosted by cosmic ray (Gronke et al. 2018) and Lyα feedback (Smith et al. 2017; Kimm et al. 2018).

Jung et al. 2019a, arXiv:1901.05967
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II. The Deepest Near-Infrared Spectroscopic Observation at z ≳ 7

A New Ly" Detection at z=7.60 (z7_GND_16863) A Ly" emitter at z=7.51 (z7_GND_42912)

Four z > 7 Targets with texp > 16 hours

from MOSFIRE

Two Ly# emission Lines: Asymmetric Shape

Ly# Emission Line Properties

Asymmetry

★ Asymmetric Ly" Line Profiles
Interaction with an outflowing ISM provides easier escape routes for the red wing of Lyα (e.g., Dijkstra 2014),
thus the redshifted asymmetric Lyα emission line profile is often explained by common galactic outflows (e.g.,
Verhamme et al. 2006; Gronke et al. 2015; Remolina-Gutierrez & Forero-Romero 2019), which could be
boosted by cosmic ray (Gronke et al. 2018) and Lyα feedback (Smith et al. 2017; Kimm et al. 2018).

Jung et al. 2019a, arXiv:1901.05967

Jung,SF+19a

EW0 ~ 20 - 200 Å (see also Larson+18)



PA R A M E T E R I Z I N G  E V O L U T I O N  V I A  T H E  
E Q U I VA L E N T  W I D T H  D I S T R I B U T I O N

We use our observations to model the Lyα equivalent width (EW) distribution, accounting for all 
sources of incompleteness and uncertainty by implementing via MCMC (Jung+18, 19ab).   

We constrain the characteristic scale-length of this distribution, predicting for a given value the 
number of lines we should detect at a given S/N in our data.

PhD Defense Intae Jung

5/24/2019

Constraining the Lyα EW Distribution at 6.0 < z < 7.0
with DEIMOS

Wold et al. (2017)

[ Ly! EW distribution ]

Jung et al. 2018, ApJ, 864, 103J

Result I:

[ e-folding scale (W0) of Ly! EW distribution ]
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Ly! EW Distribution at 7.0 < z < 8.2:  P(EW) ∝ exp (-EW/W0) 

(Left) the probability distribution of the expected number of Ly!
detections as a function of a S/N level (S) at z ~ 7.6

(Right) the cumulative probability of the EW e-folding scale (W0) from our
MCMC-based fitting algorithm. The 1σ boundaries are denoted with
dashed red vertical lines, respectively.

The Ly! EW e-folding scale, W0, is expected to decrease with increasing neutral hydrogen in the IGM.
Compared to the derived evolution at lower redshift, our measurement (red arrows) shows that this quantity
begins to drop at z > 6 at 1σ confidence, but could be a smoother evolution with 2σ uncertainties.

Final sample
(EW distribution analysis) S/N > 5 5 > S/N > 4

Ly! 5 -

Ly!-likely 1 3

Total 6 3
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Ly! EW Distribution at 7.0 < z < 8.2:  P(EW) ∝ exp (-EW/W0) 

(Left) the probability distribution of the expected number of Ly!
detections as a function of a S/N level (S) at z ~ 7.6

(Right) the cumulative probability of the EW e-folding scale (W0) from our
MCMC-based fitting algorithm. The 1σ boundaries are denoted with
dashed red vertical lines, respectively.

The Ly! EW e-folding scale, W0, is expected to decrease with increasing neutral hydrogen in the IGM.
Compared to the derived evolution at lower redshift, our measurement (red arrows) shows that this quantity
begins to drop at z > 6 at 1σ confidence, but could be a smoother evolution with 2σ uncertainties.

Final sample
(EW distribution analysis) S/N > 5 5 > S/N > 4

Ly! 5 -

Ly!-likely 1 3

Total 6 3
Jung+19b,  

in prep
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Measuring the Lyα EW Distribution: ★simulating the expected number of detections

The mean expected number of detections
as a function of S/N for a range of EW
distributions for z ∼ 6.5. From the
simulations, we calculate the posterior
distribution of the expected number of
detections as a function of S/N for e-
folding scales of W0=5-200Å.

ii) Lyα line strength from the assumed EW distribution 

i) Lyα line location randomly drawn from P(z)

iii) S/N level of the simulated Lyα line

λLyα = (1+zphot)×1215.67Å

P(EW), W0=100Å

P(EW) ∝ exp (-EW/W0)

5σ detection limit

Photo-z PDF

• Consider data incompleteness (phot-z PDF, object UV continuum level, and observing conditions)
• utilizes all non-detections

PhD Defense Intae Jung
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Constraining the Lyα EW Distribution at 6.0 < z < 7.0
with DEIMOS

Wold et al. (2017)

[ Ly! EW distribution ]

Jung et al. 2018, ApJ, 864, 103J

Result I:

[ e-folding scale (W0) of Ly! EW distribution ]
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z~0.3



PA R A M E T E R I Z I N G  E V O L U T I O N  V I A  T H E  
E Q U I VA L E N T  W I D T H  D I S T R I B U T I O N

We use our observations to model the Lyα equivalent width (EW) distribution, accounting for all 
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Constraining the Lyα EW Distribution at 6.0 < z < 7.0
with DEIMOS

Wold et al. (2017)

[ Ly! EW distribution ]
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Ly! EW Distribution at 7.0 < z < 8.2:  P(EW) ∝ exp (-EW/W0) 

(Left) the probability distribution of the expected number of Ly!
detections as a function of a S/N level (S) at z ~ 7.6

(Right) the cumulative probability of the EW e-folding scale (W0) from our
MCMC-based fitting algorithm. The 1σ boundaries are denoted with
dashed red vertical lines, respectively.

The Ly! EW e-folding scale, W0, is expected to decrease with increasing neutral hydrogen in the IGM.
Compared to the derived evolution at lower redshift, our measurement (red arrows) shows that this quantity
begins to drop at z > 6 at 1σ confidence, but could be a smoother evolution with 2σ uncertainties.

Final sample
(EW distribution analysis) S/N > 5 5 > S/N > 4

Ly! 5 -

Ly!-likely 1 3

Total 6 3
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Ly! EW Distribution at 7.0 < z < 8.2:  P(EW) ∝ exp (-EW/W0) 

(Left) the probability distribution of the expected number of Ly!
detections as a function of a S/N level (S) at z ~ 7.6

(Right) the cumulative probability of the EW e-folding scale (W0) from our
MCMC-based fitting algorithm. The 1σ boundaries are denoted with
dashed red vertical lines, respectively.

The Ly! EW e-folding scale, W0, is expected to decrease with increasing neutral hydrogen in the IGM.
Compared to the derived evolution at lower redshift, our measurement (red arrows) shows that this quantity
begins to drop at z > 6 at 1σ confidence, but could be a smoother evolution with 2σ uncertainties.

Final sample
(EW distribution analysis) S/N > 5 5 > S/N > 4

Ly! 5 -

Ly!-likely 1 3

Total 6 3
Jung+19b,  

in prep
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Measuring the Lyα EW Distribution: ★simulating the expected number of detections

The mean expected number of detections
as a function of S/N for a range of EW
distributions for z ∼ 6.5. From the
simulations, we calculate the posterior
distribution of the expected number of
detections as a function of S/N for e-
folding scales of W0=5-200Å.

ii) Lyα line strength from the assumed EW distribution 

i) Lyα line location randomly drawn from P(z)

iii) S/N level of the simulated Lyα line

λLyα = (1+zphot)×1215.67Å

P(EW), W0=100Å

P(EW) ∝ exp (-EW/W0)

5σ detection limit

Photo-z PDF

• Consider data incompleteness (phot-z PDF, object UV continuum level, and observing conditions)
• utilizes all non-detections
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Constraining the Lyα EW Distribution at 6.0 < z < 7.0
with DEIMOS

Wold et al. (2017)

[ Ly! EW distribution ]

Jung et al. 2018, ApJ, 864, 103J

Result I:

[ e-folding scale (W0) of Ly! EW distribution ]
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z~0.3

Implications: Lyα is very detectable in this epoch.  Our measured value of W0 ~ 
30 Å at z~7.5 implies a neutral fraction which is non-zero, but perhaps < 50%.



T R Y I N G  T O  P U S H  T O  Z = 9

• We (PI Rebecca Larson) has been leading Keck/MOSFIRE 
followup of a larger sample of bright z~9-10 galaxies (SF+19b, in 
prep).

• We have observed ~10 galaxies 
at t=5-10 hr depth in the J-band, 
which covers Lyα at z~8.5-10.1.

• After a ***lot*** of hard work, 
accounting for drift along the slit, 
and differing slit positions between 
observations, we have a few 
potential detections.

• How to best confirm these?  ALMA 
can help, though many of these are 
in the north.  Big glass would be 
great!

Total Texp = 9.53hr
Avg Seeing = 0.74” 

counts/s

S/N

zphot=8.9

Rebecca 
Larson



W H AT  R E M A I N I N G  P R O B L E M S  A R E  
T H E R E ?

• Combing back to z~7-8, our sample is still small - an 
effective 10 nights of integration with Keck, and we 
were only able to observe ~20 galaxies to >10 hr.

• Most of these are bright (J < 26.5)

• The MOSFIRE FOV is small.

• Large areas (1 deg2+) need to be observed to 
overcome CV, and probe multiple ionized bubbles.

• The need: a wider field and larger aperture.
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Figure credit: Ocvirk+2019



W H AT  W I L L  P R O V I D E  T H E  G A L A X Y  S A M P L E ?    
WF IRST

▸ Predictions assume smoothly evolving 
Schechter UV LF (Finkelstein 16), and limiting 
magnitudes = 26.5 for HLS (except for z=7, 
which is limited by z’LSST=26.2 depth), with 
empirically derived (from HST) magnitude-
dependent completeness applied. 

▸ GO deg2 survey is a roughly 500 hr survey 
observing one square degree to m~29.
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z Expected # 
(HLS)

Expected # 
(deg2 GO)

m~29 number 
per 20’ FOV 

6 ~3,300,000 ~21,000 ~2300

7 ~530,000 ~9200 ~1000

8 ~280,000 ~4000 ~450

9 ~75,000 ~1700 ~200

10 ~19,000 ~700 ~80



W F I R S T + G M T  M O C K  L AY O U T
Left - Extragalactic deep 
field with WFIRST WFI 
CCDs overlaid as yellow 
regions, illustrating the 
area covered by a future 
WFIRST deep field.  The 
cyan circles denote the 
20’ MANIFEST field-of-
view, with the pair of 
pointings denoting one of 
our proposed fields.

Right - A zoom in on a 1’x1’ region, showing 
the positions of known galaxies in the 
CANDELS deep survey, (mlim ~ 27.8).  
Magenta circles show z > 6.8 candidates, with 
the small circle denoting the 0.75” diameter 
fiber feeding the near-IR spectrograph, and the 
larger circle denoting the starbug.  The red 
circles show 5.5 < z < 6.8 candidates, with 
these fibers feeding the optical spectrograph.  
The yellow circle next to each starbug shows 
the dedicated sky fiber per object, attached to 
the outside of the starbug.

1 arcmin

Zoom in on a 1’x1’ image from the 
CANDELS Deep survey, showing 
the positions of 5.5 < z < 6.8 (red) 
and z > 6.8 (magenta) galaxies.

Comparison of 
FOV of 

WFIRST WFI 
and GMT 

MANIFEST
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deep GO pointings. 

30 hr should reach 
limiting emission line 

fluxes of ~2-3 x 10-19 cgs.
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Significant science can 
also be done with other 
rest-UV lines, primarily 
CIII] 1907,1909, which 
probes the systemic 

redshift, and can 
constrain the metallicity 
and ionizing properties 

of the stellar 
populations.

z=7.50 
m=28 

t=30 hour



W H Y  N O T  J W S T ?

The JWST NIRSpec FOV is only 3’x3’.  
The area probed by a single MANIFEST 

pointing is ~40X larger.  The most efficient 
NIRSpec R~1000 or 2700 configurations 

net ~60 targets per observation, 
compared to up to 1000 objects observed 

per MANIFEST pointing.

Immense Gain in Multiplexing
GMT MANIFEST 

20’ FOV

JWST 
NIRSpec

Figure credit: Ocvirk+2019

Throughput

These two factors combined imply that JWST will *not* 
perform the deep and wide-field spectroscopic surveys 

necessary for Lyα probes of reionization at z~6-10 (though it 
will certainly provide guidance for such future studies).

The NIRSPEC throughput begins to decline 
at λ < 1.2μm.



TA K E - H O M E  P O I N T S
• Pinning down the detailed evolution of the reionization process 

places constraints on the nature of the earliest galaxies in the 
universe. 

• Lyman-alpha emission is currently the best diagnostic to measure the 
neutral fraction (and even in the SKA-era, is very complementary). 

• “Heroic” integrations with 10m-class telescopes show that Lyman-
alpha is still detectable to z~9, but bigger glass and a wider field-of-
view are needed to gain a clear picture of reionization. 

• Combining the wide-field galaxy sample from WFIRST with the wide-
field spectroscopic capabilities of GMT provide a clear path forward.

See more in our Astro2020 White Paper: 
https://arxiv.org/pdf/1903.04518

https://arxiv.org/pdf/1903.04518

