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• What are the (changing?) physical effects responsible for the rise and 
fall of the cosmic star-formation rate density?
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to estimate stellar systemic redshifts for individual galaxies,
we applied the formulae presented in Adelberger et al.
(2003), which predict a value of the systemic redshift for
three separate cases: when there is only a Ly! emission red-
shift, when there is only an interstellar absorption redshift,
and when there are both Ly! emission and interstellar
absorption redshifts.

While no reference was made to stellar photospheric fea-
tures in the estimate of the systemic redshifts of individual
galaxies, the rest-frame composite spectrum presented in
the next section indicates a mean systemic velocity of
Dv ¼ "10# 35 km s"1 for the three strongest stellar fea-
tures, which we have identified as C iii "1176, O iv "1343,
and S v "1501.4 It is worth noting possible contributions to
the O iv "1343 absorption from Si iii "1341 and to the S v
"1501 absorption from Si iii "1501 if there is a significant B-
star component in the composite spectrum. However, at
least the Si iii "1501 contribution will not change the
inferred negligible systemic velocity of the feature that we
have identified as S v "1501. The insignificant velocities of
the stellar features demonstrate the success of the systemic
redshift estimates for the LBGs included in composite spec-
tra, at least on average. Also, since the stellar features
appear at roughly zero velocity, the redshifts and blueshifts
of other sets of spectral features measured relative to the rest
frame of the composite spectrum should offer a true repre-
sentation of the average kinematic properties of the large-
scale galactic outflows in LBGs. The establishment of the
velocity zero point from the stellar lines in composite spec-
tra represents a significant improvement over the kinematic
information contained in individual rest-frame UV spectra,
where only the strongest interstellar outflow-related
features are detected.

4. LBG REST-FRAME UV SPECTROSCOPIC FEATURES

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

4.1. Stellar Features

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

4 The precise wavelengths are C iii "1175.71, O iv "1343.35, which is a
blend of lines at " ¼ 1342:99 and " ¼ 1343:51 Å, and S v "1501.76.

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

5 The composite LBG spectrum is available in electronic form from
http://www.astro.caltech.edu/~aes/lbgspec.
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Figure 3: A comparison between the spectro-
scopic redshifts and best-fit photometric redshifts
for the 171 galaxies in my sample with spectro-
scopic redshifts in the literature. The agreement
is excellent, with a scatter of only 3% . However,
the number of redshifts at z > 6.5 is very small,
thus we cannot yet statistically measure the ro-
bustness of my sample selection. The red circles
denote galaxies with |zspec − zphot| > 1 at ≥3σ
significance. There are only six such galaxies, and
all have spectroscopic redshifts at z ! 4 (from
Finkelstein et al. 2014).

2013 – 2016 is using >800 orbits to place deep fields on six highly lensing galaxy clusters, as well as
six parallel blank fields. This dataset is enhanced with the addition of deep (50 hr) Spitzer/IRAC
observations over all fields. As a member of the committee which recommended this program
to the STScI director,1 I have given significant thought on how to best exploit these data. The
lensing nature of these observations will yield galaxies up to five magnitudes fainter than my current
sample, providing highly magnified galaxies suitable for spectroscopic follow up. Additionally, the
parallel blank fields will increase the area of the sky covered by deep HST imaging. The total HFF
sample over all six clusters and parallel fields should reach ∼2200, 1200, 450, 300 and 150 galaxies
at z ≈ 4, 5, 6, 7 and 8, which is consistent with my early work on HFF observations of Abell 2744
and MACS-0416 (Finkelstein et al. 2014).

My final sample will consist of nearly 12,000 z > 4 galaxies, with ∼2000 (800) galaxies at z ≥
6 (7), probing stellar masses of 6 < log(M/M⊙) < 11. By observing galaxies not only in the two
GOODS fields, but also in the six Hubble Frontier Fields, I will probe numerous wide sight-lines in
the sky, providing a robust sense of the spatial variations of the neutral fraction in the IGM.

3.2 — Summary of Spectroscopic Datasets

3.2.1 — In-Hand Spectroscopic Datasets: Over the past two years, I have collected a large amount
of data from the Keck telescopes. These data total an astounding 1060 hours of spectroscopic
integrations; 440 hr with MOSFIRE, split over 58 z > 6 galaxies, and 620 hr with DEIMOS, split
over 189 z > 6 galaxies (Figure 4). These data come from 10 nights with MOSFIRE (5 nights PI’d by
myself through NASA; 5 nights PI’d by collaborators through UC in Spring 2014 and Fall 2014),
and 3.5 nights with DEIMOS (PI’d by my postdoctoral research associate Rachael Livermore).
These data are in various stages of reduction, but with the exception of the initial MOSFIRE data
published in Finkelstein et al. (2013), a rigorous analysis has not yet been performed.

3.2.2 — Near-Future Lyα Spectroscopy with MOSFIRE: To truly make progress not only with
the spectroscopic confirmation of z > 6 galaxies, but also with using Lyα as a tool to constrain
reionization, we clearly need obtain deeper spectroscopy over more targets. My primary goal
with my in-hand and soon-to-be proposed future spectroscopy is to perform a magnitude limited
spectroscopic survey of all galaxies with zphot > 5.5 and JAB < 27. These are the best candidates
for spectroscopic follow up, and I propose to obtain deep spectroscopy over as many of them as
feasibly possible (given constraints on slit placement, etc.). Out of my full CANDELS GOODS-S
and GOODS-N combined sample, I find I have 200 galaxies with J ≤ 27 and at least a 10% chance
of having their redshifts between 6.5 and the red-end of the MOSFIRE Y -band (which covers 7
< z < 8.2). Of this sample, ∼25 galaxies already have MOSFIRE integrations approaching 10
hr, and ∼50 have DEIMOS observations of a similar length (Figure 4). Observations with both

1http://www.stsci.edu/hst/campaigns/frontier-fields/HDFI SWGReport2012.pdf
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D U S T Y,  T H O U G H  N O T  M E TA L - F R E E .

C H E M I C A L  E N R I C H M E N T



S F + 2 0 1 2 A , 2 0 1 5 B

3 4 5 6 7 8 9
Redshift

−2.8
−2.6

−2.4

−2.2

−2.0

−1.8

−1.6

−1.4

U
V 

Sp
ec

tra
l S

lo
pe

 β

       
 
 

 

 

 

 

 

 
       

 
 

 

 

 

 

 

 

G A L A X I E S  O N  AV E R A G E  A R E  
L E S S  D U S T Y  W I T H  

I N C R E A S I N G  R E D S H I F T

3 4 5 6 7 8 9
Redshift

−2.8
−2.6

−2.4

−2.2

−2.0

−1.8

−1.6

−1.4

U
V 

Sp
ec

tra
l S

lo
pe

 β

7 < log M < 8 8 < log M < 9 9 < log M < 10

       
 
 

 

 

 

 

 

 
       

 
 

 

 

 

 

 

 

T H E  M O S T  M A S S I V E  G A L A X I E S  
A P P E A R  D U S T Y,  E V E N  AT  Z = 7 .   

L O W - M A S S  G A L A X I E S  A R E  L E S S  
D U S T Y,  T H O U G H  N O T  M E TA L - F R E E .

C H E M I C A L  E N R I C H M E N T

W H E N  D O  M E TA L S  F I R S T  A P P E A R ?  

N E E D  T H E  A B I L I T Y  T O  M E A S U R E  
G A L A X Y  C O L O R S  F R O M  V E R Y  FA I N T  

S Y S T E M S  O U T  T O  T H E  H I G H E S T  
R E D S H I F T S



L U M I N O S I T Y  F U N C T I O N S

• Much effort has been spent computing the rest-frame 
UV luminosity functions.
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• Much effort has been spent computing the rest-frame 
UV luminosity functions.
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The Astrophysical Journal, 737:90 (33pp), 2011 August 20 Bouwens et al.

Figure 13. 68% and 95% likelihood contours on the model Schechter parameters for our UV (rest-frame ∼1700 Å) LF determination at z ∼ 7 (magenta lines) and
z ∼ 8 (dotted red lines). For comparison, we also include the LF determinations at z ∼ 4 (blue lines), z ∼ 5 (green lines), and z ∼ 6 (cyan lines) from Bouwens
et al. (2007). We do not include the z ∼ 8 contours in the center and right panels given the large uncertainties on the z ∼ 8 Schechter parameters. It is striking how
uniform the rate of evolution in the UV LF (left and middle panels) is as a function of redshift—though there is a significant degree of degeneracy between φ∗ and
M∗. Most of the evolution in the LF appears to be in M∗ (particularly from z ∼ 7 to z ∼ 4). Within the current uncertainties, there is no evidence for evolution in φ∗

or α (rightmost panel).
(A color version of this figure is available in the online journal.)

Figure 14. Derived faint-end slope α to the UV LF vs. redshift. The present
constraints on α are shown as the large solid red circles, with the 1σ uncertainties
plotted as the error bars. The values of α derived at z ∼ 4–6 (Bouwens et al.
2007; but see also Yoshida et al. 2006; McLure et al. 2009) are plotted as
the open red circles. Other determinations are from Oesch et al. (2010a, blue
circles; see also Hathi et al. 2010), Reddy & Steidel (2009, green squares),
Arnouts et al. (2005, blue crosses), Wyder et al. (2005, blue squares), Treyer
et al. (1998, black open circle), and Oesch et al. (2007, 2010a, green crosses).
While the current constraints on the faint-end slope α at z ∼ 7 and z ∼ 8 are of
limited statistical weight (see also Ouchi et al. 2009; Oesch et al. 2010a), they
suggest the faint-end slope α is at least as steep as −1.7—and possibly as steep
as ∼ − 2.0 (Sections 5.2 and 5.3). We remark that the derived slopes simply
describe the shape of the LF to several magnitudes below L∗. Thus, slopes that
are even steeper than −2 do not imply a divergent luminosity density (since the
LF will cut off at some faint value).
(A color version of this figure is available in the online journal.)

et al. 2007; Reddy & Steidel 2009; Beckwith et al. 2006; McLure
et al. 2009; Ouchi et al. 2009; Oesch et al. 2007, 2010a, 2010c),
so it seems reasonable to fix α to −1.7 at z ∼ 7 and z ∼ 8.
The constraints we derive on M∗ and φ∗ fixing α are shown in
Figure 15. This figure provides further support to the suggestion
that the primary mode of evolution in the LF from z ∼ 7 to z ∼ 4
is in the characteristic luminosity (see also Bouwens et al. 2006,
2007; Yoshida et al. 2006; McLure et al. 2009). For z ∼ 8 LF,
the normalization is somewhat lower—suggesting that some of
the evolution in the LF at z ! 4 may be in volume density (e.g.,
McLure et al. 2009; Castellano et al. 2010b).

7.2. Shape of the UV LF at z ∼ 7 and z ∼ 8

One potentially important open question about the UV LFs
at z ! 7 concerns their overall shape (e.g., see discussion in
Section 5.5 of Bouwens et al. 2008). While we have generally

Figure 15. 68% and 95% likelihood contours on the model Schechter parameters
M∗ and φ∗ for our LF determination at z ∼ 7 (magenta lines) and z ∼ 8 (dotted
red lines). For comparison, we also show the constraints on the UV LF at z ∼ 4
(blue lines), z ∼ 5 (green lines), and z ∼ 6 (cyan lines) from Bouwens et al.
(2007). This figure is the same as the left panel to Figure 13, but now fixing the
faint-end slope α to −1.7. A faint-end slope α of −1.7 is similar to the values
found at z ∼ 1–6 (Yoshida et al. 2006; Bouwens et al. 2007; Oesch et al. 2007,
2010c; McLure et al. 2009; Reddy & Steidel 2009; Arnouts et al. 2005; see
Figure 14). No constraint on the faint-end slope at z ∼ 4–6 is imposed, and
therefore the error contours there are somewhat larger than at z ∼ 7.
(A color version of this figure is available in the online journal.)

attempted to represent the LFs here with Schechter functions
(i.e., a power law with an exponential cutoff at the bright end;
see Sections 5.2 and 5.3), it is possible that the LFs may have
a shape closer to that of a power law, e.g., resembling the halo
mass function (e.g., Douglas et al. 2009). This is simply because
at the high redshifts we are probing the typical halo masses
would be much lower (<1012 M⊙) and therefore many of the
physical mechanisms likely to be important for truncating the
LFs at z ∼ 0 (e.g., transition to hot flows: Birnboim & Dekel
2003; Rees & Ostriker 1977; Binney 1977; Silk 1977 or AGN
feedback: Croton et al. 2006) may not be as relevant at z " 8.
Of course, at sufficiently high redshifts (i.e., z " 7), we would
eventually expect some truncation in the LF at high masses (and
luminosities) due to a similar exponential cutoff in the halo mass
function (e.g., Trenti et al. 2010).
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C A N  W E  U N D E R S TA N D  T H E  I N T E R E S T I N G  
E V O L U T I O N  AT  T H E  B R I G H T  E N D ?

• To put this in context, we set out to measure the stellar mass 
growth of galaxies in context of their dark matter halos. 

• For this study, we considered MUV=-21 galaxies (~L*) 

• We can detected them 
with IRAC, and thus obtain 
more robust physical 
property measurements. 

• Halo masses estimated via 
abundance matching.
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• Measured stellar masses via SED fitting using HST ACS
+WFC3 and deep (50+ hr) IRAC imaging.
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S TA R - F O R M I N G  P R O P E R T I E S  O F  D I S TA N T  G A L A X I E S
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• Measured stellar masses via SED fitting using HST ACS
+WFC3 and deep (50+ hr) IRAC imaging.
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• What physical effects could cause this result?

• A) Galaxies have a higher star formation efficiency.
• Increased redshift ➜ increased gas density ➜ faster freefall time ➜ 

more star formation

• More star formation happens in self-gravitating clumps, which have 
high SFE (e.g., Dekel+2009, Ceverino+2010; Genzel+2011)

• B) Galaxies have more fuel available for star formation.
• Higher gas density leads to more gas in the cool phase.

• Weaker feedback leads to more gas available for star formation.

• Higher gas density could lead to more energy from SNe being 
radiated away (e.g., Creasey+2013).

• Less dust leads to less momentum-driven radiative feedback (e.g., 
Murray+2010, Andrews and Thompson 2011).

• Less/zero AGN feedback.
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• What physical effects could cause this result?

• A) Galaxies have a higher star formation efficiency.
• Increased redshift ➜ increased gas density ➜ faster freefall time ➜ 

more star formation

• More star formation happens in self-gravitating clumps, which have 
high SFE (e.g., Dekel+2009, Ceverino+2010; Genzel+2011)

• B) Galaxies have more fuel available for star formation.
• Higher gas density leads to more gas in the cool phase.

• Weaker feedback leads to more gas available for star formation.

• Higher gas density could lead to more energy from SNe being 
radiated away (e.g., Creasey+2013).

• Less dust leads to less momentum-driven radiative feedback (e.g., 
Murray+2010, Andrews and Thompson 2011).

• Less/zero AGN feedback.

I f  S c e n a r i o  B  i s  t h e  a n s w e r,  i t  c o u l d  h a v e  a  
d r a m a t i c  e f f e c t  o n  t h e  e s c a p e  o f  Lyα  

p h o t o n s  f r o m  g a l a x i e s .  

C a n  t e s t  t h i s  s c e n a r i o  d i r e c t l y  w i t h  A L M A ,  
b y  m e a s u r i n g  t h e  r e d s h i f t  e v o l u t i o n  o f  t h e  

g a s - t o - s t e l l a r  m a s s  r a t i o .
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H O W  D O  W E  O B TA I N  R E I O N I Z AT I O N  C O N S T R A I N T S  
F R O M  T H E  L U M I N O S I T Y  F U N C T I O N ?
• Step 1: Integrate the UV LF to obtain the specific UV luminosity density: 
ρUV [erg s

-1
 Hz

-1
 Mpc

3
]

• Assumption: Need to assume a minimum value of MUV (especially 
when α < 2).

• Common values in the literature:  -17, -15, -13, -10

• We see galaxies down to -17, so its likely fainter.  We assume 
Mlim=-13, though this bears watching from the theoretical side (e.g., 
Jaacks+12, O’Shea+15).

• Step 2: Choose a reionization model.

• Assumptions: Madau (1999) model, C=3, fesc=13% (upper limit at 
z=6 from SF+2012b), conversion from ionizing to non-ionizingg UV 
for a Salpeter IMF, and 20% Solar metallicity.
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C O N S T R A I N T S  O N  T H E  R E I O N I Z AT I O N  
H I S T O R Y
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N E E D E D  I M P R O V E M E N T S

• Our current constraints from the LF give 
68% confidence range on the 50% 
reionization redshift of 6.7 < z < 9.4. 

• This uncertainty is driven by the fact 
that faint galaxies dominate the photon 
budget, and the current uncertainties 
on α are large. 

• Improvements will happen with JWST, 
but we are cracking this door open right 
now with the Hubble Frontier Fields. 

• Will not only improve LF at M ~ -17 
to 19, but can also probe to ~ -16 to 
test assumptions on Mlim.
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F I N D I N G  T H E  FA I N T  
G A L A X I E S

R A C H A E L  L I V E R M O R E ,  S F + 2 0 1 5

z~7

LF does seem to extend  
steeply to at least M = -16,  

but need all clusters to confirm



W H AT  D O  W E  N E E D ?

• We need to understand the luminosity function down to -13.  If it turns 
over at brighter magnitudes, we have a photon production crisis. 

• JWST deep fields will only reach around -15.5 or so in UV absolute 
magnitude.

J A A C K S + 1 3
PA A R D E K O O P E R + 1 5
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• So a 14m ATLAST can account for 
~90% of the needed ionizing photons.

• But, we need to consider this:

A C C O U N T I N G  F O R  A L L  R E I O N I Z I N G  P H O T O N S

PA A R D E K O O P E R + 1 5

T E L E S C O P E

F R A C T I O N  O F  
R E I O N I Z I N G  

P H O T O N S  
A C C O U N T E D  

F O R

H S T 5 %

J W S T 4 5 %

AT L A S T  
( 1 4 M )

8 0 %

• What if we assume that halos 
with M > 1010 Msol do not have 
any escaping ionizing radiation? 
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LY M A N  A L P H A  E M I S S I O N

• Over the past few years we have been collecting Keck spectroscopic data on our z > 
6 galaxy candidates. 

• Rather than hitting as many galaxies as possible for short integrations (similar to 
other MOSFIRE programs), we go deep, at least 5, and up to 20 hr/object. 

• First run was in April 2013.

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,
4242 TAMU, College Station, Texas 78743, USA. 3National Optical Astronomy Observatory, Tucson, Arizona 85719, USA. 4Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, Maryland
21218, USA. 5University of California, Riverside, California 92521, USA. 6University of Massachusetts, Amherst, Massachusetts 01003, USA. 7Harvard-Smithsonian Center for Astrophysics, 60 Garden
Street, Cambridge, Massachusetts 02138, USA. 8Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. 9INAF-Osservatorio di Roma, II-00040, Monteporzio, Italy. 10University of
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
Cherry Avenue, Tucson, Arizona 85721, USA.
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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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al. 2012). In the region (pixels) where there is no emis-
sion line contribution (W = 0), p(fi,m|W, zj) is simply a
normal distribution with mean fi and variance σ2

i . The
likelihood of the dataset, {f}, given a particular com-
bination of these parameters is then p({f},m|ϵ, zj) =
∫

[
∏

i p(fi,m|ϵ, zj)]× p(W |ϵ) dW .
By Bayes’ theorem, the posterior probability on ϵ is

then simply the product

p(ϵ, zj|{f},m) =
p({f},m|ϵ, zj)× p(ϵ)× p(zj)

Z
, (6)

where this equation is valid for both ϵ = ϵs and ϵp. We
adopt a uniform prior p(ϵ) between 0 and 1 for both
cases, where a value of ϵ = 1 would imply no evolution.
The prior on p(zj) is the photometric redshift proba-
bility density for each galaxy. Because p({f}|ϵ, zj,m)
depends on the S/N ratio of the data, it contains the
wavelength-dependent sensitivity function. The normal-
ization is Z=

∏

[p({f},m|ϵ)×p(ϵ) × p(zj)]. Intuitively,
smaller values of Z imply that there is less likelihood that
the model describes the data. The ratio of this factor
between two models (number evolution versus dimming
evolution) can be used as an evidence in favor of one
model over the other (e.g., Kass & Raftery 1995). For
the simple models used here, equation 6 can be solved
analytically (Treu et al. 2012).

3.2.2. Results

We applied this Bayesian formalism to the spectra of
nine galaxies at z ∼ 8. In the following we derive the
results using these nine spectra as well as combining this
sample with that of Treu et al. (2013). Combining our
sample of nine galaxies with Treu et al. (2013), nearly
doubles the current spectroscopic sample at z ∼ 8.
Figure 5 shows the posterior probability densities de-

rived from nine z ∼ 8 spectra in our sample, combined
with the posteriors taken from Treu et al. (2013). The
84% confidence intervals on ϵ are derived by integrating
the posterior. For our data alone, we obtain ϵne< 0.56
and ϵde< 0.74 at z ∼ 8 for the number evolution and
dimming evolution models respectively. If we combine
these results with those of Treu et al. (2013), we obtain
ϵne< 0.30 and ϵde< 0.25, for the number evolution and
dimming evolution models respectively.
The normalization of the posteriors allow us to de-

rive the Bayesian evidence between the two models
(e.g., Jeffreys 1961; Kass & Raftery 1995)9. For our
data alone, we find a tentative “positive” Bayesian
evidence favoring the number evolution model, with
2 ln(Zne/Zde) = 2.5. This evidence drops slightly but re-
mains positive towards the number evolution model with
2 ln(Zne/Zde) = 2.2 when we combine our data with that
from Treu et al. (2013). Therefore the evidence is min-
imally significant that the evolution in the WLyα distri-
bution at z ∼ 8 favors the number evolution model.
Qualitatively, the reason the Bayesian evidence fa-

vors number evolution of the WLyα distribution is that
even the relatively small sample sizes are becoming large

9 Kass & Raftery (1995) define the significance scale in favor of
one model over the other using the Bayes factors Z1 and Z2 as S =
2 ln(Z1/Z2), with S=0− 2 (not worth more than a bare mention),
S=2− 6 (positive), S=6− 10 (strong), S> 10 (very strong).
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Fig. 5.— Posterior probability density of ϵ where ϵ is the propor-
tionality factor between Lyman-α fraction Xz∼8 and Xz∼6. Blue
and orange lines show the probability using the combined sample
(This work + Treu et al 2013), for number evolution and dimming
evolution models, respectively. Also labeled are the 84% value
for both models. Dashed and dotted lines represent probability
density using our dataset alone. The data provide “positive” evi-
dence (2 ln(Zp/Zs) = 2.2) in favor of the number evolution model
over the dimming evolution model using the significance scale of
Kass & Raftery (1995).

enough to discriminate between these simple evolution-
ary models. For example, under the dimming evolution
model, the WLyα distribution shifts such that there are
relatively many objects with low WLyα and fewer objects
with high Lyman-α, while the total number of objects
with Lyman-α emission remains unchanged (assuming
one can detect the lower levels of Lyman-α emission). If
the true evolution follows the dimming evolution model,
then we would expect more Lyman-α detections at low
WLyα, which is not observed and is therefore less favored
by the Bayesian analysis. In contrast, in the number
evolution model, some fraction of Lyman-α sources are
blocked, keeping the relative distribution of Lyman-α un-
changed, and is favored by the current data. Clearly
larger sample will be needed to confirm these results
and/or increase the evidence against the dimming evolu-
tion model.
The posterior distribution of ϵ is broader for our sam-

ple compared to that of Treu et al. (2013), because we
detect Lyman-α in one object (Finkelstein et al. 2013)
and have three other marginal detections (≃ 2 − 3σ).
In addition, our MOSFIRE Y-band observations did not
fully cover p(z) of all nine galaxies. Thus, there is a finite
probability that the Lyman-α line could lie outside the
Y-band, which again broadens the ϵ distribution.

4. DISCUSSION

Based on the ϵ constraints above, and fitting func-
tions used for z ∼ 6 equivalent width distributions,
the Lyman-α fraction in the number evolution model is
Xz∼8 = ϵpXz∼6, while in the dimming evolution case
Xz∼8 = erfc(W/

√
2ϵsWc)/ erfc(W/

√
2Wc)Xz∼6 where

erfc is the complimentary error function.
For our dataset alone, the Lyman-α fraction Xz∼8 <

0.56Xz∼6 and Xz∼8 < 0.79Xz∼6 (all 84% confidence lim-
its) for number evolution and dimming evolution mod-
els respectively. For the combined data (with Treu et
al 2013), Xz∼8 < 0.30Xz=6 and Xz∼8 < 0.05Xz=6 for

T I LV I ,  C P,  S F + 2 0 1 4



• We have continued to observe, obtaining data over 13.5 nights over the 
past two years (primarily through NASA, but also with collaborators at 
UC). 

• We have observed ~40 candidate z > 7 galaxies at J < 27 to at least 5 
hr depth, and these long integrations allow us to pick out more lines.

L I V E R M O R E ,  S F,  I N  P R E P
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F R O M  T H E  G R O U N D :  A N  E W - L I M I T E D  S U R V E Y  
O F  LY M A N  A L P H A  E M I S S I O N  AT  5 . 5  <  Z  <  8 . 2
Figure 1 Left) Our Keck/MOSFIRE spectrum showing Lyα emission at z=7.51 (Finkelstein et al. 2013), among the 

highest redshift galaxies with a Lyα detection, shown here with increased signal-to-noise from a total of 10 hr of 
integration (the sky emission is shown as the filled gray curve; the residuals from the strongest sky lines are grayed out).  
Middle/Right) Similar plots, for two higher redshift galaxies (Livermore & Finkelstein, in prep) from our new MOSFIRE 

observations over the past year, highlighting the power of Keck to observe Lyα in the epoch of reionization.
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All z > 6.5, J < 27

DEIMOS observed  

MOSFIRE observed  
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Figure 4 Probability (redshift) of a galaxy in our sample.  
Although the best-fit redshift is z~7.1, this galaxy has a 
significant probability of lying anywhere at 6 < z < 8.  
The blue and red regions denote the redshifts probed 

DEIMOS and MOSFIRE, respectively, showing that this 
galaxy has an equal chance of exhibiting Lyα in the 

optical and near-infrared, necessitating coverage in both.

DEIMOS/MOSFIRE 
in-hand

HST FIGS grism program

DEIMOS/MOSFIRE 
proposed
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Figure 3 Constraints on ε: the ratio of the fraction of 
galaxies with detected Lyα  emission between z=7.5 and 

z=6.  Our published data (red) provide only an upper limit 
(ε < 0.65), due to the single detection.  We have simulated a 
hypothetical 3 and 15% confirmation rate for our proposed 
survey, shown as the blue and yellow lines, respectively. 

Our proposed observations, when combined with our 
previous MOSFIRE and DEIMOS data, will place the first 

significant constraints on this evolution. 

W i l l  c o n s t r a i n  E W  <  1 5  ( 5 )  Å  f o r  2 0 0  ( 3 0 )  J  <  2 7  ( 2 6 )  g a l a x i e s
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Figure 1. Direct imaging of PEARS-N-101687 from the GOODS survey (Giavalisco et al. 2004). The object is effectively undetected in the B450, V606, and i775 bands
(left three panels), while it is clearly seen in the z850 band (right panel) with magnitude z850 = 26.16 (AB). Each panel is 1.′′5 × 1.′′5 in size.
(A color version of this figure is available in the online journal.)

Table 1
Log of DEIMOS Observations of PEARS-N-101687

Mask Obs Dates Nexp× Duration Total Time Conditions Comments
(UT)

hdf07c 2007 Apr 14 4 × 1800 s 7200 s Clear, >1′′ seeing Good
hdf07d 2007 Apr 14–15 5 × 1800 s 9000 s Clear, >1′′ seeing Good
hdf07e 2007 Apr 16 2820 s 2820 s Clear, 1.′′4 seeing Not useful
hdf08a 2008 Mar 6 6 × ∼ 1800 s 10500 s Good

Figure 2. Upper: the 2D PEARS spectrum of PEARS-N-101687, displayed in
inverse video (dark = more flux), with all three position angles coadded and
with a 2 pixel (0.′′1 × 80 Å) FWHM smoothing applied. A short segment of
continuum is evident, with a blue edge near 9230 Å due to the Lyα forest break,
and a red cutoff imposed by the falloff of instrumental efficiency. Lower: a 1D
extraction of the PEARS spectrum, in erg cm−2 s−1 Å−1. The thin black curve
is a best-fitting continuum + IGM absorption model with redshift z = 6.6 and
a continuum level of AB = 25.7 mag on the red side of the Lyα break. The
blue curve is a model based on the line flux from the Keck spectrum, and the
continuum flux level and line spread function width expected based on HST
imaging.
(A color version of this figure is available in the online journal.)

additional mask observed in early 2008. All observations used
the 600 line grism. The observations are summarized briefly in
Table 1.

We show the extracted Keck + DEIMOS spectrum of PEARS-
N-101687 in Figure 3. The galaxy shows a prominent Lyα line
at redshift z = 6.573, consistent with the grism-based redshift
of z = 6.6±0.1. This line is plainly detected in each of the three
masks that have >1 hr of exposure time. Averaging the spectra
from the three useful masks together yields a better detection of
the asymmetric line, along with hints of the continuum on the
red side of the line. No other emission features are convincingly
present in the DEIMOS spectrum, which spans approximately
5000 Å < λ < 10000 Å.

To estimate the spectroscopic line flux, we first calibrated the
observed spectra using a DEIMOS sensitivity function derived
for the same grism but on another night. To compensate for
differences in throughput (e.g., due to differences in slit losses

or atmospheric extinction between nights), we identified two
objects in the 2008 mask with reasonably bright continuum
flux (i775 ∼ 21–22 mag). For each, we weighted the spectrum
by the throughput of the HST ACS F775W filter, integrated,
and compared the result to the broad band photometry from
the GOODS project. This yielded a mean correction of about
30%, relative to our archival sensitivity function. The reference
objects used are both galaxies at moderate redshift, and although
they are not point sources, they are considerably smaller than
the DEIMOS slit. We measured their fluxes in a virtual 1′′

slit in ACS images both before and after smoothing with a
1′′ Gaussian “seeing.” We thereby found that differential slit
losses would require a 10% correction to the spectroscopic flux
of a point source. Applying our calibration to the spectrum
of PEARS-N-101687 (and assuming the source is point-like
in 1′′ seeing), we find a spectroscopic line flux of fLyα ≈
(2.8 ± 0.6) × 10−17 erg cm−2 s−1, where the uncertainty is
dominated by the flux calibration of the spectrum.

4. DISCUSSION

4.1. Other Observations of PEARS-N-101687

While no spectrum of PEARS-N-101687 appears to have
been previously published, the object is listed as Lyα candidate
in Hu et al. (2010, Table 3, second entry), based on a narrowband
excess in a filter with 9210 Å central wavelength and 120 Å
FWHM. The narrowband magnitude published in that work,
AB = 24.36 mag, corresponds to a total flux of about 2.75 ×
10−17 erg cm−2 s−1 within the 120 Å filter.

The CANDELS survey (Grogin et al. 2011; Koekemoer
et al. 2011) provides WFC3-IR photometry of this region.
PEARS-N-101687 is detected at high confidence in the near
infrared. CANDELS catalog magnitudes for the source are
z850 = 26.36±0.18, Y105 = 25.27±0.11, J125 = 25.11±0.09,
and H160 = 25.04 ± 0.08 mag. (Note the small [0.2 mag,
1σ ] difference between our previous z850 photometry and the
CANDELS project photometry.) The Y105 magnitude is near
the wavelength of the Lyα line, but unaffected by Lyα forest

3

R H O A D S + 1 3



F R O M  S PA C E :  H S T  G R I S M S

• The HST grisms are an untapped resource for 
spectroscopic studies of z > 6 galaxies. 

• The exquisite sensitivity can allow spectroscopic 
confirmations from the break, with our without a line.

The Astrophysical Journal, 773:32 (7pp), 2013 August 10 Rhoads et al.

Figure 1. Direct imaging of PEARS-N-101687 from the GOODS survey (Giavalisco et al. 2004). The object is effectively undetected in the B450, V606, and i775 bands
(left three panels), while it is clearly seen in the z850 band (right panel) with magnitude z850 = 26.16 (AB). Each panel is 1.′′5 × 1.′′5 in size.
(A color version of this figure is available in the online journal.)

Table 1
Log of DEIMOS Observations of PEARS-N-101687

Mask Obs Dates Nexp× Duration Total Time Conditions Comments
(UT)

hdf07c 2007 Apr 14 4 × 1800 s 7200 s Clear, >1′′ seeing Good
hdf07d 2007 Apr 14–15 5 × 1800 s 9000 s Clear, >1′′ seeing Good
hdf07e 2007 Apr 16 2820 s 2820 s Clear, 1.′′4 seeing Not useful
hdf08a 2008 Mar 6 6 × ∼ 1800 s 10500 s Good

Figure 2. Upper: the 2D PEARS spectrum of PEARS-N-101687, displayed in
inverse video (dark = more flux), with all three position angles coadded and
with a 2 pixel (0.′′1 × 80 Å) FWHM smoothing applied. A short segment of
continuum is evident, with a blue edge near 9230 Å due to the Lyα forest break,
and a red cutoff imposed by the falloff of instrumental efficiency. Lower: a 1D
extraction of the PEARS spectrum, in erg cm−2 s−1 Å−1. The thin black curve
is a best-fitting continuum + IGM absorption model with redshift z = 6.6 and
a continuum level of AB = 25.7 mag on the red side of the Lyα break. The
blue curve is a model based on the line flux from the Keck spectrum, and the
continuum flux level and line spread function width expected based on HST
imaging.
(A color version of this figure is available in the online journal.)

additional mask observed in early 2008. All observations used
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at redshift z = 6.573, consistent with the grism-based redshift
of z = 6.6±0.1. This line is plainly detected in each of the three
masks that have >1 hr of exposure time. Averaging the spectra
from the three useful masks together yields a better detection of
the asymmetric line, along with hints of the continuum on the
red side of the line. No other emission features are convincingly
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observed spectra using a DEIMOS sensitivity function derived
for the same grism but on another night. To compensate for
differences in throughput (e.g., due to differences in slit losses
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by the throughput of the HST ACS F775W filter, integrated,
and compared the result to the broad band photometry from
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objects used are both galaxies at moderate redshift, and although
they are not point sources, they are considerably smaller than
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of a point source. Applying our calibration to the spectrum
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H o w  c a n  w e  m a k e  p r o g r e s s ?

G o  d e e p :  Ly m a n  a l p h a  e m i s s i o n  i s  c l e a r l y  f a i n t .  b y  g o i n g  d e e p ,  
w e  c a n  d e t e c t  l y m a n  b r e a k s  s pe c t ro s cop i c a l l y  a t  z  >  7  ( a s  w e l l  

a s  f a i n t  Ly m a n  a l p h a  l i n e s ) .

F a i n t  I n f r a r e d  G r i s m  S u r v e y  ( F I G S ;  P I  M a l h o t r a ;  C o - I  
F i n k e l s t e i n )

G o  w i d e :  A  p a t c h y  r e i o n i z a t i o n  p r o c e s s  s h o u l d  r e s u l t  i n  t h e  
a t t e n u a t i o n  o f  Ly m a n  a l p h a  f r o m  n e u t r a l  r e g i o n s ,  b u t  n o t  f r o m  
i o n i z e d  r e g i o n s .   T h i s  p r o v i d e s  a  s i m p l e  t e s t :  d o  y o u  s e e  h i g h  

E W  L A E s ?   T h e y  a r e  r a r e ,  s o  y o u  n e e d  t o  g o  w i d e .

C A N D E L S  Ly a  E m i s s i o n  a t  R e i o n i z a t i o n  ( C L E A R ;  P I  P a p o v i c h ;  
C o - I  F i n k e l s t e i n )



T H E  F U T U R E
• Current surveys can really only hope to detect Lyα emission from bright (J < 27 galaxies), 

and even then, we have maxed out (more or less) with 10m-class ground-based telescopes.

• JWST will have the capability to explore these lines to somewhat fainter flux levels.

• At best, a factor of ~4 fainter in an ultradeep (30 hr) survey.  Likely not nearly enough to 
detect Lya from faint galaxies at z > 7.

• And this only over a small field, and for a <10 year lifetime.

• The future is with the GSMTs, and future very large aperture space missions.

• For example, the GMT will have a sensitivity at least as good as JWST between night sky 
lines.  This, coupled with a wide field of view, will create a powerful reionization machine.

• ATLAST can do even better - by being above the atmosphere, we will be able to access Lya 
over the full redshift range for distant galaxies, with no night sky lines to block us.

• With no lines, lower resolution can be used to achieve even higher sensitivities, 
allowing detection of Lyα for the newly discovered faint galaxies from JWST.



C O N C L U S I O N S

• We have made significant progress over the past few 
years understanding the high-redshift universe.

T H R E E  T H I N G S  W E ’ V E  L E A R N E D  

O B S E R VA B L E  G A L A X I E S  AT  
Z = 7  A R E  N O T  M E TA L  F R E E ,  

E V E N  T H E  FA I N T  O N E S .  

G A L A X I E S  L I K E LY  R E I O N I Z E D  
T H E  U N I V E R S E  B Y  Z = 6  

LY M A N  A L P H A  S U R V E Y S  I M P LY  
A  R A P I D LY  R I S I N G  N E U T R A L  

F R A C T I O N  AT  Z  >  6 . 5

T H R E E  T H I N G S  W E  D O N ’ T  K N O W  

W H E N  D I D  M E TA L S  F I R S T  F O R M ,  
A N D  A R E  T H E R E  M E TA L - F R E E  

P O P U L AT I O N S  AT  Z  <  1 0 ?  

C A N  W E  A C C O U N T  F O R  A L L  T H E  
N E E D E D  I O N I Z I N G  P H O T O N S ?  

W H AT  I S  T H E  T E M P O R A L  A N D  
S PAT I A L  E V O L U T I O N  O F  

R E I O N I Z AT I O N ,  A N D  C A N  LYΑ  
E M I S S I O N  T E L L  U S ?


