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ABSTRACT

In this work, we show how the stellar mass (M) of galaxies affects the 3 < z < 4.6 Ly« equivalent width (EW)
distribution. To this end, we design a sample of 629 galaxies in the M, range 7.6 < log Myx/M; < 10.6 from the
3D-HST/CANDELS survey. We perform spectroscopic observations of this sample using the Michigan/Magellan
Fiber System, allowing us to measure Ly« fluxes and use 3D-HST/CANDELS ancillary data. In order to study the
Lya EW distribution dependence on M., we split the whole sample in three stellar mass bins. We find that, in all
bins, the distribution is best represented by an exponential profile of the form
dN (My)/dEW = Wy (My) 'A(My)e EW/Wo Mo Through a Bayesian analysis, we confirm that lower M,
galaxies have higher Lya EWs. We also find that the fraction A of galaxies featuring emission and the e-folding
scale W, of the distribution anti-correlate with M,, recovering expressions of the forms
AMy) = —0.26(.13)log My/M, + 3.01(1.2) and Wo(My) = —15.6(3.5)log Myx/M,, + 166(34). These results
are crucial for proper interpretation of Ly« emission trends reported in the literature that may be affected by strong
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1. INTRODUCTION

A lot of progress has been made toward understanding the
physics and statistics of Lya emission at high redshift (e.g.,
Shapley et al. 2003; Ouchi et al. 2008; Stark et al. 2010; Blanc
et al. 2011). Still, current estimations of the magnitude and
frequency of this process are limited by biases emerged from
the sample selection techniques employed. For example,
spectroscopic studies of UV continuum detected galaxies show
that only about 50% of Lyman break galaxies (LBGs) at z = 3
feature Ly in emission, while the other half shows absorption
(Shapley et al. 2003; Stark et al. 2010). These studies also find
an anti-correlation between the UV luminosities of galaxies and
their Lya equivalent widths (EWs), as well as a significant
increase in the fraction of galaxies showing large Lyar EWs
(e.g., >75 A) when going from z~3 to z~6 (Stark
et al. 2010). On the other hand, narrowband imaging selected
samples of Ly« emitters (LAEs) include, by construction, only
objects showing Ly« above a certain EW detection threshold.
Nevertheless, even in this regime, significant differences are
seen with respect to the statistics derived from high Lyae EW
LBG samples. For instance, the EW distribution of LAEs does
not seem to evolve significantly over the 3 < z < 6 range
(Ouchi et al. 2008; Zheng et al. 2014), while it does seem to
shift toward lower EWs at lower redshifts (z ~2; Ciardullo
et al. 2012). Furthermore, unlike LBGs, LAEs show very little
correlation between their UV luminosities and their Lyce EWs
(Ouchi et al. 2008).

The reason for some of these discrepancies lies in the fact
that different high-redshift galaxy selection techniques sample
different regions of the stellar mass (M,), star formation rate,

and metallicity parameter space. These parameters can affect
the production and escape of Ly« photons through correlations
with stellar population ages, neutral hydrogen mass, and dust
abundance. High-mass stars present in stellar populations
younger than 10 Myr are responsible for Lya emission, with
the effect decreasing as these populations grow older (Charlot
& Fall 1993; Schaerer 2003). Ly« radiative transfer is also
severely affected by the neutral gas structure and kinematics of
the ISM and circumgalactic medium (Verhamme et al. 2006).
Likewise, the Ly« escape fraction is known to strongly anti-
correlate with dust extinction, at least for high-EW objects
(Blanc et al. 2011; Hagen et al. 2014). Considering that more
massive galaxies tend to have older stellar populations, higher
gas mass, and more dust in their ISM, Ly« emission is severely
affected by M,. If we take into account that emission line
surveys sample a lower range in M, than LBGs samples due to
the first not requiring a continuum detection, Ly« statistics are
highly dependent on survey design and M, completeness.

In order to assess the effects of M, on high-redshift Ly«
emission, we present a spectroscopic survey of an M, selected
sample of 3 < z < 4.6 galaxies. We conduct this survey with
the Michigan/Magellan Fiber System (M2FS; Mateo
et al. 2012) at the Magellan-II Clay telescope. Using a
Bayesian approach, we quantify the 3 < z < 4.6 Lya EW
distribution dependence on M,. This Letter is structured as
follows. In Section 2, we describe our sample and data set. In
Sections 3 and 4, we explain our methodology and results.
Implications are presented in Section 5. We adopt a ACDM
cosmology ~ with  Hy=70kms 'Mpc™', Q, =03,
and 0, = 0.7.
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Figure 1. Left: CANDELS F160W image for target GS38014

(mpigow = 24.5), along with the M2FS 172 fiber in red. Right: reduced

spectrum of GS38014 with our best Gaussian fit in red. We measure a Lyo flux
of 2.3 x 107 ergs™ em >, 7y, ~ 3.795, and EW ~ 84 A for this line.

2. DATA
2.1. Sample Selection

Our sample is composed of 629 galaxies in the COSMOS,
GOODS-S, and UDS fields. Every object is observed under the
3D-HST/CANDELS program (Grogin et al. 2011; Koekemoer
etal. 2011), providing HST/Spitzer photometry from 3800 Ato
7.9 pm (44 bands for COSMOS, 40 for GOODS-S, and 18 for
UDS). We construct our sample using 3D-HST outputs
(Skelton et al. 2014). According to these, our 629 photometric
redshifts satisfy 3.25 < zzp.ysr < 4.25 and have a 95%
probability of 2.9 < z < 4.25. Every galaxy also complies
with a photometric redshift reliability parameter Q. < 3
selection to remove catastrophic outliers (Brammer
et al. 2008). In terms of M., our galaxies are homogeneously
distributed in the range 8 < log(My/M:)3p.ast < 10.4. These
values are obtained assuming exponentially declining star
formation histories (SFHs) with a minimum e-folding time of
logo(7/year) = 7 (Skelton et al. 2014).

2.2. Observations

Spectroscopy of the complete sample was conducted at the
Magellan Clay 6.5 m telescope during 2014 December and
2015 February. To this end, we used the M2FS, a multi-object
fiber-fed spectrograph. This instrument’s 172 fibers allow for
256 targets, of which we used 40 for sky apertures. The final
data set consists of six exposure hours on each of the three
fields with an average seeing of 0”6.

Data reduction features standard bias subtraction, dark
correction, wavelength calibration, flat-fielding, sky subtrac-
tion, and flux calibration. The resulting spectra FWHM line
resolution is of ~2 A. We reach a locontlnuurn flux density
limit of ~4 x 1077 ergs Yem 2A- per pixel in our 6 hr of
exposure. This translates into a 5o emission line flux sensitivity
of ~4 x 10" "®ergs 'ecm™? in our final spectra. A sample
galaxy with its reduced spectrum is shown in Figure 1.

Flux calibration is performed using five My = 19 — 22
calibration stars on each exposure, with an associated rms
uncertainty of ~15%. We are correcting for a ~32% fiber flux
loss, which corresponds to a point-source Lya surface
brightness distribution.

3. METHODOLOGY

3.1. Line Detection

We detect and characterize lines across the spectra using an
automated maximum likelihood fitting routine. We assume
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Figure 2. Complete sample distribution in zgazy and My, according to our
EAZY and FAST outputs (dots). Overlaid are our three M, bins with median
masses log M, /M., = 8.3, 9.3, 10. The red stars show our 120 spectroscopic
Ly« redshifts (S/N > 5.5). Note that detections are plotted twice (as zgazy
and zpyq)-

intrinsic Gaussian profiles of the form:

fl"est (/\) - ﬂe*()‘*)\o)z/%i (1)

where fiya, Ao, and o compose the parameter space explored
by the maximum likelihood. Considering the resonant scatter-
ing and double-peaked nature of the Lya line, Gaussian
profiles are just an approximation. Nevertheless, these are
sufficient for our needs (Figure 1).

We run our line detection code on the 115 sky fibers to
account for false positives. We detect four false lines above 4o
and none above 5¢. Therefore, down to 5o, we are confident of
having less than 5 false detections in our 629 targets. This
translates into <5% contamination using signal-to-noise (S/N)
S /N* = 5.5 as our threshold, considering that we have 120
detections with S/N > 5.5 (Figure 2).

3.2. Corrected Parameters

We run EAZY (Brammer et al. 2008) on CANDELS /IRAC
photometry to obtain our own photometric redshifts (zgazy)-
The 629 objects satisfy 3 < zgazy < 4.25 (Figure 2), with a
median ogazy = 0.1. They also have a 95% probability of
295 < z<45. From now on, we use our spectroscopic
redshifts (z; y,,) for detections and zgazy for non-detections. We
find a median redshift offset of Az = 71y, — zpazy = 0.24 for
detections (Figure 2) and assess it in the conclusions. To have
our own M, estimates, we run FAST (Kriek et al. 2011). This
allows us to use constant SFHs and z;,, when available. Our
outputs yield a mass coverage of 7.6 < log My/M; < 10.6
(Figure 2), with a characteristic uncertainty of
logMy/M;, ~ 0.2. We stress our galaxy sample does not
feature any other selection cuts apart from possible photometric
redshift biases and 3D-HST/CANDELS incompleteness,
which is restricted to our low-mass bin (log Myx/M,, < 8.5).

3.3. Bayesian Inference
We calculate the Ly EW 1in the rest frame as
F 1
s e @
f/\ (1 + ZLya)

with F the Lya flux we measure in the spectra and f) the
observed flux at rest 1700 A from CANDELS photometry.
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To reproduce Ly EW distributions, the most widely used
models are Gaussian (e.g., Stark et al. 2010) and exponential
(e.g., Zheng et al. 2014) profiles. We consider both functions
and find the exponential to be the most appropriate to represent
our distributions:

p(EWIA, W) = %E‘EW/W‘)H(EW) + (1 = A)SEW) (3)
0

with H(EEW) the Heaviside and 6(EW) the Delta. Hence, A is
the fraction of galaxies featuring emission, (1 — A) the fraction
of galaxies not showing emission, and W, the e-folding scale of
the distribution.

For convenience, we perform our Bayesian analysis using
Lya line flux F instead of EW, as introduced in Equation (2).
According to Bayes’s Theorem, the posterior distribution
p (A, Wol{F}), i.e., the parameter space probability distribution
given our data set {F}, is

pUF}A, Wop(A, Wo)
pU{F})

As galaxies are independent, the likelihood is just the
product of the individual likelihoods for every galaxy, i.e.,
p({F}|A, W) = T1p(ElA, Wp). For a galaxy with a rest UV
continuum flux f) ; and uncertainty o, ;, the single likelihood is
given by

pA, Wol{F}) = “)

p(FIA, Wp) = fo " p(EIF)p(FIA, Wo)dF 5)

where p(F|F) is a normal distribution centered in F; with
uncertainty o;. Both values are measured by our line detection
code for each object. We obtain p (F|A, W) assuming a normal
continuum distribution with rest UV continuum flux f),; and
uncertainty o) ;:

p(FlA, W) =
f L Ewa W)e(f*"fF/EW)z/zai" dEW 6)
o JEW BN =

where p (EW|A, Wp) is the EW model given by Equation (3),
and both f,; and o, ; come from CANDELS photometry and
our redshifts (zyyq OF ZEazy).

The limiting line flux F* for discerning detections from
noise is given by our S/N threshold, i.e., F* = S/N*q;. For
galaxies with a detection that satisfies F > F*, the single
likelihood p (F|A, W) is determined by (5). For galaxies with
no detections above F,-*, we adopt the value

p(F < FA, W) =
j; T (1 - pE > FAF)p(FIA, Wo)dF %)

with p(F > F|F) our detection completeness at a line flux F.
To obtain it, we characterize p(S/N; > S/N*|S/N) instead.
We simulate ~10° lines on the 115 sky-spectra sampling fluxes
of 10-17-101° erg s cm 2, FWHMs between 5 and 13 A,
and wavelengths of 48006700 A.
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Using the recovered expressions for detections and non-
detections, the posterior distribution takes its final form:

p(A, Wol{F}) =

ST p@Ea W pF < AW ®
AWo ND

With the prior p(A, Wy) oc A'W, . This is obtained by
assuming A and W, are independent and distribute uniformly in
logarithmic scale. The constant p({F}) represents the like-
lihood of the model. Hence, C groups every constant so that
p(A, Wyl {F}) integrates 1.

4. RESULTS

We use a stellar mass selected sample of galaxies to derive
the 3 < z < 4.6 Lya EW distribution. To study its dependence
on M,, we divide our sample in three bins covering the range
7.6 < logMy/M, < 10.6 (Figure 2). The observed distribu-
tions, along with our recovered models and constraints, are
shown in Figure 3. The posterior distributions for A and W, are
presented in Figure 4. From these figures, we confirm that both
parameters, the fraction A of galaxies featuring Lya emission
and the e-folding scale W, of the distribution, anti-correlate
with M. To characterize this effect, we use linear parameter-
izations. We define the mass of each bin as its median mass and
obtain

AMy) = —0.26" 3 log My /M., + 3.017}9 )
Wo(My) = —15.6732 log My/M,, + 166731 (10)

We also divide the whole sample in the two photometric
redshift bins 3 < zgazy < 3.65 and 3.65 < zpazy < 4.6. We
use the recalculated M, and EW, but select on zgazy to avoid
Az biases in the subsamples (Section 3.2). We then constrain A
(M) and Wy(M,,) for both populations and find no significant
differences (Figure 5).

5. SUMMARY AND DISCUSSION

Using 3D-HST outputs, we design a 3 < z < 4.6 sample of
629 galaxies in the range 7.6 < logMy/M, < 10.6. We
conduct a spectroscopic survey of the 629 galaxies using the
M2FS, allowing us to measure Lyo fluxes. We measure the
Lya EW distribution for three different M, subsamples and
model it using a Bayesian framework. We confirm an anti-
correlation between M, and prominence of Lya emission in
galaxies, obtaining quantitative relations for the distribution
parameters as a function of M,. These relations are best
reproduced by a low-mass population showing mostly emission
and a high-mass counterpart where about half shows no
emission /absorption.

Using z ~ 4 LBGs, Stark et al. (2010) find a ~10% fraction
of LAEs (EW > 75 A). At z ~ 4, their sample My translates
to 108-10'93M, (Gonzdlez et al. 2014). We simulate their
selection in our data and find an M, distribution dominated by
108-10'°M,, objects. Thus, Figure 4 hints that Stark et al.
(2010) results on the higher end of the EW distribution are
dominated by 108-10°M_ galaxies. Using a narrowband
sample, Zheng et al. (2014) recover the z ~ 4.5 LAE EW
distribution. They find a best-fit Wo =50 £ 11 for EW
< 400 A, but a much higher Wy = 16773 from simulations.
Our results suggest that their composite EW distribution is a
result of the broad M, range induced by narrowband surveys.
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Figure 3. Rest-frame Ly EW distributions for the low-, medium-, and high-mass subsamples, respectively. Only detections with S/N > 5.5 are shown. Overplotted
are our best exponential distributions for every subsample (solid). Shaded are 1o and 3¢ constraints.
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Figure 4. Low-mass (blue), medium-mass (green) and high-mass (red)
posteriors for exponential parameters A and W,. The three contours for each
subsample represent 1o, 20, and 30 confidence levels. The shaded region
shows Stark et al. (2010) results on z ~ 4 LBGs.
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Figure 5. Exponential parameters A (top) and W, (bottom) as a function of bin
median M, for the complete sample (circles), 3 < zgazy < 3.65 (triangles),
and 3.65 < zgazy < 4.6 (squares). The solid lines correspond to Equations (9)
and (10).

We measure a median Az = 71y, — Zeazy = 0.24. This
offset apparently anti-correlates with M,, i.e., correlates with
EW (Figure 2). Therefore, we attribute this feature to Ly« line
effects on EAZY fitting and will address it in future papers.
Given Az and the median ogazy = 0.1, we avoid any detailed
analysis involving the broad redshift distribution of the sample.
Nevertheless, the trends we recover are also observed when
dividing the sample in two zgazy bins (Figure 5).

While the methodology we present provides a Bayesian
approach to deal with high-redshift Ly« emission statistics, the
results allow for comparison between surveys with different

mass sensitivity limits. These insights are essential for using
Ly« statistics at different redshifts under the same scheme,
allowing for proper interpretation of Lya pre and post-
reionization. In addition, the trends we recover also provide
constraints for simulations, especially those devoted to
statistically studying Lya emission in the galaxy population
(e.g., Zheng et al. 2010; Barnes et al. 2011).
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