
1 
 

+ 

First results from MOSFIRE: 
near-IR spectroscopy of 

high-redshift galaxies 

Matthew Schenker 
Caltech 
Reionization in the Red Centre 
7.18.13 

Richard Ellis, Dan Stark,  

+ Nick Konidaris 



2 
 

+ 

Outline 

n  Nebular emission - what do we know already?  Evidence and 
consequences for strong Hα  detections using broadband photometry 
(Stark, MAS et al. 2013) 

n  Keck spectroscopic survey – targeting 3.0 < z < 3.8 LBGs with MOSFIRE 

n  Part I 

n  Direct spectroscopic confirmation of strong nebular lines 

n  Validation of deriving line strength through broadband photometry 

n  Consequences for sSFR 

n  Part II 

n  Lyman α velocity offset – connection to reionization models 
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Figure 1. Emission-line contamination of broadband photometry. Colored
stripes denote redshift ranges over which emission lines contaminate the Ks

band (dark blue), IRAC 3.6 µm (yellow), and IRAC 4.5 µm (red). Hα emission
is expected in the 3.6 µm filter at 3.8 < z < 5.0. Note that at 5 ! z ! 7, both
IRAC filters used for measuring stellar masses are contaminated by emission
lines. Beyond z ! 7, only the 4.5 µm filter is contaminated by strong nebular
emission.
(A color version of this figure is available in the online journal.)

photons responsible for reionization (Robertson et al. 2010). For
example, the steep faint-end slope of the ultraviolet luminosity
function (UV LF) at z > 6 (Bouwens et al. 2011b) implies that
star formation in low-mass dark matter halos becomes more
efficient at earlier times (e.g., Trenti et al. 2010), in contrast to
the implications of the sSFR measurements.

Given these difficulties, it is prudent that we reconsider the
accuracy of the data that is used to infer the sSFR and its
evolution. The two basic ingredients are the SFRs and the stellar
masses. The z > 4 measurements have indeed changed since
the original articles (e.g., Stark et al. 2009; González et al.
2010), mostly as a result of improved dust corrections following
improved near-infrared photometry (e.g., Bouwens et al. 2012b).
The new dust corrections have served to increase the z ! 4 sSFR
measurements by a factor of !2. However, since negligible
extinction is inferred at z ! 6–7, the sSFR still remains constant
over 4 < z < 7 (Bouwens et al. 2012b) although a factor of two
higher than at z ! 2–3 (Reddy et al. 2012b).

A potentially more important problem is the possible contri-
bution of rest-frame optical nebular emission lines (e.g., [O ii],
[O iii], Hα) to the broadband fluxes used to infer the stellar
masses. Such emission lines could significantly affect the in-
ferred amplitude of a Balmer break, leading to an overestimate
of the stellar mass and thereby an underestimate of the sSFR.
Figure 1 illustrates how the various nebular emission lines con-
taminate the key photometric filters as a function of redshift.
Beyond z ! 4, the key filters of interest in the determination of
stellar masses are the Spitzer/IRAC warm bands at 3.6 µm and
4.5 µm. It is particularly striking that, at z ! 5, the strongest
rest-frame optical nebular lines ([O iii] λ5007 and Hα) contam-
inate both Spitzer/IRAC filters. Although many z ! 5 galaxies
are detected with Spitzer (e.g., Egami et al. 2005; Eyles et al.
2005; Stark et al. 2009; Labbé et al. 2010a, 2010b; González
et al. 2010, 2011; Richard et al. 2011b), contamination by nebu-
lar emission could significantly affect the interpretation of their
SEDs.

Accounting for nebular emission in the SEDs of high-redshift
galaxies has been considered by several earlier works (e.g.,
Schaerer & de Barros 2009, 2010; Ono et al. 2010; de Barros
et al. 2012). In general terms, their approach has been to
use “forward modeling” techniques based on adding nebular
emission contributions to stellar population synthesis models in
order to demonstrate the possible implications of its inclusion.

However, such “nebular+stellar” model fits cannot provide a
precise unambiguous measure of nebular contamination for
several reasons. First, there are numerous uncertainties in how
the contribution of nebular emission should be added. These
include the nebular extinction law and ionizing photon escape
fraction. Second, for galaxies at z > 5, for which there is no
uncontaminated measure of the stellar continuum (Figure 1),
the uncertainties are particularly large. Finally, and perhaps
most importantly, without a spectroscopic redshift, addressing
both the nebular contamination and the photometric redshift
of the galaxy from the same photometric data leads to great
uncertainties; there is no a priori indication of which photometric
bands are contaminated by nebular emission.

Fortunately, by virtue of our deep Keck spectroscopic survey
(Stark et al. 2010, 2011; Jones et al. 2012; Schenker et al. 2012)
and our nebular+stellar population synthesis code (Robertson
et al. 2010), we can use the availability of HST–Spitzer SEDs
to make progress in addressing this issue. While the question
of contamination by nebular emission at z > 5 must await
the infrared spectroscopic capabilities of the James Webb
Space Telescope (JWST), we can test our spectroscopic range
3.8 < z < 5.0 for contamination by Hα in the Spitzer/IRAC
3.6 µm broadband filter. Our approach follows that of Shim et al.
(2011), who demonstrated that galaxies in this redshift window
are typically significantly brighter at 3.6 µm than at 4.5 µm. By
comparing their flux density at 3.6 µm to that expected from
stellar continuum alone, Shim et al. (2011) argued that many
galaxies at z > 4 show evidence for strong Hα emission, with
typical equivalent widths (EWs) significantly greater than those
seen at z ! 2.

Here we seek to apply a similar technique to our spectroscopic
sample (Stark et al. 2010, 2011) with the goal of estimating the
distribution of Hα EWs present in galaxies at 3.8 < z < 5.0.
Equipped with this external constraint on the strength of nebular
emission, we can then determine how stellar masses and the
sSFR of z > 4 galaxies are likely to be altered by emission-
line contamination. In particular, we will explore whether our
estimated degree of nebular contamination could be sufficient
at the highest redshifts to permit a rapid rise in the redshift-
dependent sSFR as expected from theoretical models.

The present paper is organized as follows. In Section 2, we
discuss the selection of the spectroscopic sample used in our
analysis. In Section 3, we introduce the details of our SED fitting
procedure used to estimate the strength of nebular emission lines
in the various filters. In Section 4, we use our spectroscopic
sample to estimate the EW distribution of Hα in the redshift
range 3.8 < z < 5.0 and then use these measurements to assess
the impact of nebular emission on the derived stellar masses and
SFRs of z > 4 galaxies. In Section 5, we discuss the impact that
our findings have for the evolution in the integrated SMD and
sSFR of galaxies at z > 4.

Throughout this paper we adopt a Λ-dominated, flat universe
with ΩΛ = 0.7, ΩM = 0.3, and H0 = 70 h70 km s−1 Mpc−1. All
magnitudes are quoted in the AB system (Oke & Gunn 1983).

2. DATA

In this paper, we will focus our analysis on the interpretation
of broadband SEDs for a z > 3 sample with known spec-
troscopic redshifts. The spectroscopic sample is drawn from
earlier papers (Stark et al. 2010, 2011). Full details can be
found in these articles, but we offer the reader a brief summary
here. Spectroscopy of z > 3 LBGs in the two GOODS fields
was undertaken at the Keck Observatory using the DEIMOS
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Spitzer detections – Evolved stellar mass 
or strong nebular emission? 

n  Initial detection of red rest frame UV-
Optical color in z ~ 6-7 LBGs taken as 
evidence for large stellar masses, old 
populations when age of universe only 
~1 Gyr  (ex. Eyles et al. 2007, Gonzalez 
et al. 2010) 

n  BUT emission line equivalent width 
increases as (1+z) -> strong nebular lines 
can contaminate broadband fluxes, 
mimic Balmer/4000Å break (ex. Scharer 
& deBarros 2010) 

n  Stark, MAS et al. 2013 takes advantage 
Unique window at 3.8 < z < 5.0 to study 
Hα strength at high-z (Shim et al. 2011) 
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Figure 4. The best-fitting SED models (excluding dust reddening) to the photometric data points for the nine z ∼ 6 sources with IRAC detections. Non-
detections are represented by their 3σ upper limits. In the case of 25 85, the anomalously faint IRAC channel 2 (4.5 µm) magnitude has been excluded from
the fit.

We ignore those models which returned best-fitting ages !1 Gyr,
as these exceed the age of the Universe at z ∼ 6 and hence are
unphysical.

We find evidence for the presence of substantial Balmer/4000-
Å breaks in the SEDs of six of our galaxies (31 2185, 23 6714,
25 85, 32 4331, 23 3398 and 13 2604), each brightening, on aver-
age, by a factor of ∼2–3 in flux density (f ν) from the near-infrared
(≈0.9–2.2 µm) to 3.6 µm. These break amplitudes are comparable
to those observed at z ≈ 0 in the Sloan Digital Sky Survey (SDSS;
e.g. Kauffmann et al. 2003), and by Le Borgne et al. (2006) in
z ∼ 1 massive post-starburst galaxies in the Gemini Deep Deep
Survey (GDDS). For our i′-drops it is known that there has been at
least some recent or ongoing star formation, due to the fact that the
i′-drop Lyman-break technique relies on a magnitude-limited selec-
tion in the z′ band, sampling the rest-frame UV (see Section 4.5)
which is dominated by young, hot massive stars. Additionally, for
the two bright sources SBM03#1 and #3 which featured in our pre-
vious paper (and which are re-analysed here), Keck/Gemini spectra
(Bunker et al. 2003; Stanway et al. 2004a) display Lyman α emis-
sion, caused by the photoionization of hydrogen by populations of
short-lived OB stars. However, in order to produce the observed
Balmer/4000-Å break amplitudes in the SEDs of these six i′-drops,
it is likely that the bulk of their stellar mass formed well before the

current period of star formation. If even a modest fraction of the
mass is involved in current star formation then it will tend to dilute
the break amplitude.

From the fitting of the B & C spectral synthesis models to our
photometric data, the inferred luminosity-weighted ages of these
six sources all lie in the range 180–720 Myr, suggesting formation
redshifts in the range 7 " zf " 18. Our SED modelling also shows
that these i′-drops with Balmer/4000-Å breaks have considerable
stellar masses, in the range 1–3 × 1010 M%. We can draw compar-
ison of these inferred stellar masses to that of an L∗ galaxy today,
by taking L∗

r = −21.21 from analysis of the SDSS by Blanton et al.
(2003). Using M/LV ≈ 5 M%/L% appropriate for a ≈10-Gyr-old
population from the B& C models (Salpeter IMF) we calculate the
stellar mass of an L∗ galaxy today to be M∗ = 1.2 × 1011 M%, com-
parable to the estimate of Cole et al. (2001). Hence we find that our
six IRAC-detected sources with Balmer/4000-Å breaks have best-
fitting stellar masses ∼10–30 per cent that of an L∗ galaxy observed
today.

Exploring the results from the two-population composite mod-
elling (Table 5), we find that for these objects, only a small fraction
(in the range 0.1–1.5 per cent) of their stellar mass is involved in
the current star formation episode, indicating that in these cases
underlying older stellar populations dominate the mass. This may
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Figure 5. Top: the distribution of 3.6 µm magnitude excesses (∆[3.6]) in
our 3.8 < z < 5.0 galaxy sample. The magnitude excess is defined as the
difference between the [3.6] magnitude inferred from the stellar continuum of
the best-fitting population synthesis model and the [3.6] magnitude observed
with Spitzer/IRAC. The positive ∆[3.6] values exhibited by our sample indicate
that the stellar continuum is unable to account for the observed flux in the
3.6 µm filter. The magnitude excess distribution is well fit by a lognormal
equivalent width distribution with 〈log10 W 〉 = 2.57 and σ = 0.25 (red curve).
Bottom: distribution of equivalent widths required to reproduce the observed
flux excesses (blue histogram) compared to the functional form we adopt for
the equivalent width distribution (red curve).
(A color version of this figure is available in the online journal.)

the nebular line strengths we infer from photometric excesses
include the contribution of all emission lines contaminating the
[3.6] filter. Using our 0.2 Z# population synthesis models, we
estimate that 82% of the EW inferred from [3.6] photometric
excesses arises from Hα and [N ii]. Note that this is slightly
larger than the percentage estimated in the previous section
owing to the addition of [N ii] to the calculation.

Applying this factor to the mean EWs presented in
Section 4.1, we compare the Hα+[N ii] EWs at 3.8 < z < 5.0
to those at z ! 2 (Figure 6). It is clear that the line strengths de-
rived at 3.8 < z < 5.0 are consistent with a continued increase
in the Hα EW in the range 2 ! z ! 5. While determination of
the exact rate of increase is beyond the scope of this work, we
note that the Hα EWs at 3.8 < z < 5.0 lie in the range expected
by simple extrapolations of the power laws derived in Fumagalli
et al. (2012). This increase in Hα EW over 2 < z < 5, albeit
tentative in nature, is supportive of an increase in the sSFR over
z " 2, consistent with more recent derivations (e.g., Bouwens
et al. 2012b).
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Figure 6. Evolution of the mean Hα+[N ii] EW with redshift. The values at
z < 4 are as compiled in Fumagalli et al. (2012) for star-forming galaxies
with stellar mass in the range log10 M# = 10.0–10.5. The dashed lines show
the power law that Fumagalli et al. (2012) fit to the EW evolution at z ! 2,
while the dotted lines show an extrapolation of this power law to z " 2. The
open symbols denote the EWs appropriate for the entire galaxy population in
Fumagalli et al. (2012), while the solid symbols denote estimates for the star-
forming subset. The red circles show EWs inferred from the photometric excess
method in this paper, with the lower value arising from SED fits including all
filters, and the upper value derived from fits excluding the contaminated [3.6]
filter (see Section 3.2 for details). The range of EWs illustrated at z $ 6–7
represents nebular line strengths that we apply to SEDs in Section 4.3, with the
lower limit assuming that nebular line strengths remain fixed with increasing
redshift and the upper limit assuming they follow a (1 + z)1.8 power law.
(A color version of this figure is available in the online journal.)

Given these results, it is reasonable to expect nebular lines
to be even stronger at z $ 6–7. Unfortunately, with both IRAC
filters contaminated by strong emission lines at these redshifts
(Figure 1), we do not have a direct method of estimating
the nebular line contamination in this regime. We thus will
consider two cases in the following sections. First, we assume
conservatively that the nebular line strengths remain fixed at the
values derived at 3.8 < z < 5.0. While a fixed EW might seem
unlikely in light of the power-law evolution at lower redshifts,
we note that the rate of increase in the EW might slow if SFHs
transition into a phase of rapidly rising SFRs (e.g., Finlator
et al. 2011) at 5 < z < 7. Second, as a modest upper limit, we
consider the case whereby the nebular EWs continue to increase
following a (1 + z)1.8 power law. We conservatively adopt the
mean EW of the fitting method including the contaminated [3.6]
filter as the 3.8 < z < 5.0 reference value for this upper bound.

4.3. Effect on z " 4 Stellar Masses

In Section 4.1, we demonstrated that strong nebular line emis-
sion lines make a significant contribution to the broadband flux
measurements at z > 3. If these lines are not accounted for in
population synthesis modeling, the rest-optical stellar contin-
uum (and thus the inferred stellar mass and age) will clearly be
overestimated (e.g., Schaerer & de Barros 2010). In principle,
these issues can be addressed through nebular+stellar popula-
tion synthesis models described in Section 3. The drawback of
this approach is that the “appropriate” flux from nebular emis-
sion for any given model is very uncertain, depending not only
on the escape fraction of ionizing radiation but also on the
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Figure 7. Impact of nebular emission on stellar mass derived using empirical determination of Hα EW distribution at 3.8 < z < 5.0. Solid circles show
the log M"–MUV,1500 relationship corrected for nebular contamination of broadband fluxes following the procedure discussed in Section 4.2. The dashed line
gives the best linear fit to these data points. Solid triangles show the relationship with no correction for nebular emission assuming that the stellar continuum dominates
the broadband flux. Without accounting for nebular emission, the log M"–MUV,1500 relationship does not evolve much with redshift. However, incorporating nebular
corrections, the normalization decreases by 1.4–2.5× over 4 < z < 7. The open squares correspond to nebular corrections derived assuming that the EW of nebular
emission increases with redshift following the power law shown in Figure 6. The shaded region simply illustrates the range of stellar masses at a given MUV.
(A color version of this figure is available in the online journal.)

will focus on how physical properties are affected by nebular
emission lines.

5. DISCUSSION

In the previous section, we used the broadband SEDs of a
large sample of spectroscopically confirmed galaxies to infer
the distribution of nebular line strengths in UV-selected galaxies
at 3.8 < z < 5.0. We showed that the stellar masses inferred
from population synthesis modeling are reduced at z > 5 when
the contribution of these lines to broadband flux densities is
removed. In this section, we consider the implications of these
results for our current picture of early mass assembly.

5.1. Stellar Mass Density at z > 3

In Section 4.2, we quantified the extent to which the stellar
masses of z > 3 galaxies are affected by nebular emission.
Here, we seek to utilize these results to estimate the SMD
evolution at z > 3. To derive the mass densities, we combine
the log M"–MUV relationship with UV LFs in a manner mostly
similar to that outlined in González et al. (2012). Briefly, we
extract a large number (N " 105) of luminosities from the
measured UV LFs (e.g., Bouwens et al. 2011b). We convert

these luminosities to stellar masses using the log M"–MUV
relationship and an estimate of the scatter about the median.
Whereas earlier studies held the log M"–MUV relationship fixed
with redshift at z ! 4, the strong redshift dependence of nebular
contamination (Figure 1) forces us to reconsider the evolution
of M"/LUV ratios with redshift.

We compute the slope and normalization of the z " 4
log M"–MUV relationship using the large sample of LBGs
discussed in Stark et al. (2009). For simplicity, we assume
that the slope remains constant at z ! 4 and consider only
evolution in the normalization of the relationship. To compute
the zero points of the log M"–MUV relation at z " 5, 6, and
7, we adjust the measured z " 4 relation to account for the
relative normalization of the nebular-corrected log M"–MUV
relationships shown in Figure 7. To obtain a tentative estimate
of the z " 8 SMD, we apply the z " 7 log M"–MUV
relationship to the z " 8 UV LF. In all cases, we use the nebular
corrections derived assuming an evolving Hα EW distribution
(see Figure 7), but we also discuss how these results would
change if the EW distribution remains fixed at z > 5.

In addition to measurement of the log M"–MUV relationship,
accurate determinations of the dispersion are necessary to
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Figure 5. Top: the distribution of 3.6 µm magnitude excesses (∆[3.6]) in
our 3.8 < z < 5.0 galaxy sample. The magnitude excess is defined as the
difference between the [3.6] magnitude inferred from the stellar continuum of
the best-fitting population synthesis model and the [3.6] magnitude observed
with Spitzer/IRAC. The positive ∆[3.6] values exhibited by our sample indicate
that the stellar continuum is unable to account for the observed flux in the
3.6 µm filter. The magnitude excess distribution is well fit by a lognormal
equivalent width distribution with 〈log10 W 〉 = 2.57 and σ = 0.25 (red curve).
Bottom: distribution of equivalent widths required to reproduce the observed
flux excesses (blue histogram) compared to the functional form we adopt for
the equivalent width distribution (red curve).
(A color version of this figure is available in the online journal.)

the nebular line strengths we infer from photometric excesses
include the contribution of all emission lines contaminating the
[3.6] filter. Using our 0.2 Z# population synthesis models, we
estimate that 82% of the EW inferred from [3.6] photometric
excesses arises from Hα and [N ii]. Note that this is slightly
larger than the percentage estimated in the previous section
owing to the addition of [N ii] to the calculation.

Applying this factor to the mean EWs presented in
Section 4.1, we compare the Hα+[N ii] EWs at 3.8 < z < 5.0
to those at z ! 2 (Figure 6). It is clear that the line strengths de-
rived at 3.8 < z < 5.0 are consistent with a continued increase
in the Hα EW in the range 2 ! z ! 5. While determination of
the exact rate of increase is beyond the scope of this work, we
note that the Hα EWs at 3.8 < z < 5.0 lie in the range expected
by simple extrapolations of the power laws derived in Fumagalli
et al. (2012). This increase in Hα EW over 2 < z < 5, albeit
tentative in nature, is supportive of an increase in the sSFR over
z " 2, consistent with more recent derivations (e.g., Bouwens
et al. 2012b).
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Figure 6. Evolution of the mean Hα+[N ii] EW with redshift. The values at
z < 4 are as compiled in Fumagalli et al. (2012) for star-forming galaxies
with stellar mass in the range log10 M# = 10.0–10.5. The dashed lines show
the power law that Fumagalli et al. (2012) fit to the EW evolution at z ! 2,
while the dotted lines show an extrapolation of this power law to z " 2. The
open symbols denote the EWs appropriate for the entire galaxy population in
Fumagalli et al. (2012), while the solid symbols denote estimates for the star-
forming subset. The red circles show EWs inferred from the photometric excess
method in this paper, with the lower value arising from SED fits including all
filters, and the upper value derived from fits excluding the contaminated [3.6]
filter (see Section 3.2 for details). The range of EWs illustrated at z $ 6–7
represents nebular line strengths that we apply to SEDs in Section 4.3, with the
lower limit assuming that nebular line strengths remain fixed with increasing
redshift and the upper limit assuming they follow a (1 + z)1.8 power law.
(A color version of this figure is available in the online journal.)

Given these results, it is reasonable to expect nebular lines
to be even stronger at z $ 6–7. Unfortunately, with both IRAC
filters contaminated by strong emission lines at these redshifts
(Figure 1), we do not have a direct method of estimating
the nebular line contamination in this regime. We thus will
consider two cases in the following sections. First, we assume
conservatively that the nebular line strengths remain fixed at the
values derived at 3.8 < z < 5.0. While a fixed EW might seem
unlikely in light of the power-law evolution at lower redshifts,
we note that the rate of increase in the EW might slow if SFHs
transition into a phase of rapidly rising SFRs (e.g., Finlator
et al. 2011) at 5 < z < 7. Second, as a modest upper limit, we
consider the case whereby the nebular EWs continue to increase
following a (1 + z)1.8 power law. We conservatively adopt the
mean EW of the fitting method including the contaminated [3.6]
filter as the 3.8 < z < 5.0 reference value for this upper bound.

4.3. Effect on z " 4 Stellar Masses

In Section 4.1, we demonstrated that strong nebular line emis-
sion lines make a significant contribution to the broadband flux
measurements at z > 3. If these lines are not accounted for in
population synthesis modeling, the rest-optical stellar contin-
uum (and thus the inferred stellar mass and age) will clearly be
overestimated (e.g., Schaerer & de Barros 2010). In principle,
these issues can be addressed through nebular+stellar popula-
tion synthesis models described in Section 3. The drawback of
this approach is that the “appropriate” flux from nebular emis-
sion for any given model is very uncertain, depending not only
on the escape fraction of ionizing radiation but also on the
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Figure 7. Impact of nebular emission on stellar mass derived using empirical determination of Hα EW distribution at 3.8 < z < 5.0. Solid circles show
the log M"–MUV,1500 relationship corrected for nebular contamination of broadband fluxes following the procedure discussed in Section 4.2. The dashed line
gives the best linear fit to these data points. Solid triangles show the relationship with no correction for nebular emission assuming that the stellar continuum dominates
the broadband flux. Without accounting for nebular emission, the log M"–MUV,1500 relationship does not evolve much with redshift. However, incorporating nebular
corrections, the normalization decreases by 1.4–2.5× over 4 < z < 7. The open squares correspond to nebular corrections derived assuming that the EW of nebular
emission increases with redshift following the power law shown in Figure 6. The shaded region simply illustrates the range of stellar masses at a given MUV.
(A color version of this figure is available in the online journal.)

will focus on how physical properties are affected by nebular
emission lines.

5. DISCUSSION

In the previous section, we used the broadband SEDs of a
large sample of spectroscopically confirmed galaxies to infer
the distribution of nebular line strengths in UV-selected galaxies
at 3.8 < z < 5.0. We showed that the stellar masses inferred
from population synthesis modeling are reduced at z > 5 when
the contribution of these lines to broadband flux densities is
removed. In this section, we consider the implications of these
results for our current picture of early mass assembly.

5.1. Stellar Mass Density at z > 3

In Section 4.2, we quantified the extent to which the stellar
masses of z > 3 galaxies are affected by nebular emission.
Here, we seek to utilize these results to estimate the SMD
evolution at z > 3. To derive the mass densities, we combine
the log M"–MUV relationship with UV LFs in a manner mostly
similar to that outlined in González et al. (2012). Briefly, we
extract a large number (N " 105) of luminosities from the
measured UV LFs (e.g., Bouwens et al. 2011b). We convert

these luminosities to stellar masses using the log M"–MUV
relationship and an estimate of the scatter about the median.
Whereas earlier studies held the log M"–MUV relationship fixed
with redshift at z ! 4, the strong redshift dependence of nebular
contamination (Figure 1) forces us to reconsider the evolution
of M"/LUV ratios with redshift.

We compute the slope and normalization of the z " 4
log M"–MUV relationship using the large sample of LBGs
discussed in Stark et al. (2009). For simplicity, we assume
that the slope remains constant at z ! 4 and consider only
evolution in the normalization of the relationship. To compute
the zero points of the log M"–MUV relation at z " 5, 6, and
7, we adjust the measured z " 4 relation to account for the
relative normalization of the nebular-corrected log M"–MUV
relationships shown in Figure 7. To obtain a tentative estimate
of the z " 8 SMD, we apply the z " 7 log M"–MUV
relationship to the z " 8 UV LF. In all cases, we use the nebular
corrections derived assuming an evolving Hα EW distribution
(see Figure 7), but we also discuss how these results would
change if the EW distribution remains fixed at z > 5.

In addition to measurement of the log M"–MUV relationship,
accurate determinations of the dispersion are necessary to
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Figure 5. Top: the distribution of 3.6 µm magnitude excesses (∆[3.6]) in
our 3.8 < z < 5.0 galaxy sample. The magnitude excess is defined as the
difference between the [3.6] magnitude inferred from the stellar continuum of
the best-fitting population synthesis model and the [3.6] magnitude observed
with Spitzer/IRAC. The positive ∆[3.6] values exhibited by our sample indicate
that the stellar continuum is unable to account for the observed flux in the
3.6 µm filter. The magnitude excess distribution is well fit by a lognormal
equivalent width distribution with 〈log10 W 〉 = 2.57 and σ = 0.25 (red curve).
Bottom: distribution of equivalent widths required to reproduce the observed
flux excesses (blue histogram) compared to the functional form we adopt for
the equivalent width distribution (red curve).
(A color version of this figure is available in the online journal.)

the nebular line strengths we infer from photometric excesses
include the contribution of all emission lines contaminating the
[3.6] filter. Using our 0.2 Z# population synthesis models, we
estimate that 82% of the EW inferred from [3.6] photometric
excesses arises from Hα and [N ii]. Note that this is slightly
larger than the percentage estimated in the previous section
owing to the addition of [N ii] to the calculation.

Applying this factor to the mean EWs presented in
Section 4.1, we compare the Hα+[N ii] EWs at 3.8 < z < 5.0
to those at z ! 2 (Figure 6). It is clear that the line strengths de-
rived at 3.8 < z < 5.0 are consistent with a continued increase
in the Hα EW in the range 2 ! z ! 5. While determination of
the exact rate of increase is beyond the scope of this work, we
note that the Hα EWs at 3.8 < z < 5.0 lie in the range expected
by simple extrapolations of the power laws derived in Fumagalli
et al. (2012). This increase in Hα EW over 2 < z < 5, albeit
tentative in nature, is supportive of an increase in the sSFR over
z " 2, consistent with more recent derivations (e.g., Bouwens
et al. 2012b).
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Figure 6. Evolution of the mean Hα+[N ii] EW with redshift. The values at
z < 4 are as compiled in Fumagalli et al. (2012) for star-forming galaxies
with stellar mass in the range log10 M# = 10.0–10.5. The dashed lines show
the power law that Fumagalli et al. (2012) fit to the EW evolution at z ! 2,
while the dotted lines show an extrapolation of this power law to z " 2. The
open symbols denote the EWs appropriate for the entire galaxy population in
Fumagalli et al. (2012), while the solid symbols denote estimates for the star-
forming subset. The red circles show EWs inferred from the photometric excess
method in this paper, with the lower value arising from SED fits including all
filters, and the upper value derived from fits excluding the contaminated [3.6]
filter (see Section 3.2 for details). The range of EWs illustrated at z $ 6–7
represents nebular line strengths that we apply to SEDs in Section 4.3, with the
lower limit assuming that nebular line strengths remain fixed with increasing
redshift and the upper limit assuming they follow a (1 + z)1.8 power law.
(A color version of this figure is available in the online journal.)

Given these results, it is reasonable to expect nebular lines
to be even stronger at z $ 6–7. Unfortunately, with both IRAC
filters contaminated by strong emission lines at these redshifts
(Figure 1), we do not have a direct method of estimating
the nebular line contamination in this regime. We thus will
consider two cases in the following sections. First, we assume
conservatively that the nebular line strengths remain fixed at the
values derived at 3.8 < z < 5.0. While a fixed EW might seem
unlikely in light of the power-law evolution at lower redshifts,
we note that the rate of increase in the EW might slow if SFHs
transition into a phase of rapidly rising SFRs (e.g., Finlator
et al. 2011) at 5 < z < 7. Second, as a modest upper limit, we
consider the case whereby the nebular EWs continue to increase
following a (1 + z)1.8 power law. We conservatively adopt the
mean EW of the fitting method including the contaminated [3.6]
filter as the 3.8 < z < 5.0 reference value for this upper bound.

4.3. Effect on z " 4 Stellar Masses

In Section 4.1, we demonstrated that strong nebular line emis-
sion lines make a significant contribution to the broadband flux
measurements at z > 3. If these lines are not accounted for in
population synthesis modeling, the rest-optical stellar contin-
uum (and thus the inferred stellar mass and age) will clearly be
overestimated (e.g., Schaerer & de Barros 2010). In principle,
these issues can be addressed through nebular+stellar popula-
tion synthesis models described in Section 3. The drawback of
this approach is that the “appropriate” flux from nebular emis-
sion for any given model is very uncertain, depending not only
on the escape fraction of ionizing radiation but also on the
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the case in which the strength of nebular emission is constant
at z ! 4 and also that in which the emission-line EWs increase
with redshift (e.g., Figure 6).

The SFR is computed from MUV through a series of steps.
We account for dust extinction using the UV continuum slopes.
For each realization of the UV LF, we draw a UV slope, β, by
adopting the redshift-dependent β–MUV scaling relationships
(Bouwens et al. 2012b). The UV slope is then converted to a
dust attenuation factor at 1600 Å via the Meurer et al. (1999)
IRX-β relation (A1600 = 4.43 + 1.99β). The UV luminosity is
converted to SFR following the canonical Madau et al. (1998)
and Kennicutt (1998) relation LUV = (SFR/M! yr−1) 8.0 ×
1027 erg s−1 Hz−1. This relationship assumes a 0.1–125 M!
Salpeter IMF and constant SFR of !100 Myr. Finally, by
examining the SFR and M" of these realizations, we compute
the median sSFR of the four dropout samples with stellar mass
of 5 × 109 M!. Before examining the results of this calculation,
we discuss two important issues that we have hitherto neglected.

First, we consider how the sSFR is affected by scatter in
the log M"–MUV relationship. Note that the sSFR will be
overestimated if one merely uses the log M"–MUV relation
without taking into account the abundant population of lower
SFR objects with large M"/LUV ratios. This issue is dealt with
in detail in Reddy et al. (2012b) for galaxies at z $ 2–3.
Unfortunately, as we discussed in Section 5.1, the intrinsic
scatter is very poorly constrained in UV-selected samples at
z ! 4. As a result, previous estimates of the sSFR at z > 4
have not accounted for M"/LUV scatter. To estimate how this
shortcoming would affect the sSFR, we add log M"–MUV scatter
to the LF realization method described above. This is done by
randomly sampling the M" distribution (defined by the chosen
scatter) at a given MUV. If the 0.5 dex observed z $ 4 scatter
reported in González et al. (2011) is entirely intrinsic, then the
median sSFR would be reduced by 2.8× at z $ 4. Note that one
might find slightly different adjustments for the same scatter at
other redshifts owing to evolution in the LF. In Section 5.1, we
suggested that the intrinsic scatter is likely lower as systematic
uncertainties in modeling (including uncertainties in the nebular
corrections) surely broaden the dispersion in the stellar masses
at fixed UV luminosity. In this case, fewer low-SFR galaxies
contribute to the sSFR distribution at fixed mass, resulting in a
larger median sSFR. For example, a scatter of 0.2 dex would
translate into a reduction of just 1.2× with respect to the case
of no scatter. Physically, one may expect that the scatter at fixed
luminosity would increase somewhat between z $ 7 and z $ 4,
as galaxies have had more time to undergo punctuated episodes
of star formation that elevate both their SFRs and mass off of the
main sequence. We consider these possibilities in our discussion
below.

We now examine a second issue, which pushes the sSFR in
the opposite direction. In particular, we examine how scatter
(and perhaps systematic offsets) in the conversion between
dust-corrected LUV and SFR affects our sSFR determination.
The conversion between UV luminosity and SFR that we use is
valid for galaxies with model ages in excess of 100 Myr. Above
this age, the conversion factor changes little for an assumed
constant SFH. But below 100 Myr, a larger SFR is required to
produce a fixed LUV (see Figure 25 of Reddy et al. 2012b).
For example, a galaxy with model age of 10 Myr requires
a 1.8× larger SFR to reproduce the same LUV as a galaxy
with 100 Myr. With the reduced ages implied by the nebular
corrections, it seems likely that such young systems are present
in z ! 4 dropout samples. Inclusion of dispersion in the model
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Figure 9. Top: evolution in the sSFR. Our new measurements include stellar
masses corrected for nebular emission line contamination. The solid red circles
at z > 4 show values derived assuming that the nebular line EW distribution at
4 < z < 7 remains identical to that derived at 3.8 < z < 5.0 (Figure 5). The
solid squares correspond to values obtained when an evolving nebular line EW
distribution is adopted. The error bars show the assumed scatter about the mean
sSFR taken from Reddy et al. (2012b). Bottom: comparison of observed sSFR
to contemporary theoretical models. The solid lines show the sSFR evolution
predicted from cosmological simulations discussed in Davé et al. (2011), with
the blue line corresponding to their “slow wind” model and the light green
line corresponding to the momentum-driven wind “vzw” model. These models
provide adequate fits at the highest redshifts (z > 5) but undershoot the observed
values at z $ 2–4.
(A color version of this figure is available in the online journal.)

ages will preferentially shift the median SFR to larger values,
resulting in somewhat larger sSFR. Furthermore, it is of course
conceivable, if not likely, that such young systems will become
more common at higher redshift, requiring a systematic shift
toward higher sSFR at earlier times.

We now turn to the derived sSFR evolution, which is shown
in the top panel of Figure 9. First, ignoring the effect of nebular
emission and the scatter discussed above, we find that the sSFR
actually decreases marginally with redshift over 4 < z < 7,
similar to the findings of Bouwens et al. (2012b). This is driven
largely by the redshift dependence of the UV continuum slope
β versus MUV relationship. Galaxies at higher redshifts have
bluer UV continua (e.g., Bouwens et al. 2012b; Finkelstein
et al. 2012), reducing the dust-corrected SFR for a given MUV.
Considering the fixed M"/LUV ratios assumed in previous
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Figure 1. Emission-line contamination of broadband photometry. Colored
stripes denote redshift ranges over which emission lines contaminate the Ks

band (dark blue), IRAC 3.6 µm (yellow), and IRAC 4.5 µm (red). Hα emission
is expected in the 3.6 µm filter at 3.8 < z < 5.0. Note that at 5 ! z ! 7, both
IRAC filters used for measuring stellar masses are contaminated by emission
lines. Beyond z ! 7, only the 4.5 µm filter is contaminated by strong nebular
emission.
(A color version of this figure is available in the online journal.)

photons responsible for reionization (Robertson et al. 2010). For
example, the steep faint-end slope of the ultraviolet luminosity
function (UV LF) at z > 6 (Bouwens et al. 2011b) implies that
star formation in low-mass dark matter halos becomes more
efficient at earlier times (e.g., Trenti et al. 2010), in contrast to
the implications of the sSFR measurements.

Given these difficulties, it is prudent that we reconsider the
accuracy of the data that is used to infer the sSFR and its
evolution. The two basic ingredients are the SFRs and the stellar
masses. The z > 4 measurements have indeed changed since
the original articles (e.g., Stark et al. 2009; González et al.
2010), mostly as a result of improved dust corrections following
improved near-infrared photometry (e.g., Bouwens et al. 2012b).
The new dust corrections have served to increase the z ! 4 sSFR
measurements by a factor of !2. However, since negligible
extinction is inferred at z ! 6–7, the sSFR still remains constant
over 4 < z < 7 (Bouwens et al. 2012b) although a factor of two
higher than at z ! 2–3 (Reddy et al. 2012b).

A potentially more important problem is the possible contri-
bution of rest-frame optical nebular emission lines (e.g., [O ii],
[O iii], Hα) to the broadband fluxes used to infer the stellar
masses. Such emission lines could significantly affect the in-
ferred amplitude of a Balmer break, leading to an overestimate
of the stellar mass and thereby an underestimate of the sSFR.
Figure 1 illustrates how the various nebular emission lines con-
taminate the key photometric filters as a function of redshift.
Beyond z ! 4, the key filters of interest in the determination of
stellar masses are the Spitzer/IRAC warm bands at 3.6 µm and
4.5 µm. It is particularly striking that, at z ! 5, the strongest
rest-frame optical nebular lines ([O iii] λ5007 and Hα) contam-
inate both Spitzer/IRAC filters. Although many z ! 5 galaxies
are detected with Spitzer (e.g., Egami et al. 2005; Eyles et al.
2005; Stark et al. 2009; Labbé et al. 2010a, 2010b; González
et al. 2010, 2011; Richard et al. 2011b), contamination by nebu-
lar emission could significantly affect the interpretation of their
SEDs.

Accounting for nebular emission in the SEDs of high-redshift
galaxies has been considered by several earlier works (e.g.,
Schaerer & de Barros 2009, 2010; Ono et al. 2010; de Barros
et al. 2012). In general terms, their approach has been to
use “forward modeling” techniques based on adding nebular
emission contributions to stellar population synthesis models in
order to demonstrate the possible implications of its inclusion.

However, such “nebular+stellar” model fits cannot provide a
precise unambiguous measure of nebular contamination for
several reasons. First, there are numerous uncertainties in how
the contribution of nebular emission should be added. These
include the nebular extinction law and ionizing photon escape
fraction. Second, for galaxies at z > 5, for which there is no
uncontaminated measure of the stellar continuum (Figure 1),
the uncertainties are particularly large. Finally, and perhaps
most importantly, without a spectroscopic redshift, addressing
both the nebular contamination and the photometric redshift
of the galaxy from the same photometric data leads to great
uncertainties; there is no a priori indication of which photometric
bands are contaminated by nebular emission.

Fortunately, by virtue of our deep Keck spectroscopic survey
(Stark et al. 2010, 2011; Jones et al. 2012; Schenker et al. 2012)
and our nebular+stellar population synthesis code (Robertson
et al. 2010), we can use the availability of HST–Spitzer SEDs
to make progress in addressing this issue. While the question
of contamination by nebular emission at z > 5 must await
the infrared spectroscopic capabilities of the James Webb
Space Telescope (JWST), we can test our spectroscopic range
3.8 < z < 5.0 for contamination by Hα in the Spitzer/IRAC
3.6 µm broadband filter. Our approach follows that of Shim et al.
(2011), who demonstrated that galaxies in this redshift window
are typically significantly brighter at 3.6 µm than at 4.5 µm. By
comparing their flux density at 3.6 µm to that expected from
stellar continuum alone, Shim et al. (2011) argued that many
galaxies at z > 4 show evidence for strong Hα emission, with
typical equivalent widths (EWs) significantly greater than those
seen at z ! 2.

Here we seek to apply a similar technique to our spectroscopic
sample (Stark et al. 2010, 2011) with the goal of estimating the
distribution of Hα EWs present in galaxies at 3.8 < z < 5.0.
Equipped with this external constraint on the strength of nebular
emission, we can then determine how stellar masses and the
sSFR of z > 4 galaxies are likely to be altered by emission-
line contamination. In particular, we will explore whether our
estimated degree of nebular contamination could be sufficient
at the highest redshifts to permit a rapid rise in the redshift-
dependent sSFR as expected from theoretical models.

The present paper is organized as follows. In Section 2, we
discuss the selection of the spectroscopic sample used in our
analysis. In Section 3, we introduce the details of our SED fitting
procedure used to estimate the strength of nebular emission lines
in the various filters. In Section 4, we use our spectroscopic
sample to estimate the EW distribution of Hα in the redshift
range 3.8 < z < 5.0 and then use these measurements to assess
the impact of nebular emission on the derived stellar masses and
SFRs of z > 4 galaxies. In Section 5, we discuss the impact that
our findings have for the evolution in the integrated SMD and
sSFR of galaxies at z > 4.

Throughout this paper we adopt a Λ-dominated, flat universe
with ΩΛ = 0.7, ΩM = 0.3, and H0 = 70 h70 km s−1 Mpc−1. All
magnitudes are quoted in the AB system (Oke & Gunn 1983).

2. DATA

In this paper, we will focus our analysis on the interpretation
of broadband SEDs for a z > 3 sample with known spec-
troscopic redshifts. The spectroscopic sample is drawn from
earlier papers (Stark et al. 2010, 2011). Full details can be
found in these articles, but we offer the reader a brief summary
here. Spectroscopy of z > 3 LBGs in the two GOODS fields
was undertaken at the Keck Observatory using the DEIMOS
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n  13 DEIMOS-confirmed z > 3.3 
galaxies from Keck spectroscopic 
survey (Stark et al. in prep.) 

n  Additional 14 B-drops selected 
to have non-negligible probability 
to lie at 3.0 < z < 3.8 ([OIII], Hβ in 
MOSFIRE K-band) 

n  Total of 20 objects confirmed 
with either MOSFIRE or DEIMOS 

Nebular Emission and High Redshift Galaxies 7

TABLE 2
MOSFIRE spectroscopic measurements

ID fluxHβ [10−18 erg/cm/s] flux[OIII] [10
−18 erg/cm/s] EWHβ [Å, rest] EW[OIII] [Å, rest] vneb − vLyα [km/s]a

fluxpred,SED
fluxobs

N33 24311 13.5 ± 2.0 99.5 ± 3.2 140+240
−100 1100+600

−200 152 0.91

N33 19880 5.9 ± 1.7 35.9 ± 3.9 89+196
−35 600+550

−200 4 ...

N33 25713 7.2 ± 2.3 21.7 ± 4.2 47+78
−29 150+70

−30 106 ...

N33 18549 22.5 ± 2.9 38.9 ± 2.5 170+240
−120 300+100

−50 319 0.74

N33 19374 -3.0 ± 2.7 1.1 ± 4.7 0+7
−0 0+21

−0 xxx ...

N33 24278 -8.6 ± 3.2 32.8 ± 6.4 0+20
−0 370+190

−120 207 ...

N33 25726 9.5 ± 3.8 79.9 ± 8.0 40+61
−21 360+60

−50 86 ...

N32 20647 9.8 ± 3.6 56.2 ± 7.3 130+310
−40 890+690

−320 113 ...

N32 23933 14.0 ± 2.5 49.1 ± 3.8 40+49
−30 150+20

−20 195 2.31

N32 15359 11.9 ± 2.1 54.8 ± 5.0 21+26
−17 100+10

−10 ... 1.39

N42 7697 7.9 ± 6.2 18.6 ± 9.2 91+226
−5 260+220

−160 227 ...

N42 12130 5.5 ± 3.3 6.0 ± 4.4 65+196
−7 150+210

−90 xxx ...

N42 11065 2.0 ± 4.3 1.2 ± 7.3 4+80
−1 6+113

−3 xxx 18.74

N32 14225 7.2 ± 3.5 47.6 ± 9.0 32+65
−18 280+100

−80 ... ...

N32 16805 20.7 ± 12.0 39.6 ± 5.8 79+162
−29 190+50

−40 ... 1.42

N32 15430 11.3 ± 3.7 68.6 ± 5.2 50+82
−31 340+80

−50 ... 1.01

N32 19795 8.4 ± 6.9 94.2 ± 7.5 17+29
−4 190+20

−20 ... 1.60

N33 23907 6.0 ± 4.9 18.3 ± 6.3 54+139
−3 210+200

−120 xxx ...

N33 20428 8.1 ± 3.2 45.6 ± 4.9 84+164
−32 500+280

−130 ... ...

N33 18453 9.6 ± 1.7 126.5 ± 3.9 320+860
−150 4400+6200

−2000 ... 1.63

Note. — MOSFIRE emission line measurements for our sample.
a ’xxx’ denotes DEIMOS objects for which the MOSFIRE emission lines were not robust enough to permit a velocity offset measurement. ’...’ denotes
objects from our photometric sample.
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sample studied with MOSFIRE and the dark blue histogram that drawn from a photometric selection (see Section 2). Dashed lines show
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to lie at 3.0 < z < 3.8 ([OIII], Hβ in 
MOSFIRE K-band) 

n  Total of 20 objects confirmed 
with either MOSFIRE or DEIMOS 
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+ 
Data - robust emission line detections 
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Fig. 2.— Example 2-D MOSFIRE spectra in A-B-A format for 4 targets showing prominent nebular emission. The left panels focus on
the region containing Hβ and the right panels the [O III] doublet (marked).
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+ 
Serendipitous detections 

n  Some of strongest emission 
lines observed part of star-
forming complex 

n  ‘B’ originally targeted LBG, ‘A’, 
and ‘C’ identified in MOSFIRE 
spectra and confirmed to be 
B-drops in HST imaging 

n  ‘C’ component has        
EW[OIII] ~ 4000Å  
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+ 
Spectroscopic EW distribution 
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+ 
Comparison with Stark, MAS et al. 2013 

n  Want to investigate whether photometrically-infererred 
Hα distribution at 3.8 < z < 5.0 is reasonable given our 
robust [OIII] EW distribution at 3.0 < z < 3.8 

n  Assume: 

n  Flux ratio of H alpha : OIII = 1 : 2.2, motivated by 
empirical line fluxes from Anders and Alvensleben 2003, 
with Z = 0.2 Zsun 

n  Flat stellar continuum between H alpha and [OIII]  

n  Intrinsic distribution is lognormal, as derived in Stark et al. 
(2013), gives for [OIII] EWc = 350 Å, σ = 0.25 

n  Perform MC simulation, add noise consistent with our 
observations 0 1 2 3 4
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+ 
Validating the Stark, MAS et al. (2013) 
method 

n  Unique data set allows us to test the method of deriving emission line 
strengths from contaminated broadband photometry 

n  Out of 20 objects, 9 include a robust IRAC detection in either [3.6] or 
[4.5] band.  Fit SED ignoring K-band photometry, then derive estimated 
line strength from difference between synthetic and observed fluxes 
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+ 
Validating the Stark, MAS et al. (2013) 
method 
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n  Out of 9 objects, predict (and observe) significant line fluxes in 8 

n  7 these 8 objects have 1/1.7 < fpred / fobs < 1.7 

n  Remaining object with observed [OIII] < 7.0e-18 predicted by our 
method to have no significant line flux (below left) 
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+ 
Validating the Stark, MAS et al. (2013) 
method 
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n  7 these 8 objects have 1/1.7 < fpred / fobs < 1.7 

n  Remaining object with observed [OIII] < 7.0e-18 predicted by our 
method to have no significant line flux (below left) 
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Figure 1. Emission-line contamination of broadband photometry. Colored
stripes denote redshift ranges over which emission lines contaminate the Ks

band (dark blue), IRAC 3.6 µm (yellow), and IRAC 4.5 µm (red). Hα emission
is expected in the 3.6 µm filter at 3.8 < z < 5.0. Note that at 5 ! z ! 7, both
IRAC filters used for measuring stellar masses are contaminated by emission
lines. Beyond z ! 7, only the 4.5 µm filter is contaminated by strong nebular
emission.
(A color version of this figure is available in the online journal.)

photons responsible for reionization (Robertson et al. 2010). For
example, the steep faint-end slope of the ultraviolet luminosity
function (UV LF) at z > 6 (Bouwens et al. 2011b) implies that
star formation in low-mass dark matter halos becomes more
efficient at earlier times (e.g., Trenti et al. 2010), in contrast to
the implications of the sSFR measurements.

Given these difficulties, it is prudent that we reconsider the
accuracy of the data that is used to infer the sSFR and its
evolution. The two basic ingredients are the SFRs and the stellar
masses. The z > 4 measurements have indeed changed since
the original articles (e.g., Stark et al. 2009; González et al.
2010), mostly as a result of improved dust corrections following
improved near-infrared photometry (e.g., Bouwens et al. 2012b).
The new dust corrections have served to increase the z ! 4 sSFR
measurements by a factor of !2. However, since negligible
extinction is inferred at z ! 6–7, the sSFR still remains constant
over 4 < z < 7 (Bouwens et al. 2012b) although a factor of two
higher than at z ! 2–3 (Reddy et al. 2012b).

A potentially more important problem is the possible contri-
bution of rest-frame optical nebular emission lines (e.g., [O ii],
[O iii], Hα) to the broadband fluxes used to infer the stellar
masses. Such emission lines could significantly affect the in-
ferred amplitude of a Balmer break, leading to an overestimate
of the stellar mass and thereby an underestimate of the sSFR.
Figure 1 illustrates how the various nebular emission lines con-
taminate the key photometric filters as a function of redshift.
Beyond z ! 4, the key filters of interest in the determination of
stellar masses are the Spitzer/IRAC warm bands at 3.6 µm and
4.5 µm. It is particularly striking that, at z ! 5, the strongest
rest-frame optical nebular lines ([O iii] λ5007 and Hα) contam-
inate both Spitzer/IRAC filters. Although many z ! 5 galaxies
are detected with Spitzer (e.g., Egami et al. 2005; Eyles et al.
2005; Stark et al. 2009; Labbé et al. 2010a, 2010b; González
et al. 2010, 2011; Richard et al. 2011b), contamination by nebu-
lar emission could significantly affect the interpretation of their
SEDs.

Accounting for nebular emission in the SEDs of high-redshift
galaxies has been considered by several earlier works (e.g.,
Schaerer & de Barros 2009, 2010; Ono et al. 2010; de Barros
et al. 2012). In general terms, their approach has been to
use “forward modeling” techniques based on adding nebular
emission contributions to stellar population synthesis models in
order to demonstrate the possible implications of its inclusion.

However, such “nebular+stellar” model fits cannot provide a
precise unambiguous measure of nebular contamination for
several reasons. First, there are numerous uncertainties in how
the contribution of nebular emission should be added. These
include the nebular extinction law and ionizing photon escape
fraction. Second, for galaxies at z > 5, for which there is no
uncontaminated measure of the stellar continuum (Figure 1),
the uncertainties are particularly large. Finally, and perhaps
most importantly, without a spectroscopic redshift, addressing
both the nebular contamination and the photometric redshift
of the galaxy from the same photometric data leads to great
uncertainties; there is no a priori indication of which photometric
bands are contaminated by nebular emission.

Fortunately, by virtue of our deep Keck spectroscopic survey
(Stark et al. 2010, 2011; Jones et al. 2012; Schenker et al. 2012)
and our nebular+stellar population synthesis code (Robertson
et al. 2010), we can use the availability of HST–Spitzer SEDs
to make progress in addressing this issue. While the question
of contamination by nebular emission at z > 5 must await
the infrared spectroscopic capabilities of the James Webb
Space Telescope (JWST), we can test our spectroscopic range
3.8 < z < 5.0 for contamination by Hα in the Spitzer/IRAC
3.6 µm broadband filter. Our approach follows that of Shim et al.
(2011), who demonstrated that galaxies in this redshift window
are typically significantly brighter at 3.6 µm than at 4.5 µm. By
comparing their flux density at 3.6 µm to that expected from
stellar continuum alone, Shim et al. (2011) argued that many
galaxies at z > 4 show evidence for strong Hα emission, with
typical equivalent widths (EWs) significantly greater than those
seen at z ! 2.

Here we seek to apply a similar technique to our spectroscopic
sample (Stark et al. 2010, 2011) with the goal of estimating the
distribution of Hα EWs present in galaxies at 3.8 < z < 5.0.
Equipped with this external constraint on the strength of nebular
emission, we can then determine how stellar masses and the
sSFR of z > 4 galaxies are likely to be altered by emission-
line contamination. In particular, we will explore whether our
estimated degree of nebular contamination could be sufficient
at the highest redshifts to permit a rapid rise in the redshift-
dependent sSFR as expected from theoretical models.

The present paper is organized as follows. In Section 2, we
discuss the selection of the spectroscopic sample used in our
analysis. In Section 3, we introduce the details of our SED fitting
procedure used to estimate the strength of nebular emission lines
in the various filters. In Section 4, we use our spectroscopic
sample to estimate the EW distribution of Hα in the redshift
range 3.8 < z < 5.0 and then use these measurements to assess
the impact of nebular emission on the derived stellar masses and
SFRs of z > 4 galaxies. In Section 5, we discuss the impact that
our findings have for the evolution in the integrated SMD and
sSFR of galaxies at z > 4.

Throughout this paper we adopt a Λ-dominated, flat universe
with ΩΛ = 0.7, ΩM = 0.3, and H0 = 70 h70 km s−1 Mpc−1. All
magnitudes are quoted in the AB system (Oke & Gunn 1983).

2. DATA

In this paper, we will focus our analysis on the interpretation
of broadband SEDs for a z > 3 sample with known spec-
troscopic redshifts. The spectroscopic sample is drawn from
earlier papers (Stark et al. 2010, 2011). Full details can be
found in these articles, but we offer the reader a brief summary
here. Spectroscopy of z > 3 LBGs in the two GOODS fields
was undertaken at the Keck Observatory using the DEIMOS

2

Similar windows at 
z > 6.6 

e.g. Ono+ 2012, Bouwens’ talk 
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+ 
sSFR implications   
n  Using Hβ measurements and SEDs, predict 

average EWHα = 380 Å 

n  Factor of ~4 higher than Erb et al. (2006) at      
z ~ 2 (though our sample at lower masses) 

n  For 8 galaxies with Hβ detected at > 3σ, 
median EWHα = 680 Å! 
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the case in which the strength of nebular emission is constant
at z ! 4 and also that in which the emission-line EWs increase
with redshift (e.g., Figure 6).

The SFR is computed from MUV through a series of steps.
We account for dust extinction using the UV continuum slopes.
For each realization of the UV LF, we draw a UV slope, β, by
adopting the redshift-dependent β–MUV scaling relationships
(Bouwens et al. 2012b). The UV slope is then converted to a
dust attenuation factor at 1600 Å via the Meurer et al. (1999)
IRX-β relation (A1600 = 4.43 + 1.99β). The UV luminosity is
converted to SFR following the canonical Madau et al. (1998)
and Kennicutt (1998) relation LUV = (SFR/M! yr−1) 8.0 ×
1027 erg s−1 Hz−1. This relationship assumes a 0.1–125 M!
Salpeter IMF and constant SFR of !100 Myr. Finally, by
examining the SFR and M" of these realizations, we compute
the median sSFR of the four dropout samples with stellar mass
of 5 × 109 M!. Before examining the results of this calculation,
we discuss two important issues that we have hitherto neglected.

First, we consider how the sSFR is affected by scatter in
the log M"–MUV relationship. Note that the sSFR will be
overestimated if one merely uses the log M"–MUV relation
without taking into account the abundant population of lower
SFR objects with large M"/LUV ratios. This issue is dealt with
in detail in Reddy et al. (2012b) for galaxies at z $ 2–3.
Unfortunately, as we discussed in Section 5.1, the intrinsic
scatter is very poorly constrained in UV-selected samples at
z ! 4. As a result, previous estimates of the sSFR at z > 4
have not accounted for M"/LUV scatter. To estimate how this
shortcoming would affect the sSFR, we add log M"–MUV scatter
to the LF realization method described above. This is done by
randomly sampling the M" distribution (defined by the chosen
scatter) at a given MUV. If the 0.5 dex observed z $ 4 scatter
reported in González et al. (2011) is entirely intrinsic, then the
median sSFR would be reduced by 2.8× at z $ 4. Note that one
might find slightly different adjustments for the same scatter at
other redshifts owing to evolution in the LF. In Section 5.1, we
suggested that the intrinsic scatter is likely lower as systematic
uncertainties in modeling (including uncertainties in the nebular
corrections) surely broaden the dispersion in the stellar masses
at fixed UV luminosity. In this case, fewer low-SFR galaxies
contribute to the sSFR distribution at fixed mass, resulting in a
larger median sSFR. For example, a scatter of 0.2 dex would
translate into a reduction of just 1.2× with respect to the case
of no scatter. Physically, one may expect that the scatter at fixed
luminosity would increase somewhat between z $ 7 and z $ 4,
as galaxies have had more time to undergo punctuated episodes
of star formation that elevate both their SFRs and mass off of the
main sequence. We consider these possibilities in our discussion
below.

We now examine a second issue, which pushes the sSFR in
the opposite direction. In particular, we examine how scatter
(and perhaps systematic offsets) in the conversion between
dust-corrected LUV and SFR affects our sSFR determination.
The conversion between UV luminosity and SFR that we use is
valid for galaxies with model ages in excess of 100 Myr. Above
this age, the conversion factor changes little for an assumed
constant SFH. But below 100 Myr, a larger SFR is required to
produce a fixed LUV (see Figure 25 of Reddy et al. 2012b).
For example, a galaxy with model age of 10 Myr requires
a 1.8× larger SFR to reproduce the same LUV as a galaxy
with 100 Myr. With the reduced ages implied by the nebular
corrections, it seems likely that such young systems are present
in z ! 4 dropout samples. Inclusion of dispersion in the model
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Figure 9. Top: evolution in the sSFR. Our new measurements include stellar
masses corrected for nebular emission line contamination. The solid red circles
at z > 4 show values derived assuming that the nebular line EW distribution at
4 < z < 7 remains identical to that derived at 3.8 < z < 5.0 (Figure 5). The
solid squares correspond to values obtained when an evolving nebular line EW
distribution is adopted. The error bars show the assumed scatter about the mean
sSFR taken from Reddy et al. (2012b). Bottom: comparison of observed sSFR
to contemporary theoretical models. The solid lines show the sSFR evolution
predicted from cosmological simulations discussed in Davé et al. (2011), with
the blue line corresponding to their “slow wind” model and the light green
line corresponding to the momentum-driven wind “vzw” model. These models
provide adequate fits at the highest redshifts (z > 5) but undershoot the observed
values at z $ 2–4.
(A color version of this figure is available in the online journal.)

ages will preferentially shift the median SFR to larger values,
resulting in somewhat larger sSFR. Furthermore, it is of course
conceivable, if not likely, that such young systems will become
more common at higher redshift, requiring a systematic shift
toward higher sSFR at earlier times.

We now turn to the derived sSFR evolution, which is shown
in the top panel of Figure 9. First, ignoring the effect of nebular
emission and the scatter discussed above, we find that the sSFR
actually decreases marginally with redshift over 4 < z < 7,
similar to the findings of Bouwens et al. (2012b). This is driven
largely by the redshift dependence of the UV continuum slope
β versus MUV relationship. Galaxies at higher redshifts have
bluer UV continua (e.g., Bouwens et al. 2012b; Finkelstein
et al. 2012), reducing the dust-corrected SFR for a given MUV.
Considering the fixed M"/LUV ratios assumed in previous
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+ 

Part II: Reionization 
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+ 
Reionization tests - xLyα 

n  xLyα = Fraction of LBGs which display 
strong Lyα in emission 

n  Relevant: forthcoming sample of 200             
6 < z < 7.3 LBGs from VLT large 
program (Fontana) 

n  Incredibly important to inferring a 
neutral Hydrogen fraction, XHI, from 
any decrease in xLyα is the velocity 
offset of Lyα from systemic velocity 
of galaxy 

Schenker et al. (2012) 
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+ 
Lyman alpha velocity offset 
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Fig. 5.— Spectral energy distributions for three of our targets. The red data point represents the observed K-band photometry without
correction for [O III] contamination, and the grey spectrum shows the best fit SED to this data. The black K-band data point shows stellar
continuum flux after correction for the MOSFIRE-determined [O III] line flux, and the blue spectrum is the associated best fit SED.
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+ 
Lyman alpha velocity offset 

n  Velocity offset with which Lyα 
emerges from galaxy critical to 
determine appropriate IGM 
transmission (Dijkstra et al. 2011, 
previous talk!) 

n  For our sample with both DEIMOS and 
MOSFIRE coverage, can compare 
velocity of Lyα w.r.t. sites of star 
formation 
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continuum flux after correction for the MOSFIRE-determined [O III] line flux, and the blue spectrum is the associated best fit SED.
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numerous LAEs from the literature, also plotted.
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Lyα line are computed for each LOS, integrating underneath a Voigt
absorption profile (e.g. Rybicki & Lightman 1979), and including
contribution from both the ionized and neutral IGM, out to distances
of 200 Mpc away from the source. Inside H II regions, a residual
H I fraction is computed assuming ionization equilibrium with an
ionization rate of "H II = 0.5 × 10−12 s−1, in rough agreement with
estimates obtained from the z ∼ 5–6 Lyα forest (e.g. Fan et al.
2006; Bolton & Haehnelt 2007).4 We include the peculiar velocities
of both the source halo and the absorbing gas, which can be very
important (e.g. Dijkstra, Lidz & Wyithe 2007b; Iliev et al. 2008;
Laursen, Sommer-Larsen & Razoumov 2011).

3 RESULTS

To quantify the detectability of the Lyα line, we compute for each
LOS the total fraction of emitted Lyα photons that the IGM transmits
directly to the observer, TIGM, as5

TIGM =
∫ νmax

νmin

dνJ (ν) exp[−τIGM(ν)], (1)

where τ IGM(ν) is the optical depth of the intervening IGM at fre-
quency ν (computed as described in Section 2.2), and J(ν) is the
normalized [i.e.

∫
J(ν)dν = 1] Lyα spectrum of Lyα photons that

emerges from the galaxy (computed as described in Section 2.1).
The integral runs from ∼103 km s−1 bluewards to ∼3 × 103 km s−1

redwards of the Lyα line resonance, which spans the full range of
velocities that is covered by the Lyα profile that emerges from the
galaxy. The quantity TIGM is also referred to as the ‘IGM transmis-
sion fraction’.

3.1 An example line profile

An example on an observed Lyα line profile is shown in Fig. 1. In
this plot, the solid line shows the Lyα spectrum – in units of the peak
flux density – that emerges from the galaxy after the photons have
scattered through the H I outflow (in this case vwind = 200 km s−1 and
NH I = 1020 cm−2). Most of the line flux is systematically redshifted
relative to the galaxy’s systemic velocity. The flux density peaks
at ∼2vwind, which is expected for radiation that scattered to the
observer from the outflowing gas on the far side of the Lyα source
(see Ahn et al. 2003; Verhamme et al. 2006; Dijkstra & Wyithe
2010).

The blue dotted line shows the IGM opacity, or more precisely
exp−[τ IGM(ν)] as a function of velocity offset %v for x̄H I = 0.51.

4 We emphasize that there is currently no evidence that reionization has
completed at these redshifts (Lidz et al. 2007; Mesinger 2010; McGreer,
Mesinger & Fan 2011). If the observed quasar spectra go through regions
of pre-overlap neutral gas, the inferred value of a homogeneous "tot would
include contributions from the neutral IGM (" ∼ 0). Therefore, the derived
values of "tot (from e.g. Fan et al. 2006; Bolton & Haehnelt 2007) can be
treated as lower limits for the ionization rate inside the ionized component

of the IGM, "H II.
5 Photons that are scattered in the neutral IGM produce diffuse Lyα haloes
around individual sources (e.g. Zheng et al. 2010b). This emission is several
orders of magnitude fainter than the detection threshold of the deepest
observations to date (see Dijkstra & Wyithe 2010). Lyα radiation that is
resonantly scattered in close proximity (!10 kpc) to the galaxy can give
rise to a brighter Lyα haloes (Zheng et al. 2010a,b). However, winds reduce
the brightness of these haloes (Dijkstra & Wyithe 2010). In any case, by
ignoring this resonantly scattered component, we underestimate the true
Lyα flux that can be detected from galaxies during the EoR, which only
renders our results conservative.

Figure 1. This figure shows an example of a Lyα line profile. The solid line
shows the Lyα spectrum – in units of the peak flux density – that emerges
from the galaxy after the photons have scattered through the H I outflow.
The blue dotted line shows the IGM opacity, exp[−τ IGM(ν)] as a function of
velocity offset %v for x̄H I = 0.51. The red dashed line shows the spectrum of
photons after processing the flux through the IGM, i.e. J(ν)exp[−τ IGM(ν)].
This figure clearly shows the impact of resonant scattering in the ionized
IGM at %v !170 km s−1, and the impact of the damping wing optical depth
at %v " 170 km s−1. The latter varies only weakly with frequency.

In this particular example, infalling (ionized) gas provides a large
opacity to Lyα photons, even at velocities redwards of the Lyα

line centre (in the frame of the galaxy, e.g. Santos 2004; Dijkstra,
Haiman & Spaans 2006b; Dijkstra, Lidz & Wyithe 2007b; Iliev
et al. 2008; Laursen et al. 2011; Zheng et al. 2010a; Dayal, Maselli
& Ferrara 2011). That is, τ IGM $ 1 at %v ! +170 km s−1. At
redder wavelengths there is no gas that falls in fast enough for the
Lyα photons to appear at resonance. At these frequencies (%v "
170 km s−1), the IGM opacity is dominated by the damping wing
optical depth of the neutral IGM which is a smooth function of
frequency.

The red dashed line shows the spectrum of photons after pro-
cessing the flux through the IGM, i.e. J(ν)exp[−τ IGM(ν)]. For this
particular example, a fraction TIGM = 0.57 of all photons is trans-
mitted directly to the observer. For comparison, had we assumed
that all photons emerged from the galaxy with a Gaussian emission
line, centred on the galaxy’s systemic velocity and with a stan-
dard deviation of σ = vcirc ∼ 80 km s−1, we would have found that
TIGM = 0.01.

3.2 The probability distribution function of TIGM

In Fig. 2, we show the probability distribution function (PDF),
dP/d logTIGM (left-hand panel), and the cumulative distribution
function (CDF), P (>TIGM) (right-hand panel), for x̄H I = 0.91.
The red dashed lines (black solid lines) correspond to models with
vwind = 25 (200) km s−1, and NH I = 1020 cm−2 (both models).
For the low (high) wind velocity, we find that the logTIGM-PDF
peaks around ∼0.06 (0.1). Increasing the wind velocity clearly shifts
the TIGM-PDF to larger values. As the Lyα photons scatter off of
the receding outflows, they are Doppler shifted to larger effective
redshifts (e.g. Ahn et al. 2003; Verhamme et al. 2006). Therefore,
larger wind velocities cause a larger fraction of Lyα photons to
emerge at frequencies where they are immune to the opacity in
the ionized infalling IGM (see Fig. 1). Furthermore, this Doppler
shifting from the winds means that by the time the Lyα photons
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Lyman alpha velocity offset 
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Fig. 5.— Spectral energy distributions for three of our targets. The red data point represents the observed K-band photometry without
correction for [O III] contamination, and the grey spectrum shows the best fit SED to this data. The black K-band data point shows stellar
continuum flux after correction for the MOSFIRE-determined [O III] line flux, and the blue spectrum is the associated best fit SED.
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Fig. 6.— Left: The velocity structure observed by comparing MOSFIRE and DEIMOS spectra for three objects from our spectroscopic
sample. Zero velocity is defined using a stack of the nebular [OIII] and Hβ lines, shown in black. Lyα is overlaid in red, arbitrarily scaled
in the y-axis. Right: Compilation of Lyα velocity offset measurements from various sources in the literature. Our objects show much
more modest offsets than the sample of Steidel et al. (2010), which all display only low level Lyα emission, but are more consistent with
numerous LAEs from the literature, also plotted.
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+ 
Conclusions 

n  Confirm earlier findings of strong nebular emission lines at z > 3 with 
direct near-IR spectroscopy 

n  Validate technique of deriving high-z line strengths through broadband 
photometry 

n  Evidence for increase in sSFR beyond z = 2, more in line with 
theoretical expectations 

n  Lyman alpha velocity offsets provide valuable input for reionization 
modeling with xLya  - perhaps no longer need to resort to extreme 
reionization scenarios 
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