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Unveiling the active early galaxy 
assembly with emission-lines



Unveiling the active early galaxy assembly 
with emission-lines
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X-ray and radio properties of LAEs at z ⇠ 2 � 6 5

Figure 2. An overview of the bands used in this study and the mechanisms that originate emission in them. We show the X-ray band, divided in its hard
(2-7 keV) and soft (0.5-2 keV) bands, as well as the expected SED for an AGN emitting in the X-rays through a column density of 1021 cm3. We also include
contribution from X-ray binaries and the expected power spectra of a hard synchrotron AGN if subjected to no absorption. Also seen are the contributions
made to the spectra of a LAE by the stellar component, as well as the AGN accretion disk and ionised gas. We further show the thermal emission due to dust
and the contribution in the radio due to synchrotron from radio AGN and supernovae (tracing SFRs). The use of FIR from 100 µm to 800 µm is expected to be
relatively free from AGN contamination.

0.5 � 10 keV luminosity and rest-frame it by multiplying the ob-
served luminosity by a K-correction factor, as defined in Marchesi
et al. (2016b), resulting in the expression

L0.5�10 keV =
LX(10(2��) � 0.5(2��))

(Emax(1 + z))(2��) � (Emin(1 + z))(2��))
(5)

where Emax and Emin are the maximum and minimum energies for
the band used, z is the redshift and � is the photon index, assumed
to be 1.4. This is the value for the background X-ray slope and is
a good average slope for populations containing both obscured and
unobscured AGN (assuming Galactic absorption, see Markevitch
et al. 2003). It is also a good value for star-forming galaxies (not
expected to have strong X-ray emission, see Alexander et al. 2003).
We do not correct for absorption at the source.

3.1.6 Black Hole Accretion Rates

In order to determine the BHARs of our sources, we start by trans-
lating our 0.5 � 10 keV luminosities into bolometric luminosities
by taking:

Lbol = 22.4 ⇥ L0.5�10 keV (6)

Where 22.4 is the bolometric correction factor. Vasudevan &
Fabian (2007) find that the bolometric correction varies with the
Eddington ratio of the sources, going from 15 � 25 for AGN with
Eddington ratios of <0.1 and 40 � 70 for AGN with higher ratios.
Given the high variability of the bolometric corrections, we follow
Lehmer et al. (2013) and assume the median value of 22.4 for the
bolometric correction of AGN of LX = 1041 � 1046 erg s�1. We
then estimate the BHAR from our bolometric luminosities using

ṀBH =
(1 � ✏)LAGN

bol

✏c2
⇥ 1.59 ⇥ 10�26 (M� yr�1) (7)

where ṀBH is the BHAR, ✏ is the accretion efficiency, assumed
to be 0.1 (see Marconi et al. 2004, for motivation) and c is the
speed of light. We stress that we are assuming a median value of
22.4 for the bolometric correction where the actual value varies

wildly. Varying the bolometric correction between 15 and 50 results
in an uncertainty of the BHAR of the order of +0.5

�0.03 M� yr�1 and
adding it in quadrature would provide a more conservative error
estimation. However we adopt the median value for simplicity.

3.1.7 Stacking

Apart from studying the individual sources, we also obtain stacks
of LAEs in the X-rays. In order to do so we first stack the cut-outs
in count/s, using median and average statistics, before following the
same procedure as for the individual sources. We take the median
of the redshifts of the sources used in the stacks and take it as the
redshift associated with that stack, effectively treating all sources
in a stack as having the same redshift. We also take the 16th and
84th percentiles as the errors associated with the redshift, where
applicable. The median redshifts are then used to estimate the lu-
minosity distances used when calculating the x-ray luminosities of
the stacks.

We stack our sources based on different redshift and Ly↵ lu-
minosity bins (see appendix table D1). We also stack the full sam-
ple, both while including and excluding the AGN candidates.

3.2 Radio analysis

3.2.1 Source detection: 3 GHz

The 3GHz COSMOS Large Project science image presents their
data in Jy/beam. Smolčić et al. (2017) estimate the fluxes of the
sources by selecting all pixels above a S/N threshold (>5) and en-
forcing a minimum area of 3 px by 3 px. The total flux density is
taken as the sum of all the values within the area and then dividing
it by the beam size in pixels. The peak flux is estimated by fitting
a two-dimensional parabola around the brightest pixel. We use a
simpler method and fix an aperture of 0.600 (1.0⇥beam radius) for
a total integration area of 0.44002. We also apply an aperture cor-
rection to recover the Smolčić et al. (2017) fluxes on average (see
Section 3.2.4 and Appendix C for details on the comparison be-
tween our fluxes and the VLA catalogue’s fluxes, for both 1.4GHz
and 3.0GHz).
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Last 11 Gyrs: stellar mass and SMBH growth in SFGs

• Strong decline in star formation rate density since z~2.5
• Strong decline in typical black hole accretion rates: similar shapes, 

different normalisations: same feeding mechanism?

6 J. Calhau et al.

Table 2. Quantities estimated for the stacked sources. Fluxes and luminosities in the X-ray band and estimated black hole accretion rates from these quantities
were estimated from C-COSMOS. SFR estimated from the FIR luminosities as determined by Thomson et al. (2016) and from radio data from VLA-COSMOS.

Source ID/Filter z log Flux log Luminosity log Luminosity IR SFR SFR ˙

MBH log [ ˙MBH / SFR] (FIR)
(X-rays) (X-rays) (FIR) (FIR) (Radio) (X-rays)

erg s�1 cm�2 erg s�1 (L�) M� yr�1 M� yr�1 M� yr�1

NB921 0.4 < �15.4 < 41.25 10.4±0.26 2+1.6
�0.9 1.5+0.5

�0.2 < 0.0006 < �3.55

NBJ 0.85 �15.26± 0.12 42.12± 0.12 11.1±0.23 13+8.8
�5.2 10.5+0.7

�0.6 0.004 ± 0.001 -3.51±0.3
NBH 1.47 �15.06± 0.07 42.83± 0.07 11.5±0.23 32+21.7

�13.4 62+3
�2.7 0.02 ± 0.004 -3.20±0.28

NBK 2.23 �15.33± 0.12 42.94± 0.12 11.6±0.42 40+64.7
�24.9 21+1.4

�1.3 0.03 ± 0.01 -3.10±0.3

Table 3. Number of H↵ emitters classified as possible and likely AGN according to the selections mentioned in Section 3.

Method z = 0.4 z = 0.84 z = 1.47 z = 2.23 Total

X-ray Counterpart (C-COSMOS) 1 7 4 5 18
X-ray AGN Fraction 3± 2% 3± 2% 3± 2% 2± 1% 3± 2%

Radio Counterpart (VLA-COSMOS) 1 11 7 9 28

Sources retained for stacking (X-rays) 35 224 137 276 672
Sources retained for stacking (Radio) 35 214 132 268 649
Sources retained for stacking (FIR) 35 224 136 276 671

0.0 0.4 0.8 1.2 1.6 2.0 2.4
Redshift (z)

-4.0

-3.0

-2.0

-1.0

0.0

1.0

lo
g

Ṁ
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Figure 4. The evolution of black hole accretion rates ( ˙MBH), for individ-
ually detected (in the X-rays) AGNs and for the stacks of the full samples.
We compare those with a scaled evolution of the star formation rate den-
sity, SFRD (Sobral et al. 2013). The SFRD has been scaled to coincide with
the ˙

MBH at z = 0.4. The results show that the ˙

MBH grows with redshift,
starting to plateau at z ⇠ 2.23 and that the SFRD evolves in a very similar
way to the accretion rate of the BHs, starting to stabilise at around the same
redshifts. The grey down arrow represents a non-detection for the z=0.4
stack.

results in the literature: Aird et al. (2010) finds the peak of AGN
luminosity density to be at z = 1.2 ± 0.1. We compare this red-
shift evolution with the evolution of the star formation rate density,
also shown in Figure 4. We use the results from Sobral et al. (2013,
2014) and scale them arbitrarily to look for any potential differ-
ences and/or similarities between the evolution of SFRD and ṀBH

across cosmic time. Our scaling clearly reveals that star-forming
galaxies form stars at a much higher rate than they grow their black
holes (⇠ 3.3 orders of magnitude faster), but the relative evolution
seems to be the same across redshift. We explore this further in
Section 5.3. We also show the accretion rates computed for each

individual X-ray AGN, which reveal large scatter (likely due to the
high variability of AGN), but that generally agree with the trend of
the global population.

5.2 The dependence of ṀBH/SFR on stellar mass

Using the results from the FIR analysis we are able to estimate
SFRs which should be independent of AGN activity. We use those
to determine the ratio between the black hole accretion rate and
SFR (ṀBH/SFR). Figure 5 shows how ṀBH/SFR depends on stel-
lar mass (stellar masses computed in Sobral et al. 2014) for the
three different redshifts where we can easily split our samples. We
find that a linear relation with a slope of �0.45 provides the best
fit (see Figure 5). We find that both ṀBH and SFR increase with
stellar mass, but SFR seems to rise slightly faster with stellar mass
than ṀBH (see B1). However, our results are still fully consistent
with a completely flat relation (only ⇠ 1� away from a flat re-
lation). This may be a sign that the BH accretion and SF of our
typical star-forming galaxies evolve at equivalent rates across cos-
mic time, as we do not find any strong evidence for evolution with
cosmic time either. Given that the peak of BH and SF activity is
thought to occur at redshifts between z ⇠ 1 � 2, this constancy
seems to support the idea that the central supermassive BHs and
SF mechanism form a single way of regulating galaxy growth, as
opposed to one mechanism taking over the other at set intervals in
time. It should be noted, however, that other works, such as Ko-
rmendy & Ho (2013) and Rodighiero et al. (2015), have found a
different evolution of the ratio with stellar mass with the ratio in-
creasing with the stellar mass, with Rodighiero et al. (2015) find-
ing that the ratio between the X-ray luminosity and SFR scales as
log (LX/SFR) / M⇤

0.43±0.09.

5.3 Relative black hole-galaxy growth and its redshift
evolution

Figure 6 shows how the ratio between the black hole accretion rate
and SFR evolves across cosmic time (see also Table 2). We find that
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Figure 10. The star formation rate density and its evolution with redshift up to z ⇠ 2.3 using H↵ only, and compared to estimates at different redshifts from
the literature (e.g. Hopkins 2004; Shioya et al. 2008; Ly et al. 2011, and references therein). This confirms a strong evolution in the star formation rate density
over the last ⇠ 11Gyrs. Overall, the simple parameterisations log ⇢SFR = �0.14T � 0.23, with T in Gyrs (shown as a dashed line) or 2.1/(z+1), shown as
a dot-dashed line, provide good approximations to the star formation history of the Universe in the last 11 Gyrs. This is in very good agreement with results
from Karim et al. (2011), using radio stacking over a similar redshift range in the COSMOS field.

Here, the following approach is taken: the measured stellar
mass density already in place at z ⇠ 2.2 (many determinations
exist, e.g. Hopkins & Beacom 2006; Pérez-González et al. 2008;
Ilbert et al. 2009) is assumed to be log10 M = 7.45M� Mpc�3.
By using the measured H↵ star formation history derived in this
paper (log ⇢SFR = �0.14T � 0.23), a prediction of the evolution
of the stellar mass density of the Universe is computed, using the
recycling fraction of the Salpeter IMF (30%).

The results are presented in Figure 11, and compared with var-
ious measurements of the stellar mass density at different redshifts
available from the literature (Hopkins & Beacom 2006; Pérez-
González et al. 2008; Elsner et al. 2008; Marchesini et al. 2009). All
literature results have been converted to a Salpeter IMF if derived
with a different IMF – including those with a modified Salpeter
IMF (SalA; resulting in masses a factor of 0.77 lower than Salpeter;
see e.g. Hopkins & Beacom).

The results reveal a very good agreement between the predic-
tions based on the H↵ star formation history of the Universe pre-
sented in this paper since z = 2.23 and the stellar mass density
evolution of the Universe, measured directly by many authors. The
results therefore indicate that at least since z = 2.23 the H↵ star
formation history of the Universe is a very good representation of
the total star formation history of the Universe. It is possible to rec-
oncile the observed evolution of the stellar mass density with that
produced from the observed star formation history with very simple
assumptions, without the need to modify the IMF or have it evolve
as a function of time. The H↵ analysis reveals that star formation
since z = 2.23 is responsible for 95% of the total stellar mass den-

sity observed today, with about half of that being assembled from
z ⇠ 2.2 to z ⇠ 1.2, and the other half since z ⇡ 1.2. Note that
the same conclusion is reached if the stellar mass density at z = 0
is adopted for the normalisation (instead of that at z = 2.23), and
the measured H↵ star formation history is used (with appropriate
recycling factor) to evolve this stellar mass density back to earlier
epochs. Moreover, if the star formation rate density continues to
decline with time in the same way as in the last ⇠ 11Gyrs, the stel-
lar mass density growth will become increasingly slower, with the
stellar mass density of the Universe reaching a maximum which is
only 5% higher than currently.

5 CONCLUSIONS

This paper presents new results from a unique combination of wide
and deep narrow-band H↵ surveys using UKIRT, Subaru and the
VLT. It has resulted in robust and equally selected samples of sev-
eral hundreds of H↵ emitters in narrow redshift slices, allowing
to study and parameterise in a completely self-consistent way the
evolution of the H↵ luminosity function over the last 11 Gyrs of
the Universe. The main results are:

• We robustly select a total of 1742, 637, 515 and 807 H↵ emit-
ters (⌃>3, EW0(H↵)>25 Å) across the COSMOS and the UDS
fields at z = 0.40, 0.84, 1.47 and 2.23, respectively. These are
by far the largest samples of homogeneously selected H↵ emitters,
while the wide area and the coverage over two independent fields

c� 2012 RAS, MNRAS 000, 1–19
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See also: Aird+2010; Lehmer+2013; Delvecchio+2014; Brandt & Alexander 2015; Stanley+2015
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Hα SFR function: 11 Gyr decline of star forming galaxies
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• 13x decrease of typical SFR over last 11 Gyrs
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Strong SFR* decline with cosmic time towards z~0

• Decline of typical star formation rates of galaxies with cosmic time
• Decline of cosmic specific star formation rates with redshift for all masses

Sobral et al. 2014
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Hα-selected SFGs: resolved line ratios + dynamics

The Dynamics and Metallicity Gradients of Star-Forming Galaxies at z = 0.84–2.23 7

Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived

c⃝ 0000 RAS, MNRAS 000, 000–000

4 The KMOS Kinematic Survey of z ∼ 1 Galaxies

Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from
the Gaussian profile fits to the Hα emission. The final three galaxies in this plot do not resemble rotating systems.

the moment map as a function of angle is extracted and
decomposed into its Fourier series which have coefficients
kn at each radii (see ? for more details).
We therefore measure the velocity field and velocity

dispersion asymmetry for all of the galaxies in our sam-
ple, defining the velocity asymmetry (KV) and the ve-
locity dispersion asymmetry (Kσ) as in ?. For an ideal
disk, the values of Kv and Kσ will be zero. In con-
trast, in a merging system, strong deviations from the
idealised case causes large values of Kv and Kσ (which
can reach Kv ∼Kσ ∼ 10 for very disturbed systems).For

the KMOS galaxies in our sample, we measure the veloc-
ity and velocity dispersion asymmetry and report their
values in Table 1, (NBJ-CFHT 1724, 1713 and 1793 have
too few independent spatial resolution elements across
the galaxy so we omit these from the kinemetry analy-
sis). Although the errors bars on KTOT are large (these
errors are found by bootstrap resampling for the errors in
the velocities, velocity dispersions and dynamical centers
of each galaxy), the average Ktot =0.40± 0.07 suggests
that the majority of these galaxies are dominated by disk-
like dynamics (indeed, twelve of the thirteen galaxies in

Swinbank+2012a,b; Sobral+2013b

Turner+2017; Molina+2017, 2019

KMOS Hα velocity maps

ELT: push to lower masses 
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Early galaxy and super-massive black hole formation

• What are the properties of the ISM and stars in early galaxies?
• How did galaxies/AGN re-ionise the Universe? Can we see it?
• Emission-lines (blind-selection): crucial for our understanding

Planck Collaboration et al, 2015. Robertson et al. 2015
PROCESS BETWEEN 6 < Z < 10

BIG BANG

NEUTRAL HYDROGEN IONISED HYDROGEN

REIONIZATION EPOCH

             Z =  8.8+-1.2 ?

e.g. Shapiro et al. 1994; Furlanetto et al. 2004; McQuinn et al. 
2006; Iliev et al. 2006; Dijkstra 2014

Observations crucial to test state-of-the-art models: e.g. Boylan-Kolchin et al. (2009); Hopkins et 
al. 2014; Vogelsberger et al. 2014; Schaye et al. 2015; Crain et al. 2015; Lacey et al. 2016. 

Models important to make new predictions that can be tested: e.g. Matthee & Schaye 2018.



Star formation history of the Universe: emission-lines
3960 A. A. Khostovan et al.

Figure 9. Our [O II] dust and AGN-corrected SFRD evolution with the [O II] studies of Bayliss et al. (2011), Ciardullo et al. (2013), Sobral et al. (2013), and
Sobral et al. (2015), along with the results of this paper, that are used to fit the parametrization of Madau & Dickinson (2014). The best fit is shown as the dashed
line (dodger blue) and is only based on [O II] measurements. We also include an extrapolation to higher-z (dash–dotted turquoise line), as we do not constrain
this part of redshift space but can extrapolate based on our fit. The 1σ region is highlighted in gold filled regions around the fit. The stacked radio study of
Karim et al. (2011) and the H α study of Sobral et al. (2013) are also shown as a comparison and are in agreement with our measurements. Our compilation of
SFRD measurements (in grey) are a combination of our compilation and that of Hopkins & Beacom (2006), Madau & Dickinson (2014), Ly et al. (2007), and
Gunawardhana et al. (2013). We reproduce the SFRD evolution history of the universe based primarily on [O II] studies with the peak of star formation history
occurring at z ∼ 3. We also include the fits of Hopkins & Beacom (2006, IMF corrected to Salpeter) and that of Madau & Dickinson (2014). We find that the
Hopkins & Beacom (2006) fit reasonably matches our SFRD fit, while the Madau & Dickinson (2014) fits well until z > 2. This is mostly because the Madau
& Dickinson (2014) fit is driven by the z > 5 UV measurements (which are not backed by spectroscopy), for which we do not include in our [O II] fit.

H β + [O III] SFR calibrations could in fact be more of a reliable
tracer of star formation activity than previously thought. Further-
more, this is also strong evidence to show that our H β + [O III]
sample is dominated by star-forming galaxies and is a reliable sam-
ple. Also, our survey seems to be detecting H β + [O III] emitters
that have more dust in comparison to [O II] emitters such that the
traditional AH α = 1 mag applies to the H β + [O III] sample and
a lower dust correction applies to the [O II] emitters. This notion
was proposed by Hayashi et al. (2013) for their [O II] sample. Their
conclusion was that dustier [O II] emitters fall to lower luminosities
that are below the detection limit, while the less dusty emitters,
which will be apparently brighter, are detected.

We fit the SFRD using our [O II] SFRD measurements along with
the [O II] measurements of Bayliss et al. (2011), Ciardullo et al.
(2013), and Sobral et al. (2012) to the parametrization of Madau &
Dickinson (2014):

log10 ρ̇⋆ = a
(1 + z)b

1 + [(1 + z)/c]d
M⊙ yr−1 Mpc−3, (9)

where our fit results with a = 0.015 ± 0.002, b = 2.26 ± 0.20,
c = 4.07 ± 0.51, and d = 8.39 ± 2.60. The fit is purely based on [O II]
emitters, but we have also fitted for the cases of [O II]+H α+Radio,

[O II]+UV, and [O II]+H α+Radio+UV (see Fig. 9) to show how
our fit will vary based on the data that we use. Based on the [O II] fit,
we see a drop at z > 3 that is slightly steeper than those determined
by UV dropout studies (i.e. Oesch et al. 2010; Bouwens et al. 2011,
2014; Schenker et al. 2013). Despite this drop in our [O II] SFRD
compared to the UV studies, we do find that the UV measurements
are still within 1σ .

An important note to make though is that prior to this paper,
there does not exist a study besides UV/Ly α studies that have
measured the SFRD up to z ∼ 5 since z ∼ 3. This is a crucial
point since there has been no other study so far that could con-
firm the drop-out measurements, which are severely affected by
dust extinction. Furthermore, this is the first time that the cos-
mic star formation history has been constrained based on a single
tracer for larger volumes and up to z ∼ 5. Our current measure-
ments are the farthest that we can measure the [O II] SFRD due to
the fact that the emission line would go past K band and into the
infrared. Future space-based narrow-band surveys, such as JWST
and the Wide-field Imaging Surveyor for High-redshift (WISH),
will be able to probe [O II] emitters up to z ∼ 12, which would
allow us to compare and confirm the UV SFRD measurements at
z > 5.

MNRAS 452, 3948–3968 (2015)
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See also: Geach+08; Sobral+13a,14,15a; Karim+11; Madau & Dickinson14; Bouwens et al. 2015

Sobral+12,13a,15b; Khostovan, Sobral+15
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Lyα is still the best spectroscopic tool at z>2…

• 1216 Å redshifts into optical at z > 2
• Intrinsically most luminous emission-

line in HII regions 
• Asymmetric shape + Lyman-break
• Also consequence of AGN activity

Coupled with other UV lines: NV, 
CIII], CIV, HeII, OIII]

See Andra’s talk and: Stroe, DS 
et al. 2017a,b; Stark+15,16; 

Local Universe: LARS 
[Östlin et al. 2014; 
Hayes et al. 2014]

See e.g.: Humphrey+2007; Smith & Jarvis 2007; Ouchi+2008,2010; Matthee+2014, 2015,2017c; Nilsson+2009; Song+ 
2014; Oteo+2015; Pentericci+2014; Hayes 2011; Dijsktra 2015;  Verhamme+2015; Konno+2016; Harikane+18

1216 A



Lyα may seem like a low hanging fruit… but not so easy to eat

• ... easily scattered and re-emitted: most 
photons escape at low surface 
brightness

• Easily absorbed in the inter-stellar 
medium and intergalactic medium.

• Escape fraction not well understood
• Neutral IGM affects Lyα - hard to use at 

z>6

• Only a small fraction of Lyα photons 
escape: Hα can be used to measure it

but… line-resonance leads to scattering: 
(tau=1 at NH ~1014 cm-2) 

 
- small fraction of Lya escapes 

- escape fraction not well understood 
 
- most photons escape at low surface 
brightness 
 
- neutral IGM affects Lya - not easy to use 
at z>6

fesc, Lya=fLyα/(8.7 fHα)

LY M A N - A L P H A  I S  C U R R E N T LY  O U R  
B E S T  S P E C T R O S C O P I C  T O O L  AT  Z > 2 . 3

e.g. Hayes et al. 2010

LyỬ

(sometimes not easy to get)!

fesc,Lyα= fLyα/( 8.1-9.0 fHα) Henry+15

Neutral 
H + dust

1216 A



• Ideally: Hα + Balmer decrement + case B: predict Lyα vs observed 

The CALYMHA survey: CAlibrating LYman-α with Hα

What do we need to make progress? Our               list

at z=2.23

INT@La Palma + CFHT @Mauna Kea(PI: Sobral)

Sobral & Matthee: Predicting Ly↵ escape fractions with a simple observable
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Fig. 1. The relation between fesc,Ly↵ and Ly↵ EW0 for z ⇠ 2.2 (stacks; see Sobral et al. 2017), z ⇠ 2.6 (binning; Trainor et al. 2015) and comparison
with z ⇠ 0 � 0.3 samples (e.g. Cardamone et al. 2009; Hayes et al. 2013; Henry et al. 2015; Yang et al. 2016, 2017; Verhamme et al. 2017),
estimated from dust-corrected H↵ luminosities (Equation 1). We show the 1� and 2� range for the fits at z ⇠ 2.2� 2.6 and z ⇠ 0� 0.3 separately,
and find them to be consistent within those uncertainties, albeit with a potential steeper relation at higher redshift. We find a combined best fitting
relation given by fesc,Ly↵ = 0.0048 EW0 ± 0.05. The observed relation is significantly away from what would be predicted based on observed UV
slopes between � ⇡ �2 and � ⇡ �1 for LAEs (see DW10) and would require � ⇡ +5 for a good fit using Equation 5. Such red � slopes are not
observed for LAEs. Modifying Equation 5 to include the e↵ect of ⇠ion and dust reveals that those physical parameters likely play an important role;
see Sections 3.2 and 3.3.

case B recombination1, a temperature of 104 K and an electron
density of 350 cm�3, we can use the observed Ly↵ luminosity
(LLy↵), the observed H↵ luminosity (LH↵) and the dust extinc-
tion a↵ecting LH↵ (AH↵

2, in mag) to compute fesc,Ly↵ as:

fesc,Ly↵ =
LLy↵

8.7 LH↵ ⇥ 100.4⇥AH↵
. (1)

This means that with our assumptions so far, and provided that
we know fesc,Ly↵, we can use the observed LLy↵ to obtain the in-
trinsic H↵ luminosity. All sources or samples in this study have
been corrected for dust extinction using Balmer decrements, ei-
ther measured directly for individual sources, or by applying the
median extinction for stacks or bins of sources. Therefore, one
can use Ly↵ as a star formation rate (SFR) indicator3 following
Kennicutt (1998) for a Salpeter (Chabrier) IMF (0.1� 100 M�):

SFRLy↵ [M� yr�1] =
7.9(4.4) ⇥ 10�42

(1 � fesc,LyC)
LLy↵

8.7 fesc,Ly↵
(2)

1 We use Ly↵/H↵ = 8.7, but vary the Ly↵/H↵ case B ratio between 8.0
and 9.0 to test for its e↵ect; see §3.5 and also discussions in Henry et al.
(2015).
2 With our case B assumptions the intrinsic Balmer decrement is:
H↵/H� = 2.86. Using a Calzetti et al. (2000) dust attenuation law we
use AH↵ = 6.531 log10(H↵/H�) � 2.981 (see details in e.g. Sobral et al.
2012).
3 For continuous star formation over 10 Myr timescales and calibrated
for solar metallicity; see Kennicutt (1998).

where fesc,LyC is the escape fraction of ionising LyC photons (see
e.g. Sobral et al. 2018a). In practice, fesc,LyC is typically assumed
to be ⇡ 0, but it may be ⇡ 0.1 � 0.15 for LAEs (see discussions
in e.g. Matthee et al. 2017a; Verhamme et al. 2017).

2.5. Statistical fits and errors

For all fits and relations in this work (e.g. fesc,Ly↵ vs. EW0), we
vary each data-point or binned data-point within its full Gaussian
probability distribution function independently (both in EW0 and
fesc,Ly↵), and re-fit 10,000 times. We present the best-fit relation
as the median of all fits, and the uncertainties (lower and up-
per) are the 16 and 84 percentiles. For bootstrapped quantities
(e.g. for fitting the low redshift sample) we obtain 10,000 sam-
ples randomly picking half of the total number of sources and
computing that specific quantity. We fit relations in the form
y = Ax + B.

3. Results and Discussion

3.1. The observed fesc,Ly↵-EW0 relation at z ⇠ 0.1 � 2.6

Figure 1 shows that fesc,Ly↵ correlates with Ly↵ EW0 with ap-
parently no redshift evolution between z = 0 � 2.6 (see also
Verhamme et al. 2017; Sobral et al. 2017). We find that fesc,Ly↵
varies continuously from ⇡ 0.2 to ⇡ 0.7 for LAEs from the low-
est (⇡ 30 Å) to the highest (⇡ 120�160 Å) Ly↵ rest-frame EWs.
We use our samples at z ⇠ 0 � 0.3 and z ⇠ 2.2 � 2.6, separately
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The CALYMHA survey: CAlibrating LYman-α with Hα
• Custom-made narrow-band filter. 50 nights INT + 8 nights CFHT (PI: Sobral)
• 5 deg2 deep double-blind matched Lyα-(CIV-OII-OIII)-Hα (and LyC) survey. 

Sobral Part B2 XGAL-REV 

specifically for that and the filter was delivered to the INT in mid 2013 – see Fig. 3). This will allow us to 

unveil the nature of 1000s of Lyα emitters (and the range in their properties) in an unprecedented way. Most  

importantly, I will finally measure the escape fraction of Lyman-α as a function of multiple parameters (e.g. 

dust extinction, colour, stellar mass, SFR) and investigate an empirical, robust calibration for the Lyman-α 

line. This is of extreme importance, as most surveys at the highest redshifts rely on Lyman-α both to survey,  

but particularly to spectroscopically confirm candidates (e.g. Iye et al. 2006, Ono et al. 2012, Finkelstein et  

al. 2013). After completing the pilot survey, I will use CFHT/MegaPrime (OPTICON time + collaborators in 

Canada) to obtain and even deeper, matched Lyα-Hα to reach down to the lowest Lyα/Hα ratios and to search 

for very extended Lyα emission for Hα star-forming galaxies without clear Lyα emission.

Fig. 3 –  Left:  The double-narrow band technique,  here used to find double [OII]-Hα line emitters at  z=1.47. This 

technique is capable of obtaining clean and complete samples of z=1.47 line emitters (Sobral et al. 2012, 2013a) even 

without any other information. Right: I am applying the same technique for Lyα-Hα at z=2.23, to directly calibrate Lyα 

using Hα and to measure its escape fraction (which is currently highly uncertain). The M392 filter has already been 

bought by the PI and the pilot Lyα-Hα survey is already being conducted at the INT (see e.g. Fig. 5). A similar filter is 

also being built for the CFHT telescope (MegaPrime) which will be used to conduct an even deeper survey.

K3) Obtain a completely self-consistent set of very large-area Ly  α surveys in ~9 redshift/cosmic time   

slices from   z=2.23, (2.8 billion years after the Big Bang) to z=9 (~500 million years after the Big Bang),   

each populated by up to >1000s of Lyman-  α    emitters  .  These will  be the largest,  multi-cosmic epoch, 

narrow-band surveys, all undertaken in the same way (same reduction, selection). Because we already have  

pilot data (INT, CFHT, Subaru), our first results will be out way before e.g. Hyper Suprime-cam results. The 

samples (z=2.2, 2.4, 3.1, 4.3, 4.8, 5.7, 6.6, 7.1, 8.8; Fig.10) will include both AGN and star-forming galaxies,  

and also result in the largest samples of Lyman-α blobs (c.f. Matsuda et al. 2004) and of more typical LAEs. 

One of the main goals is to apply the knowledge from K2 to interpret and conduct these uniquely large 

surveys (K3), but also to find and confirm the most distant luminous galaxies (z=7.1 and z=8.8 surveys,  

where the number of sources will be low). With very large samples, spanning a range of luminosities and 

physical  properties,  and  over  different  large  areas  on  the  sky,  we  will  conduct  the  best  clustering 

measurements  ever  done  (across  cosmic  time),  and  look for  signatures  of  re-ionization,  e.g.  significant 

change in the clustering of Lyman-α emitters; this will be a major improvement over e.g. Ouchi et al. (2010).

Both the matched Lyα-Hα double-blind survey and the higher redshift Lyα surveys will be extremely large, 

>10,000 times larger than the typical ultra-deep fields, such as the HUDF with the NASA/ESA Hubble 

Space Telescope (e.g. Bouwens et al. 2011; Ellis et al. 2013), >20 times larger than e.g. Ouchi et al. (2008, 

2010) and even larger (and significantly deeper) than e.g. Matthee, Sobral et al.  (2014). I will  therefore  

derive by far the largest samples of the most distant galaxies and conduct detailed follow-up observations on  

the most luminous sources for the first time to unveil their nature and evolution (with e.g. MUSE/VLT). 

4
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Figure 2. On sky distribution of all NB392 detections, showing the masked regions and highlighting the di↵erences in depth of some of
the pointings. Our coverage in UDS and COSMOS is shown to scale. On top we show the H↵ emitters at z = 2.23 from Sobral et al.
(2013) and our Ly↵ emitters at z = 2.23 after selecting line emitters at z = 2.23 out of all NB392 emitters. We find that both Ly↵ and
H↵ emitters seem to trace the same structures, albeit with some important di↵erences, including the strong over-density in the COSMOS
field. We also show the field of view of WFC/INT.

improves strongly up to seeing 1.8 � � for COSMOS P4 (see
Matthee et al. 2016). Other fields reach a higher depth by
including frames up to a higher seeing of 2 ”. We therefore
use these and reject individual frames with seeing higher
than 2 � � (see Table 1).

Before we stack we normalise images to the same zero-
point and point spread function (PSF) match images. We
then mask regions in the final stacks which are too noisy,
are contaminated by bright stars, and where the S/N is sig-
nificantly below the average (e.g. gaps between detectors).
Figure 2 presents all the NB392 sources detected after mask-
ing.

2.3 Photometric Calibration and survey depth

Our NB392 filter is contained between the u and B bands
in the very blue region of the optical. In principle one could
simply use a combination of these filters and photometry of
several stars in order to calibrate the NB392 data. However,
the wavelength range covered by our filter probes the strong
CaHK absorption feature, which can vary significantly de-
pending on stellar type and its metallicity. Thus, the blind
use of stars would introduce significant problems and scat-
ter due to the strong CaHK absorption features, apart from
steep continuum. In order to solve this potential problem,
we use spectroscopically confirmed galaxies with redshifts

between z = 0.01�1.5 without any features in our region of
interest, which provide flat, robust calibrators (see Matthee
et al. 2016). We assure this is the case, by selecting only
galaxies with a flat continuum, i.e., u�B ⇡ 0 color. We then
calibrate the NB392 data using u with those flat sources in
the blue as a first order calibration. We then correct for any
potential dependence of excess on u�B colours (red sources
can lead to fake excess sources; see Matthee et al. 2016) by
again selecting spectroscopically confirmed galaxies which
have no features in at the observed 3920 Å.

After calibration, we investigate the final stacked im-
ages to study their depths. We do this by placing 100,000
random 3 � � apertures in each of the frames (resulting from
combining di↵erent independent cameras per pointing). We
check that the distribution peaks at 0, consistent with a very
good sky subtraction, and we then measure the standard de-
viation (1�), which we transform to a magnitude limit (1�).
We find that the deepest images are found in COSMOS P4,
reaching 25.0 (3�). The average depth over our entire COS-
MOS coverage is 24.2±0.4 (3�). In UDS, the average depth
is similar to COSMOS, but with a lower dispersion as only
one WFC pointing was targeted 24.2± 0.2 (3�).

MNRAS 000, 1–17 (2016)

See also e.g. Hayes et al. 2010; Ciardullo et al. 2014; Oteo, DS et al. 2015 

Matthee, Sobral et al. 2016, 2017a,b; 

Sobral, Matthee et al. 2017a; 
Stroe+2017a,b; Sobral+2018a

Hα from HiZELS
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Figure 10. Fraction of the total retrieved flux (defined as the maximum flux within 500 radius) as a function of aperture for the UV, H↵
and Ly↵ and stack of direct detected H↵-Ly↵ emitters (left) and stack of all star-forming galaxies (right). It can be seen that while H↵
and the UV (from PSF convolved HST F814W imaging) quickly reaches the total flux in both cases, the Ly↵ flux continues to increase.
For the direct detected sources, the Ly↵ flux increases somewhat more rapidly because sources where selected on bright central Ly↵.
These sources also have more compact H↵ than UV emission. For the stack of all SFGs, Ly↵ continues to increase (although the errors
are significant), such that deeper observations are required to test whether we have captured the full extent of Ly↵.

is su�ciently small to exclude measurement errors of � as
the source of the observed bimodal behaviour. The bimodal
behaviour is also seen when correcting for dust using the
Garn & Best (2010) prescription.

7 EXTENDED EMISSION

As Ly↵ is a resonant emission line, scattering due to neutral
hydrogen leads to a di↵usion process similar to a random
walk, which results in a lower surface brightness. Therefore,
it is likely that in the presence of extended Hi, Ly↵ emission
will be more extended than the UV. Although our relatively
large PSF FWHM and limited depth in NB392 (⇠ 1.800 and
⇠ 24 AB magnitude, respectively) limit the study of ex-
tended Ly↵ emission at low surface brightness, we can test
how our measured escape fraction depends on the chosen
aperture size. We do this by analysing the stacked images
for the (biased) sample of 12 dual H↵-Ly↵ emitting SFGs,
and for the stack of the 265 SFGs (see §5 and Table 1). We
measure both H↵, Ly↵ and the rest-frame UV in apertures
ranging from 2� 1000 in diameter.

As seen in Fig. 10 (and illustrated by Fig. 11), Ly↵ is
significantly more extended than the UV (traced by con-
volved HST F814W imaging) and H↵ for both stacks. The
stack of all SFGs (right panel of Fig. 11) has extended Ly↵
emission up to ⇠ 20 kpc distance from the center, at 3�.
At this significance, the stack of the 12 dual H↵-Ly↵ emit-
ters (left panel of Fig. 11) is extended up to 30 kpc, and is
clearly more extended than the aperture that we used for
the sources individually.

The growth curves for H↵ and the UV are similar,
quickly growing to the maximum at ⇠ 20 kpc. Ly↵ how-
ever continues to increase. The Ly↵ flux for the stack of the
sample of 12 H↵-Ly↵ emitters peaks at⇠400 radial apertures,
as further increase in the fraction of recovered flux with in-
creasing aperture is within the errors. The fesc within this

radius, ⇠ 30 kpc, is 14.2± 1.9%. At a radius of 1.500 (similar
to the aperture used for individual sources), we measure a
stacked fesc of 7.7 ± 0.9%. At this aperture, only ⇠ 50% of
the maximum observed Ly↵ flux is retrieved. The Ly↵ flux
for the stack of all SFGs also continues to increase up to at
least 30 kpc. By fitting a linear relation between the fraction
of the total recovered flux and radius, we find that r90 (the
radius at which 90 % of the flux is retrieved) for our stack
of directly detected H↵-Ly↵ is 31.3±1.5 kpc. For the stack
of all SFGs, r90 = 36.0± 3.8 kpc. For H↵, we find values of
r90 = 19.3± 1.6 kpc and r90 = 21.0± 0.5 kpc, respectively.

We show the surface brightness (SB) profile of the full
stack of SFGs in the left panel of Fig. 12, where we scaled
H↵ such that it has a similar SB as Ly↵ at 500 radius, cor-
responding to an escape fraction of 2% (see also the right
panel). The H↵ profile follows an exponential (as the y-axis
is logarithmic), decreasing with increasing radius. While the
Ly↵ profile seems to be more complex, we note that the
errors due to the di↵erent PSF shapes of broadband and
NB are important, particularly in the centre part. Towards
higher radii (> 30 kpc), the Ly↵ signal from the stack is
significantly above the errors due to di↵erences in the PSF,
and is thus real. We find no evidence that the integrated
Ly↵ flux does not continue to grow up to 40 kpc distance,
indicating that it can be extended up to larger radii if deeper
surface brightness limits are reached. This also means that
we can not yet directly infer the total fesc.

Comparing the H↵ and Ly↵ profiles results in an in-
creasing Ly↵ escape fraction with increasing aperture (see
the right panel of Fig. 12). The fesc increases from 0.3±0.05%
at 12 kpc distance to 1.6±0.5% at ⇠ 30 kpc. Note that with-
out dust correction fesc is roughly a factor 2 higher. At the
radius of 30 kpc, the Ly↵ surface brightness is ⇠ 6⇥ 10�19

erg s�1 cm�2 arcsec�2 (see also the left panel), such that
the extended emission is detected at ⇠ 2.4� (at 2� confi-
dence level, extended emission is seen up to ⇠ 40 kpc). As
seen in the right panel of Fig. 10 and illustrated in the right

MNRAS 000, 1–20 (2016)

Use Hα to predict Lyα luminosity then compare with observed Lyα 
• Hα emitters: 1.6±0.5% Lyα photons escape at < 25 kpc

but… line-resonance leads to scattering: 
(tau=1 at NH ~1014 cm-2) 

 
- small fraction of Lya escapes 

- escape fraction not well understood 
 
- most photons escape at low surface 
brightness 
 
- neutral IGM affects Lya - not easy to use 
at z>6

fesc, Lya=fLyα/(8.7 fHα)

LY M A N - A L P H A  I S  C U R R E N T LY  O U R  
B E S T  S P E C T R O S C O P I C  T O O L  AT  Z > 2 . 3

diameter

    

Matthee, Sobral+16a, Sobral, Matthee+17afesc,Lyα= fLyα/(8.1-9.0 fHα)

see also Nelson+16; 3D-HST

Stack: 3000 hours (~MUSE-like depth)
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The Ly↵ escape fraction of SFGs at z ⇠ 2 15
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Figure 11. Thumbnails of the stacks of the 12 H↵-Ly↵ emitters (left) and full sample of SFGs (right). The background images shows
the K band (where we removed the contribution from H↵ using NBK), which corresponds to rest-frame R. The Ly↵ emission is shown
in blue contours, H↵ emission is shown in red and UV (from observed F814W, corresponding to ⇠ 2000Å rest-frame) in green. In the
left panel we also indicate the 300 diameter aperture used for measurements of individual sources in black dashed lines. The PSF FWHM
is indicated with a white dashed circle in both panels. The contour levels are normalised to the peak flux in each band. The outer Ly↵
contour represents 7.5� for the left panel, and 3� for the right panel. This corresponds to 0.37 and 0.52 of the peak flux, respectively.
The 1� surface brightness limit in the two panels is 9.0 and 2.5 ⇥10�19 erg s�1 cm�2 arcsec�2. Other contours correspond to a fraction
of 0.5 and 0.75 of the peak flux in the left panel, and 0.6, 0.75 and 0.9 in the right panel. In both panels, it can be seen that H↵ traces
the UV light very well. Ly↵ is more extended than H↵ and the UV for both the (biased) stack of direct detect H↵-Ly↵ and the full stack
of SFGs, indicative of scattering. Ly↵ extends up to ⇠ 20 kpc distance from the center at the corresponding significances. The stack of
the 12 H↵-Ly↵ emitters is extended up to 30 kpc at 3� significance.

panel of Fig. 11, Ly↵ is extended up to ⇠ 20 kpc at 3� con-
fidence level. At 2� significance, it is extended up to ⇠ 30
kpc. This means that aperture based measurements (includ-
ing slit spectroscopy) might miss parts of Ly↵ emission, and
that IFU’s or specially designed NB filters are more suited.

8 DISCUSSION

8.1 A consensus on the value of fesc

To date, a number of papers have been published on mea-
suring the Ly↵ escape fraction with di↵erent selections of
galaxies and methods. Typically, Ly↵ selected galaxies at
z > 2 have resulted in high escape fractions of ⇠ 30% (e.g.
Blanc et al. 2011; Nakajima et al. 2012; Wardlow et al. 2014;
Kusakabe et al. 2015; Trainor et al. 2015), even though tech-
niques to estimate the intrinsic Ly↵ production range from
UV to dual NB to FIR and spectroscopy. However, a Ly↵
selected sample of galaxies is not representative for the full
(star-forming) galaxy population and estimates of fesc are
biased towards high values (as for example seen in Fig. 8).

With UV or rest-frame optical emission line selected
galaxies, the typical fesc at z = 2 � 3 is around fesc ⇠ 3-
5%, (e.g. Hayes et al. 2010; Kornei et al. 2010; Ciardullo
et al. 2014), but fesc is found to increase with increasing
redshift, up to ⇠ 30% at z = 5.7 (e.g. Hayes et al. 2011).
Our measured median value of 1.6±0.5% of HAEs is lower
than the value in these papers in the literature. However, we
note that our measurement is the first which is independent

of assumptions on the shape of the luminosity function and
integration limits. Furthermore, as we will show now, the
results are fully consistent with literature results when we
account for di↵erent selections of galaxies and the di↵erent
parameter spaces probed by di↵erent surveys.

Most samples have either been UV selected or selected
with emission lines bluer than H↵ (e.g. [Oiii]; Ciardullo
et al. 2014), such that they might miss a population of dusty
galaxies. This might cause a bias towards high fesc values, as
we show here that dustier galaxies typically have a lower fesc
(see Fig. 9, but note that we also observe significant fesc for
some dusty galaxies). On the contrary, Cassata et al. (2015)
report a low fraction of UV selected galaxies with Ly↵ emis-
sion at 2 < z < 6, corresponding to fesc < 1%, concluding
that the bulk of the Ly↵ luminosity density is coming from
fainter galaxies than the typically UV bright galaxies that
were targeted. This is consistent with our results, as these
galaxies have a typical SFR of ⇠ 50� 100 M� yr�1 (Tasca
et al. 2015), and we show that the typical escape fraction at
these SFRs is very low (< 0.5%).

The major di↵erence between our survey and the
matched H↵-Ly↵ survey at z = 2.2 from Hayes et al. (2010)
is that our HAEs probe a larger range in SFRs and stel-
lar masses, because our observations probe a much larger
volume (⇠ 80 times larger, yet with shallower depth). We
have shown in the top row of panel of Fig. 8 that the SFR
anti-correlates with the escape fraction. If we compute SFRs
from the H↵ emitters from Hayes et al. (2010) as described
in §3.5, we find that their SFRs are between 0.4-4.4 M�

MNRAS 000, 1–20 (2016)
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Figure 9. Stacked H↵ and Ly↵ images of all our Ly↵ emitters.
All bands are PSF matched and we show the common PSF in the
image. We compare the stacked rest-frame R band (observed K
band, H↵ subtracted), tracing the older stellar population/stellar
mass, with both H↵ and Ly↵ emission from our sample of Ly↵
selected emitters. Ly↵ and H↵ contours show the 50%, 70% and
85% contours of the total flux. For a 300 diameter aperture we
recover 82% of the total H↵ flux (0.4 ⇥ 10�16 erg s�1) but only
50% of the total Ly↵ flux (2.2⇥10�16 erg s�1). We thus find that
while H↵ is slightly more extended than the continuum emission,
the Ly↵ emission extends to much larger radii. This is consistent
with the results from Matthee et al. (2016b).

Momose et al. 2014; Matthee et al. 2016b; Wisotzki et al.
2016).

6.2 Ly↵ escape fraction and dependence on Ly↵
luminosity and EW0

Assuming Case B recombination, we use the H↵ stack (after
applying all corrections; see §4.3) to measure an escape frac-
tion of 37± 7% for a 300 aperture. This goes up to 65± 20%
for an 800 aperture, consistent with Matthee et al. (2016b).
Regardless of the aperture used, the values are significantly
above the global average or the escape fraction for H↵ se-
lected/more typical star-forming galaxies, which is only a
few percent (see e.g. Hayes et al. 2010; Matthee et al. 2016b;
Konno et al. 2016), as we will also show in §6.3. However,
this is not surprising, as, by definition, Ly↵ emitters will
have to have relatively high escape fractions, otherwise they
would not be selected as such.

We then split our Ly↵ emitters according to their Ly↵
luminosity and EW0 (see Figure 10). We find that the Ly↵
escape fraction increases with increasing EW0, with fesc in-
creasing from ⇡ 18% for EW0⇡ 40 Å to fesc ⇡ 70% for
EW0⇡ 120 Å. This is consistent with the younger/more star-
bursting sources having higher Ly↵ escape fractions (see also
Verhamme et al. 2016).

Naively fesc could be expected to increase with Ly↵ lu-
minosity. However, as Figure 10 shows, we find that fesc

decreases with increasing Ly↵ luminosity. For our faintest
luminosity bin, LLy↵ ⇡ 1042.5 erg s�1, we measure fesc =
50± 9%, while we only measure fesc = 22± 4% for the most
luminous bin, LLy↵ ⇡ 1043.0 erg s�1. When interpreted to-
gether with results from §6.3, it is expected that fesc will
drop again for very low Ly↵ luminosities. We discuss this in
more detail in §7.

6.3 The global Ly↵ escape fraction at z = 2.23

Here we investigate the global escape fraction of Ly↵ pho-
tons (with a fixed 300 diameter aperture) at the peak epoch
of the star formation history of the Universe. We focus on
the global escape fraction (from the integral of the Ly↵ and
H↵ luminosity functions) and use the extinction corrected
H↵ luminosity function presented by Sobral et al. (2013).

The Schechter component of our fit to the Ly↵ lumi-
nosity function yields an integrated luminosity density of
1.1⇥ 1040 erg s�1 Mpc�3. The additional power-law compo-
nent adds a further 1.1 ⇥ 1039 erg s�1 Mpc�3, or ⇠ 10% of
the Schechter contribution. However, it should be noted that
if one integrates down to e.g. LLy↵ > 1041.6 erg s�1, the
Schechter component becomes only 0.4⇥1040 erg s�1 Mpc�3,
and thus the power-law component becomes more important
for shallower Ly↵ surveys.

By integrating our Ly↵ luminosity function at z = 2.23,
assuming Case B recombination, and directly comparing
with the equivalent integral of the extinction-corrected H↵
luminosity function, we find that, on average, within the
same apertures used for H↵ and Ly↵ (corresponding to
roughly to a 13 kpc radius), only 5.1 ± 0.2% of Ly↵ pho-
tons escape. This is in very good agreement with the mea-
surement from Hayes et al. (2010) of 5± 4%, but our result
greatly reduces the errors due to a much larger volume and
significantly larger samples. More recently, Matthee et al.
(2016b) studied an H↵-selected sample, finding that, down
to the detection limit of the sample, the Ly↵ escape fraction
is 1.6± 0.5%. However, those authors show that the escape
fraction strongly anti-correlates with H↵ flux/star forma-
tion rate, with the low H↵ flux and low star-formation rate
galaxies having the highest Ly↵ escape fractions. Thus, the
results in Matthee et al. (2016b) are in very good agreement
with our global escape fraction of 5.1 ± 0.2%, particularly
due to the contribution of much lower SFR sources to the
global measurement.

The results presented by Matthee et al. (2016b) al-
ready hint that Ly↵ escape fractions will strongly depend
on e.g. the H↵ luminosity limit of a survey (and also depend
strongly on the aperture used). Thus, while we find a typi-
cal escape fraction of 5.1±0.2% by integrating both the H↵
and the Ly↵ luminosity functions, we also study the e↵ect
of integrating down to di↵erent luminosity limits. Our full
results are presented in Table 4.

Furthermore, as shown in Figure 9, we find that at a
fixed 300 we recover a much larger fraction of the total H↵
flux (82%; consistent with e.g. Sobral et al. 2014) than the
total Ly↵ flux (50%). If we apply these results to correct the
integral of the H↵ and Ly↵ luminosity functions, we find that
the total (aperture corrected) average Ly↵ escape fraction
would be 1.64 times larger, or 8.4± 0.3%. This means that,
potentially, a further 3.3% of Ly↵ photons still escape, but
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• Global Lyα fesc: 5.1±0.2% for <25 kpc
• Global Lyα fesc: 8.4±0.4% for <40 kpc

• Hα emitters: fesc 1.6±0.5% (<25 kpc)
• Lyα emitters: fesc 37±7% (<25 kpc)
• Most Lyα emitters consistent with up to 

Lyα fesc ~100% to even larger radii

Matthee, Sobral et al. 2016; Matthee, Sobral et al. 2017a; Sobral, Matthee et al. 2017a; Sobral+2013

MNRAS 000, 1–18 (2016) Preprint 28 November 2016 Compiled using MNRAS LATEX style file v3.0

The CALYMHA survey: Ly↵ luminosity function and
global escape fraction of Ly↵ photons at z = 2.23?

David Sobral1,2†, Jorryt Matthee2, Philip Best3, Andra Stroe4‡, Huub Röttgering2,
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ABSTRACT
We present the CAlibrating LYMan-↵ with H↵ (CALYMHA) pilot survey and new
results on Lyman-↵ (Ly↵) selected galaxies at z ⇠ 2. We use a custom-built Ly↵
narrow-band filter at the Isaac Newton Telescope, designed to provide a matched
volume coverage to the z = 2.23 H↵ HiZELS survey. Here we present the first results
for the COSMOS and UDS fields. Our survey currently reaches a 3� line flux limit
of ⇠ 4 ⇥ 10�17 erg s�1 cm�2, and a Ly↵ luminosity limit of ⇠ 1042.3 erg s�1. We find
188 Ly↵ emitters over 7.3 ⇥ 105 Mpc3, but also find significant numbers of other line
emitting sources corresponding to Heii, Ciii] and Civ emission lines. These sources
are important contaminants, and we carefully remove them, unlike most previous
studies. We find that the Ly↵ luminosity function at z = 2.23 is very well described

by a Schechter function up to LLy↵ ⇡ 1043 erg s�1 with L⇤ = 1042.59
+0.16
�0.08 erg s�1,

�⇤ = 10�3.09+0.14
�0.34 Mpc�3 and ↵ = �1.75 ± 0.25. Above LLy↵ ⇡ 1043 erg s�1 the Ly↵

luminosity function becomes power-law like, driven by X-ray AGN. We find that Ly↵-
selected emitters have a high escape fraction of 37 ± 7%, anti-correlated with Ly↵
luminosity and correlated with Ly↵ equivalent width. Ly↵ emitters have ubiquitous
large (⇡ 40 kpc) Ly↵ haloes, ⇠ 2⇥ larger than their H↵ extents. By directly comparing
our Ly↵ and H↵ luminosity functions we find that the global/overall escape fraction of
Ly↵ photons (within a 13 kpc radius) from the full population of star-forming galaxies
is 5.1 ± 0.2% at the peak of the star formation history. An extra 3.3 ± 0.3% of Ly↵
photons likely still escape, but at larger radii.

Key words: Galaxies: high-redshift; luminosity function, mass function; evolution;
quasars: emission lines; cosmology: observations.

1 INTRODUCTION

Understanding galaxy formation and evolution requires sig-
nificant e↵orts on both theoretical and observational sides.
Observations show that the star formation activity in the
Universe was over 10 times higher in the past, reaching a
peak at z ⇠ 2 � 3 (e.g. Lilly et al. 1996; Karim et al. 2011;

? Based on observations obtained on the Isaac Newton Tele-
scope (INT), programs: I13AN002, I14AN002, 088-INT7/14A,
I14BN006, 118-INT13/14B & I15AN008.
† E-mail: d.sobral@lancaster.ac.uk
‡ ESO Fellow

Sobral et al. 2013). Most of this increase is explained by
typical star formation rates (SFRs) of galaxies at z ⇠ 2 be-
ing a factor ⇠ 10⇥ higher than at z = 0 (e.g. Smit et al.
2012; Sobral et al. 2014; Stroe & Sobral 2015), likely driven,
to first order, by relatively high gas fractions (e.g. Tacconi
et al. 2010; Saintonge et al. 2011; Stott et al. 2016). Be-
yond z ⇠ 2 � 3, UV and rest-frame optical emission line
studies suggest a decline of the star-formation history of the
Universe with increasing redshift (e.g. Bouwens et al. 2015;
Khostovan et al. 2015).

While the UV is the main way of photometrically select-
ing z > 3 star-forming galaxies, by taking advantage of the

c
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Figure 7. The Ly↵ luminosity function for our combined UDS and COSMOS coverage and down to a Ly↵ EW0 > 5 Å. We find that the
LF is well fitted by a Schechter function up to ⇠ 1043 erg s�1, but seems to become a power-law for higher luminosities. We also show
the Ly↵ luminosity function presented by Hayes et al. 2010 at z = 2.2 and the recent determination at z = 2.2 by Konno et al. 2016.
We find good agreement with the wide and deep survey of Konno et al. 2016, including the departure from the Schechter function. The
agreement becomes excellent when we apply the same selection as in Konno et al. 2016, i.e., use all NB392 emitters and assume all are
Ly↵ (see Figure 6). While it may seem that we are in disagreement with Hayes et al. 2010, we note that their data-points, due to probing
a very deep, but very small volume, only probe the faintest of our two bins, and this there is no significant disagreement, particularly
given the expected cosmic variance, as Hayes et al. 2010 only investigated a single small field. We also show the extinction-corrected H↵
luminosity function from Sobral et al. 2013, transformed into Ly↵ with a 5% escape fraction.

emitters become a progressively lower fraction of the full
sample of emitters; see e.g. Matthee et al. 2014 or Matthee
et al. 2015), a relatively high EW cut was used. This assured
that lower redshift emitters would be excluded. The typical
value for this cut has been EW0 ⇠ 25 Å.

As our sample is able to probe down to Ly↵ rest-frame
EWs of 5 Å, we have the opportunity to investigate how
complete sample with higher rest-frame EW cuts may be
and what is the e↵ect on e.g. the Ly↵ luminosity function.
Figure 8 shows the distribution of Ly↵ rest-frame EWs at
z = 2.23. We find that the median EW0 at z = 2.23 is
⇡ 100 Å, with a tail at both higher rest-frame EWs (highest:
390 Å) and lower (lowest: 5.1 Å). If we were to apply a cut at
EW0 > 25 Å, we would still recover 89% of our full sample of
Ly↵ emitters. By imposing a cut of EW0 > 50 Å, we would
only recover 69% of all Ly↵ emitters.

However, the most interesting question is whether the
Ly↵ emitters missed occupy a specific parameter space. We
find that apart from missing Ly↵ emitters at all luminosi-
ties, we preferentially cut-o↵ the bright Ly↵ emitters which
are responsible for the apparent power-law behaviour, by
imposing progressively higher rest-frame EW cuts. In prac-
tice, while EW0 cuts from 5 to 25 to 50 Å result in missing

11 and 31% of Ly↵ emitters as a whole, for L > 1043 erg s�1

Ly↵ emitters we actually lose 70% and 90%, respectively.
This means that Ly↵ surveys with high rest-frame EWs will
likely not see the brightest Ly↵ emitters, and will miss the
power-law component of the Luminosity function.

In Figure 8 we also compare the rest-frame EW distri-
bution of our Ly↵ emitters with H↵ emitters at the same
redshift (Sobral et al. 2014b) and the EW distribution of
Ly↵ emitters at higher redshift (z = 5.7 Santos et al. 2016).
We find that H↵ emitters at z = 2.23 show much higher
EWs than Ly↵ selected sources at the same redshift. Inter-
estingly, if one reduces the H↵ EWs by ⇡ 60%, the distribu-
tion becomes relatively similar to the one observed in Ly↵.
This is not at all the case for the distribution of EWs for
higher redshift Ly↵ emitters, selected over a similar range
in luminosities from Santos et al. (2016). Ly↵ emitters at
z ⇠ 6 present a much broader EW distribution, with a tail
at very high EWs.

In the following Section we derive luminosity functions
with the three di↵erent EW cuts, by applying appropriate
completeness corrections, and provide a more quantitative
conclusion regarding the e↵ect of the EW cut.
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Figure 8. The H↵ luminosity function evolution revealed by deep and wide narrow-band surveys at z = 0.4, z = 0.84, z = 1.47 and z = 2.23 presented
in this work. The data are combined and compared to other studies (Gallego et al. 1995; Ly et al. 2007; Geach et al. 2008; Hayes et al. 2010), and clearly
confirm the strong evolution of the luminosity function in the last ⇠ 11Gyrs, mostly through a continuous increase in L⇤

H↵ from z = 0 to z = 2.23. Note
that the z = 0.4 H↵ luminosity function is constrained down to even lower luminosities which are not shown in the figure. Also, note that all H↵ luminosities
have been corrected by extinction with AH↵ = 1mag, and that SFRs shown are based on that extinction correction. SFRs derived directly from observed H↵

luminosities are a factor of 2.5 lower and H↵ luminosities uncorrected for extinction are 0.4 dex lower.

Schechter functions are fitted to each luminosity function. The best
fits for the H↵ luminosity functions at z = 0.4 � 2.23 are pre-
sented in Table 5, together with the uncertainties on the parame-
ters (1�). Uncertainties are obtained from either the 1� deviation
from the best-fit, or the 1� variance of fits, obtained with a suite of
multiple luminosity functions with different binning – whichever is
higher (although they are typically comparable). The best-fit func-
tions and their errors are also shown in Figure 8, together with the
z ⇡ 0 luminosity function determined by Ly et al. (2007) – which
has extended the work by Gallego et al. (1995) at z ⇡ 0, for a
local-Universe comparison. Deeper data from the literature are also
presented for comparison; Ly et al. (2011) for z = 0.8, and Hayes
et al. (2010) for z = 2.23, after applying the small corrections to
ensure the extinction corrections are consistent8.

The results not only reveal a very clear evolution of the H↵
luminosity function from z = 0 to z = 2.23, but they also allow
for a detailed investigation of exactly how the evolution occurs, in

8 The correction is applied to obtain data points corrected for extinction by
1 mag at H↵.

steps of ⇠ 2 � 3Gyrs. The strongest evolutionary feature is the
increase in L⇤

H↵ as a function of redshift from z = 0 to z = 2.23
(see Figure 9), with the typical H↵ luminosity at z ⇠ 2 (L⇤

H↵)
being 10 times higher than locally. This is clearly demonstrated
in Figure 9, which shows the evolution of the Schechter function
parameters describing the H↵ luminosity function. The L⇤

H↵ evo-
lution from z ⇠ 0 to z ⇠ 2.2, can be simply approximated as
log L⇤ = 0.45z + log L⇤

z=0, with log L⇤
z=0 = 41.87 (see Figure

9). At the very bright end (L > 4L⇤), and particularly at z > 1,
there seems to be a deviation from a Schechter function. Follow-up
spectroscopy of such luminous H↵ sources has recently been ob-
tained for a subset of the z = 1.47 sample, and unveil a significant
fraction of narrow and broad-line AGN (with strong [NII] lines as
well) which become dominant at the highest luminosities (Sobral et
al. in prep). It is therefore likely that the deviation from a Schechter
function is being mostly driven by the increase in the AGN activ-
ity fraction at such luminosities, particularly due to the detection of
rare broad-line AGN and from very strong [NII] emission.

The normalisation of the H↵ luminosity function, �⇤, is also
found to evolve, but much more mildly. There is an increase of �⇤

c� 2012 RAS, MNRAS 000, 1–19
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Figure 12. Top: Left: Escape fraction versus SFR(H↵), shown for two di↵erent radial distances to the center (corresponding to 400 and
600 diameter apertures). The SFR was obtained by converting our dust-corrected H↵ luminosity as described in §3.4. The escape fraction
decreases with increasing SFR, being consistent with zero for SFR above 20 M�/yr. The grey region shows the SFRs typical for galaxies
in the sample from Hayes et al. 2010, who inferred fesc = 5.3 ± 3.8%. Right: Escape fraction versus stellar mass. While fesc is relatively
high for low mass galaxies, fesc does not decrease strongly with stellar mass. Contrarily, fesc increases for the most massive galaxies (note
that we have removed AGN from the sample). Bottom: Left: Escape fraction versus rest-frame B�V colours. Since the B�V colours are
related to stellar mass, a similar trend is seen. Right: Escape fraction versus �, which again shows a similar relation as between escape
fraction and mass, such that either very blue or very red galaxies emit significant Ly↵. However, � itself is not strongly related to stellar
mass, such that this panel adds additional information. In fact, fesc varies more by changing � than by changing stellar mass.

colours and stellar mass are closely related (with a Spearman
correlation rank of 0.65).

The UV slope � shows a similar behaviour, as seen in
the bottom right panel of Fig. 12. Contrarily to the B � V
colours, � is not strongly related to stellar mass, even though
it is itself related to the B � V colours at 6�. This means
that the rest-frame B�V colour is a parameter which degen-
erately traces UV slope and stellar mass, and it is therefore
hard to interpret. The bimodal trend between fesc and �
is more prominent than the trend between fesc and stellar
mass, particularly because fesc varies more with a changing
� than with a changing mass.

5.3.3 Di↵erences in Ly↵ SB profiles

To further investigate the di↵erences between dividing the
sample of HAEs by stellar mass or UV slope, we investigate
how the Ly↵ surface brightness (SB) profiles varies for stacks
of di↵erent masses and UV slopes in Fig. 13. We remind the
reader that care must be taken in examining the SB profiles
of stacks of relatively small subsets, since the signal might
be only marginally above the signal due to di↵erences in the
PSF shapes of broadband and NB (see §2.3). We show this
residual PSF shape signal as grey points. We find that the
Ly↵ SB is higher for galaxies of lower mass and blue colours
(blue symbols in both panels). This is consistent with results
for typical Ly↵ selected galaxies, which are blue and have
low stellar masses (e.g. Nilsson et al. 2009; Ono et al. 2010),
and similar to simulated LAEs (e.g. Garel et al. 2012, 2015).

The green points show stacks of intermediate stellar
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Figure 8. Ly↵ escape fraction versus SFR and stellar mass for galaxies without AGN for individual sources (left panels) and stacks
(right panels). The green circles show our directly detected H↵-Ly↵ emitters, grey triangles highlight upper limits (green triangles have
a UV detection in NB392) and our X-ray identified AGN with Ly↵ are shown in red diamonds. We also add the H↵ selected sample from
Oteo et al. (2015) in orange stars and the Ly↵ selected sample from Song et al. (2014) as blue pentagons. Our survey clearly extends the
probed parameter space in galaxy properties. Stacked values are shown for two di↵erent radial distances to the center (corresponding
to 300 diameter apertures - diamonds, and 600 diameter apertures - pentagons). The typical measurement uncertainty in stellar mass is
indicated in the bottom left panel. Top row: The left panel shows the SFR obtained from H↵ versus fesc of individual sources. Although
a correlation is expected by definition, it can be seen that on average, galaxies with a higher SFR have a lower escape fraction. The grey
region in the right panel shows the SFRs typical for galaxies in the sample from Hayes et al. 2010, who inferred fesc = 5.3±3.8%. Bottom
row: Escape fraction versus stellar mass. While fesc can be relatively high for low mass galaxies, the stacked results indicate that fesc
might decrease weakly with increasing stellar mass. The large di↵erence in fesc between some massive individual sources and the stacked
values indicate that there is likely significant scatter in the values of fesc at this mass range.

from Hayes et al. (2011) to lower escape fractions and higher
dust extinctions. We fit the following linear relation:

fesc = C ⇥ 10�0.4E(B�V )kLy↵ (6)

This fit is performed by simulating a large grid of normalisa-
tions and slopes and computing the �2 for each combination
of normalisation and slope in log(fesc) � E(B � V ) space.
Upper limits are taken into account by assigning them an
fesc of 0.01 % and using their upper limit as error. Since a fit
to individual galaxies is mostly determined by the directly
detected dual H↵-Ly↵ emitters, which are biased towards
high fesc, we also fit to the stacked values.

By minimising the �2 for individual galaxies, we find
C = 0.17+0.15

�0.09 and kLy↵ = 5.60+3.45
�2.90, such that a galaxy

with E(B � V ) = 0 has an escape fraction of 17%. This is
lower in normalisation (although the errors are significant),
and significantly shallower in slope than the fit from Hayes
et al. (2011), who finds C is 0.445 and kLy↵ = 13.8. The
normalisation and slope are more similar to the z = 0.3
result from Atek et al. (2014) (C = 0.22, kLy↵ = 6.67). A
possible explanation could be that Hayes et al. (2011) misses
dusty galaxies, such that they infer a steeper slope, which
would be consistent with the discussion in Oteo et al. (2015).
We discuss this further in §8.2.

For stacks, we find C = 0.03+0.01
�0.01 and kLy↵ = 10.71+0.89

�1.01

for 12 kpc apertures and C = 0.08+0.02
�0.01 and kLy↵ = 7.64+1.38

�1.36

for 24 kpc apertures. Our fit to stacked data is less biased
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Figure 9. Correlations between fesc and dust extinction, rest-frame B � V colour and �, with symbols as defined in Fig. 8. We indicate
the maximum typical uncertainties on extinction and � in the left panels. Top row: The left panel shows that fesc is anti-correlated with
the dust extinction, although there is significant scatter. This means that at fixed aperture, Ly↵ preferentially escapes galaxies with low
dust content. For comparison, we show the relation at z ⇠ 2 � 3 from Hayes et al. (2011) and z ⇠ 0.3 from Atek et al. (2014). Our best
fitted relation (to detections and upper limits, see text) resembles more that of local galaxies. The grey band shows the 1� error of the
normalisation of the fit. Right: Stacked values of escape fraction versus dust extinction. A similar trend is seen as for individual sources.
However, because stacks are not biased towards high fesc values, the normalisation is lower. Bottom row: Escape fraction versus � for
individual sources (left), which confirms that there is a bimodal relation between fesc and galaxy UV colour, such that either very blue
or very red galaxies emit significant Ly↵. As seen in stacks in the right panel, this bimodal trend is most clear at the largest apertures.

towards high values of fesc and therefore at a lower normal-
isation. The slope is slightly higher, although still not as
high as the slope inferred by Hayes et al. (2011). Similar as
seen for the stacks in bins of stellar mass, the individually
detected galaxies at highest dust attenuations have much
higher fesc than the median stack. This means that there
is a lot of scatter in the values of fesc at the highest dust
attenuations.

We furthermore note that part of the correlation be-
tween fesc and E(B� V ) is expected because there is a dust
correction in the H↵ flux, and thus in fesc. The fact that
the correlation is rather weak (the slope is inconsistent with
being zero at only 1.9� and as there is significant scatter),
indicates that dust is not the only regulator of Ly↵ escape, a
result already found by Atek et al. (2008) at low redshift. We
also note that the trend between fesc and E(B�V ) becomes

somewhat bimodal when using the Garn & Best (2010) dust
correction, meaning that there are galaxies with high dust
attenuation and high fesc, which is virtually impossible with
a Calzetti et al. (2000) dust correction. Galaxies with low
E(B � V ) can in this case also have a lower fesc, leading to
a flattening of the relation.

The bottom row of panels in Fig. 9 shows how fesc is re-
lated with the UV slope �. As the UV slope is also a tracer
of dust attenuation, we also find a tentative anti-correlation
with escape fraction for galaxies with � < 0, but for stacks
and individual sources, particularly when the HAEs from
Oteo et al. (2015) are included. Surprisingly, the trend be-
tween fesc and � seems to reverse for redder galaxies, leading
to a bimodal relation which is particularly seen in measure-
ments of fesc with 300 apertures. The (maximum) typical er-
ror of � is indicated in the bottom left panel of Fig. 9 and
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• Preferential escape from ultra-blue but 
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ABSTRACT

Lyman-↵ (Ly↵) is intrinsically the brightest line emitted from active galaxies. While it originates from many physical processes, for
star-forming galaxies the intrinsic Ly↵ luminosity is a direct tracer of the Lyman-continuum (LyC) radiation produced by the most
massive O- and early-type B-stars (M? >⇠ 10 M�) with lifetimes of a few Myrs. As such, Ly↵ luminosity should be an excellent
instantaneous star formation rate (SFR) indicator. However, its resonant nature and susceptibility to dust as a rest-frame UV photon
makes Ly↵ very hard to interpret due to the uncertain Ly↵ escape fraction, fesc,Ly↵. Here we explore results from the CAlibrating
LYMan-↵ with H↵ (CALYMHA) survey at z = 2.2, follow-up of Ly↵ emitters (LAEs) at z = 2.2 � 2.6 and a z ⇠ 0 � 0.3 compilation
of LAEs to directly measure fesc,Ly↵ with H↵. We derive a simple empirical relation that robustly retrieves fesc,Ly↵ as a function of
Ly↵ rest-frame EW (EW0): fesc,Ly↵ = 0.0048 EW0[Å] ± 0.05 and we show that it constrains a well-defined anti-correlation between
ionisation e�ciency (⇠ion) and dust extinction in LAEs. Observed Ly↵ luminosities and EW0 are easy measurable quantities at high
redshift, thus making our relation a practical tool to estimate intrinsic Ly↵ and LyC luminosities under well controlled and simple
assumptions. Our results allow observed Ly↵ luminosities to be used to compute SFRs for LAEs at z ⇠ 0 � 2.6 within ±0.2 dex of
the H↵ dust corrected SFRs. We apply our empirical SFR(Ly↵,EW0) calibration to several sources at z � 2.6 to find that star-forming
LAEs have SFRs typically ranging from 0.1 to 20 M� yr�1 and that our calibration might be even applicable for the most luminous
LAEs within the epoch of re-ionisation. Our results imply high ionisation e�ciencies (log10[⇠ion/Hz erg�1] = 25.4 � 25.6) and low
dust content in LAEs across cosmic time, and will be easily tested with future observations with JWST which can obtain H↵ and H�
measurements for high-redshift LAEs.

Key words. Galaxies: star formation, starburst, evolution, statistics, general, high-redshift; Ultraviolet: galaxies.

1. Introduction

With a vacuum rest-frame wavelength of 1215.67 Å, the Lyman-
↵ (Ly↵) recombination line (n = 2 ! n = 1) plays a key role
in the energy release from ionised hydrogen gas, being intrinsi-
cally the strongest emission line in the rest-frame UV and opti-
cal (e.g. Partridge & Peebles 1967; Pritchet 1994). Ly↵ is emit-
ted from ionised gas around star-forming regions (e.g. Charlot &
Fall 1993; Pritchet 1994) and AGN (e.g. Miley & De Breuck
2008) and it is routinely used as a way to find high redshift
sources (z ⇠ 2 � 7; see e.g. Malhotra & Rhoads 2004).

Several searches for Ly↵-emitting sources (Ly↵ emitters;
LAEs) have led to samples of thousands of star-forming galax-
ies (SFGs) and AGN (e.g. Sobral et al. 2018a, and references
therein). LAEs are typically faint in the rest-frame UV, includ-
ing many that are too faint to be detected by continuum based
searches even with the Hubble Space Telescope (e.g. Bacon et al.
2015). The techniques used to detect LAEs include narrow-band
surveys (e.g. Rhoads et al. 2000; Ouchi et al. 2008; Hu et al.
2010; Matthee et al. 2015), Integral Field Unit (IFU) surveys
(e.g. van Breukelen et al. 2005; Drake et al. 2017a) and blind slit
spectroscopy (e.g. Martin & Sawicki 2004; Rauch et al. 2008;

? Based on observations obtained with the Very Large Telescope, pro-
grams: 098.A-0819 & 099.A-0254.
?? e-mail: d.sobral@lancaster.ac.uk

Cassata et al. 2011). Galaxies selected through their Ly↵ emis-
sion allow for easy spectroscopic follow-up due to their high
EWs (e.g. Hashimoto et al. 2017) and typically probe low stellar
masses (see e.g. Gawiser et al. 2007; Hagen et al. 2016).

The intrinsic Ly↵ luminosity is a direct tracer of the ionising
Lyman-continuum (LyC) luminosity and thus a tracer of instan-
taneous star formation rate (SFR), in the same way as H↵ is (e.g.
Kennicutt 1998). Unfortunately, inferring intrinsic properties of
galaxies from Ly↵ observations is extremely challenging. This
is due to the complex resonant nature and sensitivity to dust of
Ly↵ (see e.g. Dijkstra 2017, for a detailed review on Ly↵), which
contrasts with H↵. For example, a significant fraction of Ly↵
photons is scattered in the Inter-Stellar Medium (ISM) and in
the Circum-Galactic Medium (CGM) as evidenced by the pres-
ence of extended Ly↵ halos in LAEs (e.g. Momose et al. 2014;
Wisotzki et al. 2016), but also in the more general population of
z ⇠ 2 SFGs sampled by H↵ emitters (Matthee et al. 2016), and
the bluer component of such population traced by UV-continuum
selected galaxies (e.g. Steidel et al. 2011). Such scattering leads
to kpc-long random-walks which take millions of years and that
significantly increase the probability of Ly↵ photons being ab-
sorbed by dust particles. The complex scattering and consequent
higher susceptibility to dust absorption typically leads to low and
uncertain Ly↵ escape fractions (fesc,Ly↵; the ratio between ob-
served and intrinsic Ly↵ luminosity; see e.g. Atek et al. 2008).
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the fesc,Ly↵-EW0 relation at z ⇠ 0�2.6 is for LAEs to have narrow
ranges of low E(B�V) ⇡ 0.1�0.2, that may decrease slightly as
a function of EW0 and a relatively narrow range of high ⇠ion val-
ues that may increase with EW0. Direct observations of Balmer
decrements and of high excitation UV lines are required to con-
firm or refute our results.

Our toy model explores the full range of physical conditions
independently without making any assumptions on how param-
eters may correlate, in order to interpret the observations in a
simple unbiased way. However, the fact that observed LAEs fol-
low a relatively tight relation between fesc,Ly↵ and EW0 suggests
that there are important correlations between e.g. dust, age and
⇠ion. By selecting simulated sources in our toy model grid that lie
on the observed relation (see Appendix A.1), we recover a tight
correlation between ⇠ion and E(B � V), while the full generated
population in our toy model shows no correlation at all by defini-
tion (see Figure A.1). This implies that the observed fesc,Ly↵-EW0
relation could be a consequence of an evolutionary ⇠ion-E(B�V)
sequence for LAEs, likely linked with the evolution of their stel-
lar populations. For further details, see Appendix A.1. We note
that the best fits to observations using Equation 6 are consistent
with this possible relation as the solutions follow a well defined
anti-correlation between ⇠ion and dust extinction with a similar
relation and slope; see Figure A.1 for a direct comparison.

3.4. Estimating fesc,Ly↵ with a simple observable: Ly↵ EW0

We find that LAEs follow a simple relation between fesc,Ly↵ and
Ly↵ EW0 roughly independently of redshift (for z  2.6). Moti-
vated by this, we propose the following empirical estimator (see
Table 1) for fesc,Ly↵ as a function of Ly↵ EW0 (Å):

fesc,Ly↵ = 0.0048+0.0007
�0.0007 EW0 ± 0.05 [ 0  EW0  160 Å]. (7)

This relation may hold up to EW0 ⇡ 210 Å, above which we
would predict fesc,Ly↵ ⇡ 1. This relation suggests that it is possi-
ble to estimate fesc,Ly↵ for LAEs within a scatter of 0.2 dex even
if only the Ly↵ EW0 is known/constrained. It also implies that
the observed Ly↵ luminosities are essentially equal to intrinsic
Ly↵ luminosities for sources with EW0 as high as ⇡ 200 Å. We
conclude that while the escape of Ly↵ photons can depend on
a range of properties in a very complex way (see e.g. Hayes
et al. 2010; Matthee et al. 2016; Yang et al. 2017), using EW0
and Equation 7 leads to predicting fesc,Ly↵ within ⇡ 0.1 � 0.2 dex
of real values. This compares with a larger scatter of ⇡ 0.3 dex
for relations with derivative or more di�cult quantities to mea-
sure such as dust extinction or the red peak velocity of the Ly↵
line (e.g. Yang et al. 2017). We propose a linear relation for its
simplicity and because current data do not suggest a more com-
plex relation. Larger data-sets with H↵ and Ly↵ measurements,
particularly those covering a wider parameter space (e.g. di↵er-
ent sample selections, multiple redshifts and both high and low
EWs), may lead to the necessity of a more complicated func-
tional form. A departure from a linear fit may also provide fur-
ther insight of di↵erent physical processes driving the relation
and the scatter (e.g. winds, orientation angle, burstiness or addi-
tional ionisation processes such as fluorescence).

Equation 7 may thus be applied to estimate fesc,Ly↵ for a
range of LAEs in the low and higher redshift Universe. For ex-
ample, the green pea J1154+2443 (Izotov et al. 2018), has a
measured fesc,Ly↵ directly from dust corrected H↵ luminosity of
⇡ 0.7 � 0.87, while Equation 7 would imply ⇡ 0.6 � 0.7 based
7 This may be up to ⇡ 0.98 if H� is used; see (Izotov et al. 2018).

on the EW0 ⇡ 133 Å for Ly↵, thus implying a di↵erence of
only 0.06-0.1 dex. Furthermore, in principle, Equation 7 could
also be explored to transform EW0 distributions (e.g. Hashimoto
et al. 2017, and references therein) into distributions of fesc,Ly↵
for LAEs.

3.5. Ly↵ as an SFR indicator: empirical calibration and errors

Driven by the simple relation (Equation 7) found up to z ⇠ 2.6,
we derive an empirical calibration to obtain SFRs based on two
simple, direct observables for LAEs at high redshift: 1) Ly↵ EW0
and 2) observed Ly↵ luminosity. This calibration is based on ob-
servables, but predicts the dust-corrected SFR8. Based on Equa-
tions 2 and 7, for a Salpeter (Chabrier) IMF we can derive9:

SFRLy↵ [M� yr�1] =
LLy↵ ⇥ 7.9 (4.4) ⇥ 10�42

(1 � fesc,LyC)(0.042 EW0)
(±15%) (8)

The current best estimate of the scatter in Equation 7 (the
uncertainty in the relation to calculate fesc,Ly↵ is ±0.05) implies a
±0.07 dex uncertainty in the extinction corrected SFRs from Ly↵
with our empirical calculation. In order to investigate other sys-
tematic errors, we conduct a Monte Carlo analysis by randomly
varying fesc,LyC (0.0 to 0.2) and the case B coe�cient (from 8.0
to 9.0), along with perturbing fesc,Ly↵ from �0.05 to +0.05. We
assume that all properties are independent, and thus this can be
seen as a conservative approach to estimate the uncertainties. We
find that the uncertainty in fesc,Ly↵ is the dominant source of un-
certainty (12%) with the uncertainty on fesc,LyC and the case B
coe�cient contributing an additional 3% for a total of 15%. This
leads to an expected uncertainty of Equation 8 of 0.08 dex.

Note that the SFR calibration presented in equation 8 fol-
lows Kennicutt (1998) and thus a solar metallicity, which may
not be be fully applicable to LAEs, typically found to be sub-
solar (Nakajima & Ouchi 2014; Steidel et al. 2016; Suzuki et al.
2017; Sobral et al. 2018b). Other caveats include the applicabil-
ity of the Calzetti et al. (2000) dust law (see e.g. Reddy et al.
2016) and the shape and slope of the IMF used, although any
other SFR calibration/estimator will share similar caveats.

3.6. Ly↵ as an SFR indicator: performance and implications

In Figure 3 we apply Equation 8 to compare the estimated SFRs
(from Ly↵) with those computed with dust corrected H↵ lumi-
nosities. We also include individual sources at z ⇠ 2.2 (S18; So-
bral et al. 2018b) and recent results from Harikane et al. (2018) at
z = 4.8 which were not used in the calibration, and thus provide
an independent way to test our new calibration. We find a global
scatter of ⇡ 0.12 dex, being apparently larger for lower EW0,
but still lower than the typical scatter between SFR indicators
after dust corrections (e.g. UV-H↵ or FIR-H↵; see Domínguez
Sánchez et al. 2012; Oteo et al. 2015), as shown in Figure 3.
The small scatter and approximately null o↵set between our cal-
ibration’s prediction and measurements presented by Harikane
et al. (2018) at z ⇠ 5 suggest that Equation 8 may be applicable
at higher redshift with similarly competitive uncertainties (see
8 We use extinction corrected H↵ luminosities.
9 Note that the constant 0.042 has units of Å�1, and results from
8.7 ⇥ 0.0048 Å�1. Also, note that the relation is valid for 0  EW0 
160 Å following Equation 7. For EW0 > 160 Å the relation has not
been calibrated yet. Furthermore, if the relation is to be used at even
higher EWs, then for EW0 > 207 Å the factor 0.042 EW0 should be
set to 8.7 (or the appropriate/assumed case B recombination constant),
corresponding to a ⇡ 100 % escape fraction of Ly↵ photons.
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Fig. 1. The relation between fesc,Ly↵ and Ly↵ EW0 for z ⇠ 2.2 (stacks; see Sobral et al. 2017), z ⇠ 2.6 (binning; Trainor et al. 2015) and comparison
with z ⇠ 0 � 0.3 samples (e.g. Cardamone et al. 2009; Hayes et al. 2013; Henry et al. 2015; Yang et al. 2016, 2017; Verhamme et al. 2017),
estimated from dust-corrected H↵ luminosities (Equation 1). We show the 1� and 2� range for the fits at z ⇠ 2.2� 2.6 and z ⇠ 0� 0.3 separately,
and find them to be consistent within those uncertainties, albeit with a potential steeper relation at higher redshift. We find a combined best fitting
relation given by fesc,Ly↵ = 0.0048 EW0 ± 0.05. The observed relation is significantly away from what would be predicted based on observed UV
slopes between � ⇡ �2 and � ⇡ �1 for LAEs (see DW10) and would require � ⇡ +5 for a good fit using Equation 5. Such red � slopes are not
observed for LAEs. Modifying Equation 5 to include the e↵ect of ⇠ion and dust reveals that those physical parameters likely play an important role;
see Sections 3.2 and 3.3.

case B recombination1, a temperature of 104 K and an electron
density of 350 cm�3, we can use the observed Ly↵ luminosity
(LLy↵), the observed H↵ luminosity (LH↵) and the dust extinc-
tion a↵ecting LH↵ (AH↵

2, in mag) to compute fesc,Ly↵ as:

fesc,Ly↵ =
LLy↵

8.7 LH↵ ⇥ 100.4⇥AH↵
. (1)

This means that with our assumptions so far, and provided that
we know fesc,Ly↵, we can use the observed LLy↵ to obtain the in-
trinsic H↵ luminosity. All sources or samples in this study have
been corrected for dust extinction using Balmer decrements, ei-
ther measured directly for individual sources, or by applying the
median extinction for stacks or bins of sources. Therefore, one
can use Ly↵ as a star formation rate (SFR) indicator3 following
Kennicutt (1998) for a Salpeter (Chabrier) IMF (0.1� 100 M�):

SFRLy↵ [M� yr�1] =
7.9(4.4) ⇥ 10�42

(1 � fesc,LyC)
LLy↵

8.7 fesc,Ly↵
(2)

1 We use Ly↵/H↵ = 8.7, but vary the Ly↵/H↵ case B ratio between 8.0
and 9.0 to test for its e↵ect; see §3.5 and also discussions in Henry et al.
(2015).
2 With our case B assumptions the intrinsic Balmer decrement is:
H↵/H� = 2.86. Using a Calzetti et al. (2000) dust attenuation law we
use AH↵ = 6.531 log10(H↵/H�) � 2.981 (see details in e.g. Sobral et al.
2012).
3 For continuous star formation over 10 Myr timescales and calibrated
for solar metallicity; see Kennicutt (1998).

where fesc,LyC is the escape fraction of ionising LyC photons (see
e.g. Sobral et al. 2018a). In practice, fesc,LyC is typically assumed
to be ⇡ 0, but it may be ⇡ 0.1 � 0.15 for LAEs (see discussions
in e.g. Matthee et al. 2017a; Verhamme et al. 2017).

2.5. Statistical fits and errors

For all fits and relations in this work (e.g. fesc,Ly↵ vs. EW0), we
vary each data-point or binned data-point within its full Gaussian
probability distribution function independently (both in EW0 and
fesc,Ly↵), and re-fit 10,000 times. We present the best-fit relation
as the median of all fits, and the uncertainties (lower and up-
per) are the 16 and 84 percentiles. For bootstrapped quantities
(e.g. for fitting the low redshift sample) we obtain 10,000 sam-
ples randomly picking half of the total number of sources and
computing that specific quantity. We fit relations in the form
y = Ax + B.

3. Results and Discussion

3.1. The observed fesc,Ly↵-EW0 relation at z ⇠ 0.1 � 2.6

Figure 1 shows that fesc,Ly↵ correlates with Ly↵ EW0 with ap-
parently no redshift evolution between z = 0 � 2.6 (see also
Verhamme et al. 2017; Sobral et al. 2017). We find that fesc,Ly↵
varies continuously from ⇡ 0.2 to ⇡ 0.7 for LAEs from the low-
est (⇡ 30 Å) to the highest (⇡ 120�160 Å) Ly↵ rest-frame EWs.
We use our samples at z ⇠ 0 � 0.3 and z ⇠ 2.2 � 2.6, separately
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slopes between � ⇡ �2 and � ⇡ �1 for LAEs (see DW10) and would require � ⇡ +5 for a good fit using Equation 5. Such red � slopes are not
observed for LAEs. Modifying Equation 5 to include the e↵ect of ⇠ion and dust reveals that those physical parameters likely play an important role;
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case B recombination1, a temperature of 104 K and an electron
density of 350 cm�3, we can use the observed Ly↵ luminosity
(LLy↵), the observed H↵ luminosity (LH↵) and the dust extinc-
tion a↵ecting LH↵ (AH↵

2, in mag) to compute fesc,Ly↵ as:

fesc,Ly↵ =
LLy↵

8.7 LH↵ ⇥ 100.4⇥AH↵
. (1)

This means that with our assumptions so far, and provided that
we know fesc,Ly↵, we can use the observed LLy↵ to obtain the in-
trinsic H↵ luminosity. All sources or samples in this study have
been corrected for dust extinction using Balmer decrements, ei-
ther measured directly for individual sources, or by applying the
median extinction for stacks or bins of sources. Therefore, one
can use Ly↵ as a star formation rate (SFR) indicator3 following
Kennicutt (1998) for a Salpeter (Chabrier) IMF (0.1� 100 M�):

SFRLy↵ [M� yr�1] =
7.9(4.4) ⇥ 10�42

(1 � fesc,LyC)
LLy↵

8.7 fesc,Ly↵
(2)

1 We use Ly↵/H↵ = 8.7, but vary the Ly↵/H↵ case B ratio between 8.0
and 9.0 to test for its e↵ect; see §3.5 and also discussions in Henry et al.
(2015).
2 With our case B assumptions the intrinsic Balmer decrement is:
H↵/H� = 2.86. Using a Calzetti et al. (2000) dust attenuation law we
use AH↵ = 6.531 log10(H↵/H�) � 2.981 (see details in e.g. Sobral et al.
2012).
3 For continuous star formation over 10 Myr timescales and calibrated
for solar metallicity; see Kennicutt (1998).

where fesc,LyC is the escape fraction of ionising LyC photons (see
e.g. Sobral et al. 2018a). In practice, fesc,LyC is typically assumed
to be ⇡ 0, but it may be ⇡ 0.1 � 0.15 for LAEs (see discussions
in e.g. Matthee et al. 2017a; Verhamme et al. 2017).

2.5. Statistical fits and errors

For all fits and relations in this work (e.g. fesc,Ly↵ vs. EW0), we
vary each data-point or binned data-point within its full Gaussian
probability distribution function independently (both in EW0 and
fesc,Ly↵), and re-fit 10,000 times. We present the best-fit relation
as the median of all fits, and the uncertainties (lower and up-
per) are the 16 and 84 percentiles. For bootstrapped quantities
(e.g. for fitting the low redshift sample) we obtain 10,000 sam-
ples randomly picking half of the total number of sources and
computing that specific quantity. We fit relations in the form
y = Ax + B.

3. Results and Discussion

3.1. The observed fesc,Ly↵-EW0 relation at z ⇠ 0.1 � 2.6

Figure 1 shows that fesc,Ly↵ correlates with Ly↵ EW0 with ap-
parently no redshift evolution between z = 0 � 2.6 (see also
Verhamme et al. 2017; Sobral et al. 2017). We find that fesc,Ly↵
varies continuously from ⇡ 0.2 to ⇡ 0.7 for LAEs from the low-
est (⇡ 30 Å) to the highest (⇡ 120�160 Å) Ly↵ rest-frame EWs.
We use our samples at z ⇠ 0 � 0.3 and z ⇠ 2.2 � 2.6, separately
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Table 1. The results from fitting the relation between fesc,Ly↵ and Ly↵
EW0 as fesc,Ly↵ = A⇥EW0 +B, with EW0 in Å (see §2.5). [i: individual
sources used for fitting; b: binned/averaged quantity used for fitting; B:
bootstrap analysis when fitting each of the 10,000 times; G: each data
bin is perturbed along its Gaussian probability distribution.]

Sample A (Å�1) B [notes]
z ⇠ 0 � 0.3 0.0041+0.0006

�0.0004 0.00+0.03
�0.02 [i,B]

z ⇠ 2.2 0.0056+0.0012
�0.0011 0.00+0.05

�0.05 [b,G]
z ⇠ 2.6 0.0054+0.0016

�0.0015 0.01+0.11
�0.11 [b,G]

z ⇠ 0 � 2.2 0.0045+0.0008
�0.0007 0.00+0.06

�0.06 [b,G]
z ⇠ 2.2 � 2.6 0.0056+0.0012

�0.0012 0.00+0.07
�0.08 [b,G]

z ⇠ 0 � 2.6 0.0048+0.0007
�0.0007 0.00+0.05

�0.05 [b,G]

and together, to obtain linear fits to the relation between fesc,Ly↵
and Ly↵ EW0 (see §2.5). These fits allow us to provide a more
quantitative view on the empirical relation and evaluate any sub-
tle redshift evolution; see Table 1.

The relation between fesc,Ly↵ and Ly↵ EW0 is statistically sig-
nificant at 5 to 10� for all redshifts. We note that all linear fits
are consistent with a zero escape fraction for a null EW0 (Table
1), suggesting that the trend is well extrapolated for weak LAEs
with EW0 ⇡ 0 � 20 Å. Furthermore, as Table 1 shows, the fits to
the individual (perturbed) samples at di↵erent redshifts result in
relatively similar slopes and normalisations within the uncertain-
ties, and thus are consistent with the same relation from z ⇠ 0 to
z ⇠ 2.6. Nevertheless, we note that there is minor evidence for a
shallower relation at lower redshift for the highest EW0 (Figure
1), but this could be driven by current samples selecting sources
with more extreme properties (including LyC leakers). Given our
findings, we decide to combine the samples and obtain joint fits,
with the results shown in Table 1. The slope of the relation is
consistent with being ⇡ 0.005 with a null fesc,Ly↵ for EW0 = 0 Å.

3.2. The fesc,Ly↵-EW0 relation: expectation vs. reality

The existence of a relation between fesc,Ly↵ and EW0 (Figure 1)
is not surprising. This is because Ly↵ EW0 is sensitive to the ra-
tio between Ly↵ and the UV luminosities, which can be used as
a proxy of fesc,Ly↵ (see e.g. Dijkstra & Westra 2010; Sobral et al.
2018a). However, the slope, normalisation and scatter of such
relation depend on complex physical conditions such as dust
obscuration, di↵erential dust geometry, scattering of Ly↵ pho-
tons and the production e�ciency of ionising photons compared
to the UV luminosity, ⇠ion (see e.g. Hayes et al. 2014; Dijkstra
2017; Matthee et al. 2017a; Shivaei et al. 2018).

While a relation between fesc,Ly↵ and EW0 is expected, we
can investigate if it simply follows what would be predicted
given that both the UV and Ly↵ trace SFRs. In order to predict
fesc,Ly↵ based on Ly↵ EW0 we first follow DW10 who used the
Kennicutt (1998) SFR calibrations for a Salpeter IMF and UV
continuum measured (observed) at 1400 Å to derive:

SFRLy↵

SFRUV
= fesc,Ly↵(DW10) =

⇣C
E

⌘
EW0, (3)

where C =
⇣
⌫Ly↵

⌫UV

⌘�2�� ⇡ 1.152���2 and � is the UV slope (where
L� / ��). The Kennicutt (1998) SFR calibrations4 yield:

E =
1.4 ⇥ 10�28�Ly↵
7.9
8.7 ⇥ 10�42⌫Ly↵

= 76.0 Å, (4)

4 Assuming a Ly↵/H↵ case B recombination coe�cient of 8.7.

which allows a final parameterisation of fesc,Ly↵ as a function of
EW0 and with just one free parameter, the UV � slope:

fesc,Ly↵(DW10) =
1.152���2

76
EW0 (5)

The DW10 methodology implicitly assumes a “canonical", con-
stant ⇠ion = 1.3 ⇥ 1025 Hz erg�1 (Kennicutt 1998)5, and a unit
ratio between Ly↵ and UV SFRs (assuming 100 Myr constant
SFR; see also Sobral et al. 2018a, and Equation 6). DW10 do
not explicitly include the e↵ect of dust in their framework which
means assuming 0.0 mag of extinction in the UV (AUV = 0.0).
Such framework will therefore typically overestimate the pre-
dicted fesc,Ly↵. Also, note that in DW10 � is simply a parameter
used to extrapolate the UV continuum from rest-frame 1400 Å to
1216 Å, and thus no physical conditions change with � (but see
e.g. Popping et al. 2017; Narayanan et al. 2018).

As in DW10, we use two di↵erent UV slopes: � = �2.0 and
� = �1.0, which encompass the majority of LAEs6 and result
in C = 1.0 and C = 0.87, respectively (C ⇡ 1.152���2; see
Equation 5). Based on the best empirical fits obtained in Sec-
tion 3.1, we would expect C/E = 0.0048, which would yield
� ⇡ +5.13. Indeed, allowing � to vary freely within the DW10
framework (Equation 5) allows to obtain relatively good fits to
the data/observations ( �2

reduced ⇡ 1.2) but only for extremely red
UV slopes of � ⇡ +5, which are completely excluded by other
independent observations of LAEs. We therefore conclude that
predicting fesc,Ly↵ based on the ratio of Ly↵ to UV SFRs using
EW0 and the DW10 framework with realistic UV � slopes sig-
nificantly overestimates fesc,Ly↵ (as indicated by the dot-dashed
lines in Figure 1). Observations reveal higher Ly↵ EW0 (by a
factor of just over ⇠ 3 higher than the canonical value) than ex-
pected for a given fesc,Ly↵. The results reveal processes that can
boost the ratio between Ly↵ and UV (boosting EW0), particu-
larly by boosting Ly↵, or processes that reduce fesc,Ly↵.

Potential explanations include scattering, (di↵erential) dust
extinction, excitation due to shocks originating from stellar
winds and/or AGN activity, and short time-scale variations in
SFRs, leading to a higher ⇠ion (see Figure 1). High ⇠ion values
(⇠ion ⇡ 3 ⇥ 1025 Hz erg�1) seem to be typical for LAEs (e.g.
Matthee et al. 2017a; Nakajima et al. 2018) and may explain
the observed relation, but dust extinction likely also plays a role
(see Figure 1 and Section 3.3). In order to further understand
why the simple DW10 framework fails to reproduce the obser-
vations (unless one invokes � ⇡ +5), we expand on the previous
derivations by identifying the role of ⇠ion (see derivations in So-
bral et al. 2018a) and dust extinction (AUV) in setting the relation
between Ly↵ and UV SFRs and thus we re-write the relation be-
tween fesc,Ly↵ and EW0 as:

fesc,Ly↵ =
⇣1.152���2

76
EW0
⌘1.3 ⇥ 1025

⇠ion
10�0.4AUV (6)

Note that Equation 6 (this study) becomes Equation 5 (DW10)
if one assumes no dust extinction (AUV = 0) and a canonical
⇠ion = 1.3 ⇥ 1025 Hz erg�1. In order to keep the same frame-
work as DW10 and avoid spurious correlations and conclusions,

5 ⇠ion = 1.3 ⇥ 1025 SFRH↵
SFRUV

(Hz erg�1).
6 Note that a steeper � (within the framework of DW10) results in an
even more significant disagreement with observations for a fixed UV
luminosity (measured at rest-frame 1400 Å; see DW10) or SFR, as �
is used to predict the UV continuum at ⇡ 1216 Å. A steeper � in this
context leads to more UV continuum and a lower EW0 for fixed SFR
and fesc,Ly↵.
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Fig. 2. Left: The predicted fesc,Ly↵-Ly↵ EW0 space for di↵erent E(B � V) (contour levels) with our grid model (see §3.3 and Appendix A) and
comparison with fits and implications by using Equation 6 (right). We find that increasing dust extinction drives fesc,Ly↵ down for a fixed EW0, with
data at z ⇠ 0 � 2.6 hinting for lower dust extinction at the highest EW0 and higher dust extinction at the lowest EW0, but with the range being
relatively small overall and around E(B � V) ⇡ 0.05 � 0.3. Right: The predicted fesc,Ly↵-EW0 space for di↵erent ⇠ion (contours). We find that while
increasing E(B � V) mostly shifts the relation down, increasing ⇠ion moves the relation primarily to the right.

here we also let � be decoupled from AUV (but see Meurer et al.
1999, and Section 3.3). By allowing all 3 parameters to vary
(� = [�2.4,�1.5], log10[⇠ion/Hz erg�1] = [24.5, 26.5] and AUV =
[0, 1]) independently in order to attempt to fit observations, we
find best fit values of � = �2.0 ± 0.3, log10[⇠ion/Hz erg�1] =
25.4 ± 0.1 and AUV = 0.5 ± 0.3 (corresponding to E(B � V) =
0.11 ± 0.07 with a Calzetti et al. 2000 dust law). We find
that log10 ⇠ion is the only parameter that is relatively well con-
strained within our framework and that there is a clear degener-
acy/relation between log10 ⇠ion and dust extinction (higher dust
extinction allows for a lower log10 ⇠ion, with a relation given by
log10[⇠ion/Hz erg�1] ⇡ �1.71E(B�V)+25.6 with � = �2.0±0.3;
see Figures 2 and A.1) such that with no dust extinction one
requires a high log10[⇠ion/Hz erg�1] = 25.60 ± 0.05 while for
AUV ⇡ 1.0 a log10[⇠ion/Hz erg�1] ⇡ 25.25 is required to fit the
observations (Figure A.1). Observations of LAEs point towards
log10[⇠ion/Hz erg�1] ⇡ 25.5 (e.g. Matthee et al. 2017a; Naka-
jima et al. 2018), in good agreement with our findings. If we fix
log10[⇠ion/Hz erg�1] = 25.5, we still obtain a similar solution for
� (unconstrained), but we recover a lower AUV = 0.27 ± 0.15
(corresponding to E(B � V) = 0.06 ± 0.04 with a Calzetti et al.
2000 dust law), as we further break the degeneracy between
AUV and ⇠ion. We find that canonical log10[⇠ion/Hz erg�1] = 25.1
values are strongly rejected and would only be able to explain
the observations for significant amounts of dust extinction of
AUV ⇡ 1.5 � 2.0 mag which are not found in typical LAEs.

In conclusion, we find that our modified analytical model
(Equation 6, which expands the framework of DW10), is able
to fit the observations relatively well. We find that high ⇠ion
values of log10[⇠ion/Hz erg�1] = 25.4 ± 0.1 and some low
dust extinction (E(B � V) ⇡ 0.11) are required to explain
the observed relation between fesc,Ly↵ and EW0. Without dust
extinction one requires even higher ionisation e�ciencies of
log10[⇠ion/Hz erg�1] = 25.60± 0.05. In general, the physical val-
ues required to explain observations agree very well with obser-
vations and further reveal that LAEs are a population with high
log10[⇠ion/Hz erg�1] ⇡ 25.4 � 25.6 and low E(B � V) ⇡ 0.1.

3.3. The fesc,Ly↵-EW0 relation: further physical interpretation

In order to further interpret the physics behind our observed em-
pirical relation, we use a simple analytical toy model. In partic-
ular, we focus on the role of dust (E(B�V)) and ⇠ion (see details
in Appendix A). We independently vary SFRs, E(B�V) and ⇠ion
with flat priors to populate the fesc,Ly↵-EW0 space. The toy model
follows our framework using a Calzetti et al. (2000) dust atten-
uation law and the Kennicutt (1998) calibrations and relations
between UV and H↵. We also assume the same nebular and stel-
lar continuum attenuation (see e.g. Reddy et al. 2015) and use
the Meurer et al. (1999) relation. We also vary some assump-
tions independently which depend on the binary fraction, stellar
metallicity and the IMF, which include the intrinsic Ly↵/H↵ ra-
tio, the intrinsic UV � slope (see e.g. Wilkins et al. 2013) and
fesc,LyC (see e.g. Table A.1). Furthermore, we introduce an extra
parameter to further vary fesc,Ly↵ and mimic processes which are
hard to model, such as scattering, which can significantly reduce
or even boost fesc,Ly↵ (Neufeld 1991) and allows our toy analyti-
cal model to sample a wide range of the fesc,Ly↵-EW0 plane. We
compute observed Ly↵ EW0 and compare them with fesc,Ly↵ for
1,000,000 galaxy realisations. Further details are given in Ap-
pendix A.

The key results from our toy model are shown in Figure 2,
smoothed with a Gaussian kernel of [0.07,20 Å] in the fesc,Ly↵-
EW0 parameter space. We find that both E(B�V) and ⇠ion likely
play a role in setting the fesc,Ly↵-EW0 relation and changing it
from simple predictions to the observed relation (see §3.2), a
result which is in very good agreement with our findings in
the previous section. As the left panel of Figure 2 shows, ob-
served LAEs on the fesc,Ly↵-EW0 relation seem to have low
E(B � V) ⇡ 0.1 � 0.2, with the lowest EW0 sources display-
ing typically higher E(B � V) of 0.2-0.3 and the highest EW0
sources likely having lower E(B � V) of < 0.1. Furthermore,
as the right panel of Figure 2 shows, high EW0 LAEs have
higher ⇠ion, potentially varying from log10(⇠ion/Hz erg�1) ⇡ 25
to log10(⇠ion/Hz erg�1) ⇡ 25.4. Our toy model interpretation is
consistent with recent results (e.g. Trainor et al. 2016; Matthee
et al. 2017a; Nakajima et al. 2018) for high EW0 LAEs and with
our conclusions in Section 3.2. Overall, a simple way to explain
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Fig. A.1. Left: The predicted relation between fesc,Ly↵ and Ly↵ EW0 for our toy model, which shows little to no correlation by sampling all physical
parameters independently (see Table A.1). We also show the observed range (⇡ ±0.05) which is well constrained at z ⇠ 0 � 2.6. We use simulated
sources that are consistent with observations of LAEs to explore the potential reason behind the observed tight fesc,Ly↵-EW0 correlation for LAEs.
Right: By restricting our toy model to the observed relation and its scatter, we find a relatively tight ⇠ion-E(B � V) anti-correlation for LAEs
(EW0 > 25 Å): log10(⇠ion/Hz erg�1) ⇡ �1.85 ⇥ E(B � V) + 25.6 (shown as grey dot-dashed line). This is in good agreement with the family of
best fits using Equation 6 (we show the 1, 2 and 3� contours) which yields log10(⇠ion/Hz erg�1) ⇡ �1.71 ⇥ E(B � V) + 25.6, with only a small
di↵erence in the slope. The highest observed EW0 correspond to the highest ⇠ion and the lowest E(B�V), while lower EW0 leads to a lower ⇠ion and
a higher E(B�V). Our results thus show that the observed fesc,Ly↵-EW0 correlation for LAEs at z ⇠ 0�2.6 only allows a well defined ⇠ion-E(B�V)
sequence that may be related with important physics such as the age of the stellar populations, their metallicity, dust production and how those
evolve together.

Appendix A.1: The fesc,Ly↵-EW0 and a potential ⇠ion-E(B � V)
sequence for LAEs

We use our simple analytical model to further interpret the ob-
served relation between fesc,Ly↵-EW0 and its tightness. We take
all artificially generated sources and select those that satisfy the
observed relation given in Equation 7, including its scatter (see
Figure A.1). We further restrict the sample to sources with Ly↵
EW0 > 25 Å. We find that along the observed fesc,Ly↵-EW0 rela-
tion, LAEs become less a↵ected by dust extinction as a function
of increasing EW0, while ⇠ion increases, as already shown in §3.3
and Figure 2.

In the right panel of Figure A.1 we show the full parameter
range explored in ⇠ion-E(B � V). By constraining the simulated
sources with the observed fesc,Ly↵-EW0 relation, we obtain a tight
(±0.1 dex), linear relation between log10 ⇠ion and E(B�V) given
by log10(⇠ion/Hz erg�1) ⇡ �1.85 ⇥ E(B �V) + 25.6. This means
that in order for simulated sources to reproduce observations,
LAEs should follow a very well defined ⇠ion-E(B � V) sequence
with high ⇠ion values corresponding to very low E(B�V) (mostly
at high EW0 and high fesc,Ly↵) and higher E(B � V) to lower ⇠ion
(mostly at low EW0 and high fesc,Ly↵). Our results thus hint for
the fesc,Ly↵-EW0 to be driven by the physics (and diversity) of
young and metal poor stellar populations and their evolution.

Appendix A.2: Steps and equations for the model grid

We produce a model grid with our simple toy model which
implements all equations and follows the observationally-
motivated methodology used in the paper for full self-
consistency. For each of the N = 1, 000, 000 realisations, the
script randomly picks (with a flat prior) parameters out of the
parameter grid presented in Table A.1 (independently, per pa-
rameter).

The following steps are then taken per realisation. The H↵ lu-
minosity is computed using the Kennicutt (1998) calibration and

the Ly↵ luminosity is obtained by using the case B coe�cient
used for that specific realisation. The UV SFR is computed by
using log10(⇠ion/Hz erg�1) for that realisation and the Kennicutt
(1998) calibration, which is then used to compute the intrinsic
UV luminosity at rest-frame 1600 Å (MUV and LUV ). This step
produces all the intrinsic luminosities which will be used: Ly↵,
UV and H↵.

Next, by using the randomly picked value of E(B � V) (see
Table A.1), the Calzetti et al. (2000) attenuation law is used. For
simplicity, as mentioned before, we set the attenuation of the
nebular lines to be the same as the stellar continuum. We use the
Calzetti et al. (2000) dust attenuation law to compute A� (mag)
for � = 1215.7, 1600, 6563 Å in order to compute the attenuation
at Ly↵, UV and H↵. We then compute the observed Ly↵, UV and
H↵ luminosities after dust attenuation by computing:

L�,observed = L�,intrinsic ⇥ 10�0.4 A� (A.1)

Finally, for Ly↵, we apply the parameter “Extra fesc,Ly↵" (see Ta-
ble A.1) which is multiplied by the observed Ly↵ luminosity (at-
tenuated by dust) to produce the final observed Ly↵ luminos-
ity. This is to quantify our ignorance on radiative transfer e↵ects
which are not explicitly modelled and are extremely complex.
Following the methodology in this paper, the Ly↵ escape frac-
tion is then computed using equation 1 and with all quantities
computed or randomly picked with the script.

Finally, after randomly picking an intrinsic �int slope, the
Meurer et al. (1999) relation is used to transform E(B�V) into an
observed � UV slope. This follows Meurer et al. (1999) and as-
sumes that LAEs have � = �int for E(B�V) = 0.0. � is then used
together with the observed UV luminosity at 1600 Å to compute
the observed UV luminosity at � = 1215.7 Å. This is used to
compute the observed EW0. The toy model also computes the
intrinsic EW0, i.e., the rest-frame Ly↵ EW in the case of no
dust and no scattering. The script also applies the calibrations
derived/obtained or used in the paper to predict the Ly↵ escape

Article number, page 11 of 13

What does this mean physically?

A&A proofs: manuscript no. Lya_SFR_SM_R5

Table 1. The results from fitting the relation between fesc,Ly↵ and Ly↵
EW0 as fesc,Ly↵ = A⇥EW0 +B, with EW0 in Å (see §2.5). [i: individual
sources used for fitting; b: binned/averaged quantity used for fitting; B:
bootstrap analysis when fitting each of the 10,000 times; G: each data
bin is perturbed along its Gaussian probability distribution.]

Sample A (Å�1) B [notes]
z ⇠ 0 � 0.3 0.0041+0.0006

�0.0004 0.00+0.03
�0.02 [i,B]

z ⇠ 2.2 0.0056+0.0012
�0.0011 0.00+0.05

�0.05 [b,G]
z ⇠ 2.6 0.0054+0.0016

�0.0015 0.01+0.11
�0.11 [b,G]

z ⇠ 0 � 2.2 0.0045+0.0008
�0.0007 0.00+0.06

�0.06 [b,G]
z ⇠ 2.2 � 2.6 0.0056+0.0012

�0.0012 0.00+0.07
�0.08 [b,G]

z ⇠ 0 � 2.6 0.0048+0.0007
�0.0007 0.00+0.05

�0.05 [b,G]

and together, to obtain linear fits to the relation between fesc,Ly↵
and Ly↵ EW0 (see §2.5). These fits allow us to provide a more
quantitative view on the empirical relation and evaluate any sub-
tle redshift evolution; see Table 1.

The relation between fesc,Ly↵ and Ly↵ EW0 is statistically sig-
nificant at 5 to 10� for all redshifts. We note that all linear fits
are consistent with a zero escape fraction for a null EW0 (Table
1), suggesting that the trend is well extrapolated for weak LAEs
with EW0 ⇡ 0 � 20 Å. Furthermore, as Table 1 shows, the fits to
the individual (perturbed) samples at di↵erent redshifts result in
relatively similar slopes and normalisations within the uncertain-
ties, and thus are consistent with the same relation from z ⇠ 0 to
z ⇠ 2.6. Nevertheless, we note that there is minor evidence for a
shallower relation at lower redshift for the highest EW0 (Figure
1), but this could be driven by current samples selecting sources
with more extreme properties (including LyC leakers). Given our
findings, we decide to combine the samples and obtain joint fits,
with the results shown in Table 1. The slope of the relation is
consistent with being ⇡ 0.005 with a null fesc,Ly↵ for EW0 = 0 Å.

3.2. The fesc,Ly↵-EW0 relation: expectation vs. reality

The existence of a relation between fesc,Ly↵ and EW0 (Figure 1)
is not surprising. This is because Ly↵ EW0 is sensitive to the ra-
tio between Ly↵ and the UV luminosities, which can be used as
a proxy of fesc,Ly↵ (see e.g. Dijkstra & Westra 2010; Sobral et al.
2018a). However, the slope, normalisation and scatter of such
relation depend on complex physical conditions such as dust
obscuration, di↵erential dust geometry, scattering of Ly↵ pho-
tons and the production e�ciency of ionising photons compared
to the UV luminosity, ⇠ion (see e.g. Hayes et al. 2014; Dijkstra
2017; Matthee et al. 2017a; Shivaei et al. 2018).

While a relation between fesc,Ly↵ and EW0 is expected, we
can investigate if it simply follows what would be predicted
given that both the UV and Ly↵ trace SFRs. In order to predict
fesc,Ly↵ based on Ly↵ EW0 we first follow DW10 who used the
Kennicutt (1998) SFR calibrations for a Salpeter IMF and UV
continuum measured (observed) at 1400 Å to derive:

SFRLy↵

SFRUV
= fesc,Ly↵(DW10) =

⇣C
E

⌘
EW0, (3)

where C =
⇣
⌫Ly↵

⌫UV

⌘�2�� ⇡ 1.152���2 and � is the UV slope (where
L� / ��). The Kennicutt (1998) SFR calibrations4 yield:

E =
1.4 ⇥ 10�28�Ly↵
7.9
8.7 ⇥ 10�42⌫Ly↵

= 76.0 Å, (4)

4 Assuming a Ly↵/H↵ case B recombination coe�cient of 8.7.

which allows a final parameterisation of fesc,Ly↵ as a function of
EW0 and with just one free parameter, the UV � slope:

fesc,Ly↵(DW10) =
1.152���2

76
EW0 (5)

The DW10 methodology implicitly assumes a “canonical", con-
stant ⇠ion = 1.3 ⇥ 1025 Hz erg�1 (Kennicutt 1998)5, and a unit
ratio between Ly↵ and UV SFRs (assuming 100 Myr constant
SFR; see also Sobral et al. 2018a, and Equation 6). DW10 do
not explicitly include the e↵ect of dust in their framework which
means assuming 0.0 mag of extinction in the UV (AUV = 0.0).
Such framework will therefore typically overestimate the pre-
dicted fesc,Ly↵. Also, note that in DW10 � is simply a parameter
used to extrapolate the UV continuum from rest-frame 1400 Å to
1216 Å, and thus no physical conditions change with � (but see
e.g. Popping et al. 2017; Narayanan et al. 2018).

As in DW10, we use two di↵erent UV slopes: � = �2.0 and
� = �1.0, which encompass the majority of LAEs6 and result
in C = 1.0 and C = 0.87, respectively (C ⇡ 1.152���2; see
Equation 5). Based on the best empirical fits obtained in Sec-
tion 3.1, we would expect C/E = 0.0048, which would yield
� ⇡ +5.13. Indeed, allowing � to vary freely within the DW10
framework (Equation 5) allows to obtain relatively good fits to
the data/observations ( �2

reduced ⇡ 1.2) but only for extremely red
UV slopes of � ⇡ +5, which are completely excluded by other
independent observations of LAEs. We therefore conclude that
predicting fesc,Ly↵ based on the ratio of Ly↵ to UV SFRs using
EW0 and the DW10 framework with realistic UV � slopes sig-
nificantly overestimates fesc,Ly↵ (as indicated by the dot-dashed
lines in Figure 1). Observations reveal higher Ly↵ EW0 (by a
factor of just over ⇠ 3 higher than the canonical value) than ex-
pected for a given fesc,Ly↵. The results reveal processes that can
boost the ratio between Ly↵ and UV (boosting EW0), particu-
larly by boosting Ly↵, or processes that reduce fesc,Ly↵.

Potential explanations include scattering, (di↵erential) dust
extinction, excitation due to shocks originating from stellar
winds and/or AGN activity, and short time-scale variations in
SFRs, leading to a higher ⇠ion (see Figure 1). High ⇠ion values
(⇠ion ⇡ 3 ⇥ 1025 Hz erg�1) seem to be typical for LAEs (e.g.
Matthee et al. 2017a; Nakajima et al. 2018) and may explain
the observed relation, but dust extinction likely also plays a role
(see Figure 1 and Section 3.3). In order to further understand
why the simple DW10 framework fails to reproduce the obser-
vations (unless one invokes � ⇡ +5), we expand on the previous
derivations by identifying the role of ⇠ion (see derivations in So-
bral et al. 2018a) and dust extinction (AUV) in setting the relation
between Ly↵ and UV SFRs and thus we re-write the relation be-
tween fesc,Ly↵ and EW0 as:

fesc,Ly↵ =
⇣1.152���2

76
EW0
⌘1.3 ⇥ 1025

⇠ion
10�0.4AUV (6)

Note that Equation 6 (this study) becomes Equation 5 (DW10)
if one assumes no dust extinction (AUV = 0) and a canonical
⇠ion = 1.3 ⇥ 1025 Hz erg�1. In order to keep the same frame-
work as DW10 and avoid spurious correlations and conclusions,

5 ⇠ion = 1.3 ⇥ 1025 SFRH↵
SFRUV

(Hz erg�1).
6 Note that a steeper � (within the framework of DW10) results in an
even more significant disagreement with observations for a fixed UV
luminosity (measured at rest-frame 1400 Å; see DW10) or SFR, as �
is used to predict the UV continuum at ⇡ 1216 Å. A steeper � in this
context leads to more UV continuum and a lower EW0 for fixed SFR
and fesc,Ly↵.
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The observed relation between escape fraction and EW implies 
a tight sequence between E(B-V) and ξion.

Full grid available >> observed range (real) >> implications

The Main-Sequence of LAEs

Full simulated grid

Very Young

More evolved

Very Young

More 

evolved



Lyα as an empirically calibrated LyC and SFR indicator
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Sobral & Matthee: Predicting Ly↵ escape fractions with a simple observable

ables even for LAEs within re-ionisation (e.g. Ono et al. 2012;
Stark et al. 2015c, 2017; Schmidt et al. 2017). In the early Uni-
verse the fraction of sources that are LAEs is higher, thus mak-
ing our calibration applicable to a larger fraction of the galaxy
population, perhaps with an even smaller scatter due to the ex-
pected narrower range of physical properties. Our calibration of
Ly↵ as a SFR indicator is simple, directly calibrated with H↵,
and should not have a significant dependence on e.g. metallicity,
unlike other proposed SFRs tracers at high redshift such as [Cii]
luminosity or other weak UV metal lines.

It is nonetheless surprising that our calibration apparently
still works even at z ⇠ 7�8 for luminous LAEs. This seems to in-
dicate that the IGM may not play a significant role for these Ly↵-
visible sources, potentially due to early ionised bubbles (Matthee
et al. 2015) or velocity o↵sets of Ly↵ with respect to systemic
(see e.g. Stark et al. 2017).

3.9. A tool for re-ionisation: predicting the LyC luminosity

Based on our results and assumptions (see §2.4), we follow
Matthee et al. (2017a)9 and derive a simple expression to pre-
dict the number of produced LyC photons per second, Qion (s�1)
with direct Ly↵ observables (LLy↵ and EW0):

Qion,Ly↵ [s�1] =
LLy↵

cH↵ (1 � fesc,LyC) (0.042 EW0)
, (5)

where cH↵ = 1.36 ⇥ 10�12 erg (e.g. Kennicutt 1998; Schaerer
2003), under our case B recombination assumption (see §2.4).

Recent work by e.g. Verhamme et al. (2017) show that LyC
leakers are strong LAEs, and that fesc,Ly↵ is linked and/or can
be used to predict fesc,LyC (see Chisholm et al. 2018). Equation
5 provides an extra useful tool: an empirical simple estimator
of Qion for LAEs given observed Ly↵ luminosities and EW0.
Note that Equation 5 does not require measuring UV luminosi-
ties or ⇠ion, but instead direct, simple observables. Matthee et al.
(2017c) already used a similar method to predict ⇠ion at high red-
shift. Coupled with an accurate estimate of the escape fraction
of LyC photons from LAEs, which can be obtained with HST,
a robust estimate of the full number density of LAEs from faint
to the brightest sources (Sobral et al. 2018b) and their redshift
evolution, Equation 5 may provide a simple tool to further un-
derstand if LAEs were able to re-ionise the Universe.

4. Conclusions

Ly↵ is intrinsically the brightest emission-line in active galaxies,
and should be a good SFR indicator. However, the uncertain and
di�cult to measure fesc,Ly↵ has limited the interpretation and use
of Ly↵ luminosities. In order to make progress, we have explored
samples of LAEs at z = 0 � 2.6 with direct Ly↵ escape fractions
measured from dust corrected H↵ luminosities which do not re-
quire any SED fitting, ⇠ion or other complex assumptions based
on derivative quantities. Our main results are:

• There is a simple, linear relation between fesc,Ly↵ and Ly↵
EW0: fesc,Ly↵ = 0.0048 EW0[Å]± 0.05 (Equation 3) which is
shallower than simple expectations, due to both more ionis-
ing photons per UV luminosity (⇠ion) and declining dust ex-
tinction (E(B�V)) for LAEs with increasing EW0 (Figure 1).

9 We assume fdust ⇡ 0 (see Matthee et al. 2017a), i.e., we make the
assumption that for LAEs the dust extinction to LyC photons within
HII regions is ⇡ 0.

This allows the prediction of fesc,Ly↵ based on a simple direct
observable, and thus to compute the intrinsic Ly↵ luminosity
of LAEs at high redshift.

• The observed fesc,Ly↵-EW0 implies a tight ⇠ion-E(B � V) se-
quence for LAEs, with higher ⇠ion at lower E(B � V) and
vice versa. Both ⇠ion and E(B � V) seem to depend on Ly↵
EW0 (Figure 2). Our results imply that the higher the EW0
selection, the higher the ⇠ion and the lower the E(B � V).

• The fesc,Ly↵-EW0 relation reveals a scatter of only 0.1-0.2 dex
for LAEs, and there is evidence for the relation to hold up to
z ⇠ 5 (Figure 3). The scatter is higher towards lower EW0,
consistent with a larger range in dust properties for sources
with the lowest EW0. At the highest EW0, on the contrary,
the scatter may be as small as ⇡ 0.1 dex, consistent with high
EW0 LAEs being an even more homogeneous population of
dust-poor, high ionisation star-forming galaxies.

• We use our results to calibrate Ly↵ as a SFR indicator for
LAEs (Equation 4) and find a global scatter of 0.2 dex be-
tween measurements using Ly↵ only and those using dust-
corrected H↵ luminosities. Our results also allow us to derive
a simple estimator of the number of LyC photons produced
per second (Equation 5) with applications to studies of the
epoch of re-ionisation.

• Equation 4 implies that star-forming LAEs at z ⇠ 2 � 6 have
SFRs typically ranging from 0.1 to 20 M� yr�1, with MUSE
LAEs expected to have typical SFRs of 1.7 ± 0.3 M� yr�1,
and more luminous LAEs having SFRs of 12+9

�5 M� yr�1.
• SFRs based on Equation 4 are in very good agreement

with dust corrected UV SFRs even within the epoch of re-
ionisation and for a range of sources, hinting for it to be ap-
plicable in the very early Universe. If shown to be the case,
our results have implications for the minor role of the IGM in
significantly changing Ly↵ luminosities and EW0 for lumi-
nous LAEs within the epoch of re-ionisation, and show that
measuring LLy↵ and EW0 provide apparently reliable SFRs.

Our results provide a simple interpretation of the tight fesc,Ly↵-
EW0 relation. Most importantly, we provide simple and practical
tools to estimate fesc,Ly↵ at high redshift with two direct observ-
ables and thus to use Ly↵ as a SFR indicator and to measure the
number of ionising photons from LAEs. The empirical calibra-
tions presented here can be easily tested with future observations
with JWST which can obtain H↵ and H�measurements for high-
redshift LAEs.
Acknowledgements. JM acknowledges the support of a Huygens PhD fellowship
from Leiden University. We have benefited greatly from the publicly available
programming language Python, including the NumPy & SciPy (Van Der Walt
et al. 2011; Jones et al. 2001), Matplotlib (Hunter 2007) and Astropy (Astropy
Collaboration et al. 2013) packages, and the Topcat analysis program (Taylor
2013). The results and samples of LAEs used for this paper are publicly available
(see e.g. Sobral et al. 2017, 2018b) and we also provide the toy model used as a
python script.
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Why should we care even more? Lyα-LyC connection

• Lyα emitters have high ξion + steep faint-end slope + high Lyα escape 
fraction + Lyα-LyC connection slope suggests they are the most leaking

• If no Lyα comes out, no LyC comes out (e.g. Steidel+2018).
• No point in using sources which are not emitting Lyα. Focus on LAE 

population is therefore obvious + easy to link with selection of populations

Verhamme+2017

Steidel+2018See also e.g. Fletcher+2018 z~0-0.3

z~3

fesc (LyC)

f es
c (

Ly
α)
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Our approach: >106 Mpc3 (~10 deg2) Lyα slices
• 18 narrow and medium-bands select redshifted Lyα emission from z~2 to z~8

Deep studies

At z=2.2 complemented with all 
major rest-frame optical lines

z=2.2 z=7.7z=6.6z=5.7
• Fields: COSMOS, UDS, SA22, 

Bootes, GOODS-N  
• Down to 0.3L* in Lyα 
• Galaxies as faint as J~25-26

Y-NBS (50 hrs VLT/HAWKI - 
PI: Sobral)

z=3.1 z=4.8



Slicing COSMOS with SC4K: low-cost IFU from z~2 to z~6

Sobral et al. 2018a
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Slicing COSMOS with SC4K: low-cost IFU from z~2 to z~6
Sobral et al. 2018a16 narrow and medium filters on Subaru 

and the INT 16 different catalogues



Slicing COSMOS with SC4K: low-cost IFU from z~2 to z~6
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+ ~30 bands

16 narrow/medium bands => ~4000 Lyα emitters: 2<z<6 in the COSMOS field

Publicly available
Sobral+18a, MNRAS, 476, 4725

(inc. IPAC)



The global Lyα luminosity function at z~2-6: consensus 

Steep faint-end slope: α~ -2. 

SC4K co-moving 
volume: ~108 Mpc3
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See also: Drake+2017a,b; Dressler+2015; Santos, DS & JM 2016; Konno+2016.

Sobral+18a, MNRAS, 476, 4725

Unique synergy:
MUSE ultra-deep 
at low luminosities 
+ SC4K: 4 orders 

of magnitude!



Evolution of the Lyα luminosity function z~2-6: census
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Steep faint-end slope: α~ -1.7 to α~ -2.3 
L*Lyα rises by a factor of ~5 from z~2 to z~6 
Φ*Lyα declines by a factor of ~7 from z~2 to z~6

See full S-SC4K 
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UV luminosity density drops quickly with redshift
• UV luminosity density declines: what about Lyα?

38.5

39.0

39.5

40.0

40.5

lo
g 1

0(
⇢ L

y↵
/e

rg
s�

1
M

pc
�

3 )

Ep
oc

h
of

R
ei

on
is

at
io

n

SC4K MBs
S-SC4K
SC4K bins
S-SC4K bins
MUSE (D+17)
SC4K (all MBs)
S-SC4K (Full Sample)

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Redshift (z)

-2.5

-2.0

-1.5

-1.0

-0.5

lo
g 1

0(
⇢ S

F
R
(f

es
c)

/M
�

yr
�

1
M

pc
�

3 )

Ly↵

EoR

UV

H↵ (Sobral+13)
UV (Reddy+09)
UV (Hayes+11)

UV (Bouwens+15)
UV (Finkelstein+15)
Ly↵ (H+11 + compilation)

Ly↵ (SC4K all MBs)
Ly↵ (S-SC4K)
Ly↵ (S-SC4K stacks)

39.5

40.0

40.5

41.0

41.5

log
10 (⇢

L
y↵ /erg

s �
1M

pc �
3)

Sobral+18a, MNRAS, 476, 4725

See also: Hayes et al. 2011; Konno+2016,2018; Stark+2017;  Zheng+2017; 
Santos+2016; Matthee+2015, 2017a



More Lyman-α per UV luminosity density at higher redshift

Does Lyα fesc increase 
(roughly same production 
but more escape)? 

Does ξion increase (more 
production of LyC/UV)? 

Do both increase?

• Rising Lyα luminosity density while UV luminosity density declines.

• Younger, less dusty galaxies at higher-z?
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See also: Hayes et al. 2011; Konno+2016,2018; Stark+2017;  Zheng+2017; 
Santos+2016; Matthee+2015, 2017a



More Lyα/UV at higher redshift: what does it mean physically?

LyC/UV production increases by a factor of ~2 
Cosmic Lyα fesc increases by a factor of ~4

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Redshift (z)

2.5

5.0

10

20

40

S
FR

D
L
y↵

/S
FR

D
U

V
(f e

sc
⇥

⇠ i
on

,N
,%

)

fesc / (1 + z)
2.0

+0.4

�0.3

⇠ion,N / (1 + z)

(1 + z)
3.0

+0.4

�0.3

Epo
ch

of
Rei

on
iz

at
io

n

This work (S-SC4K bins)
This work (S-SC4K slices)
Compilation (H+11+)
/ (1 + z)2.57 (H+11)

Both likely increase

See full details in: 
Sobral+18a, MNRAS, 476, 4725



High-z galaxies have high EWs, typical of LAEs
• Imply very high ionisation parameters, low metallicities + “extreme” stellar populations

Khostovan, Sobral+2016 [HiZELS]

See also: Fumagalli+12; 
Sobral+14; Smit+14; 
Marmol-Queralto+15; 

Nakajima+16,18; Holden+16; 
de Barros+16; Stark+16; 

What does that mean for galaxies as a whole?

What does that mean for LAEs?



High-z galaxies have high EWs, typical of LAEs
• Imply very high ionisation parameters, low metallicities + “extreme” stellar populations
12 Khostovan et al.

Figure 6. Presented is the EW
rest

evolution for sources that have 9.5 < log 10M
stellar

< 10 M�. We also include measurements from the
literature to constrain the low-z end and to compare to our extrapolated fits in the high-z regime. We fit single power-law and mixed
power-law functions (combination of two power-laws) to our measurements and those from the literature. Included for each fit is the
shaded 1� region. We find that the EW

rest

evolution for H�+[Oiii] flattens out to z > 5 and the [Oii] drops in this regime. In terms of
the ionization state of the gas, we find that the EW

rest

evolution of both emission-lines hints to a harder ionizing source, although other
factors such as metallicities and abundances can a↵ect the evolution as well.

Smit et al. 2014, 2015). To ensure a constrained EW
rest

(z =
0), we compute the median EW

rest

from the SDSS-III/BOSS-
DR12 spectroscopic sample Thomas et al. (2013) by select-
ing only emission-lines with EW

rest

> 3 Å to ensure that the
measured EW

rest

is not dominated by uncertainties in the
stellar continuum subtraction (Fumagalli et al. 2012) and
all galaxies that were classified as star-forming based on
the BPT diagram. The VVDS catalog of Lamareille et al.
(2009) was also included where only galaxies identified as
star-forming were selected. We also include the [Oiii] z ⇠ 0.53

EW
rest

measurements from the Keck DEIMOS spectroscopic
sample of Darvish et al. (2015b).

For the [Oii] sample, we also compute the median
EW

rest

from the HETDEX survey (Adams et al. 2011; Bridge
et al. 2015) and remove any sources with X-ray detection
found by Bridge et al. (2015) to eliminate AGN contami-
nation. We also include the [Oii] z ⇠ 0.53 EW

rest

measure-
ments from Darvish et al. (2015b). Figure 7 shows the H↵
EW

rest

evolution found in the literature (Erb et al. 2006;
Fumagalli et al. 2012; Sobral et al. 2014; Rasappu et al.
2015; Faisst et al. 2016) in comparison to the EW

rest

evolu-

MNRAS 000, 1–20 (2016)

Khostovan, Sobral+2016 [HiZELS]

See also: Fumagalli+12; 
Sobral+14; Smit+14; 
Marmol-Queralto+15; 

Nakajima+16,18; Holden+16; 
de Barros+16; Stark+16; 

At low redshift the 
analogues (blueberries, 

green-peas etc) are 
super-rare (~10-8 Mpc-3): 

Izotov+2016; Borthakur+; 
Schaerer+16; Yang+17,18

At high redshift, most 
galaxies are LAE-like

What are their (stellar) 
metallicities/abundances?



EW0 of Lyα selected ~constant across redshift

14 Santos et al.

EW0 = 25Å (NB)

EW0 = 50Å (MB)
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Figure 10. Global w0 evolution with redshift. Best w0 estimates are shown as blue circles (squares) for the full range of EW0

(EW0<300Å). Blue contours are estimated by w0 within error bars (see §3.2.1 for details). We find evidence for little to no evolu-
tion of w0. By applying an EW cut, w0 is estimated to be smaller, but still non evolving when applying the same EW0 cute. The white
points show w0 of the full SC4K sample. We present a compilation of Ly↵ w0 at z = 0.3 (Wold et al. 2017), z = 0.9 (Wold et al. 2014),
z = 2.1 (Guaita et al. 2010), z = 2.25 (Nilsson et al. 2009), z = 2.85 (Blanc et al. 2011), z = 3.1 (Gronwall et al. 2007), z = 3.1 (Ciardullo
et al. 2012) and z = 3.6, 4.9, 6.0 (Hashimoto et al. 2017). In addition, we show the [Oii] (H� + [Oiii]) rest-frame equivalent widths of
emitters selected by these lines (Khostovan et al. 2016) as orange (red) fits and H↵ EW0 (Faisst et al. 2016; Matthee et al. 2017a) as
dark blue.

enough to power EW0 > 1000Å in Ly↵. Cantalupo et al.
(2012) suggests such extreme objects could be explained by
fluorescent “illumination” from e.g. a nearby quasar. In our
sample of LAEs, we measure EW0 > 1000Å (albeit with
large error bars) in 218 sources with no AGN signatures.
This corresponds to a number density of 3.6 ⇥ 10�6 Mpc�3.

Small table with number count and number density of
LAEs with EW0>1000Å and EW0 ��EW0>1000Å for full
sample and di↵erent redshift bins.

4.3 SFR-M? relation and evolution

We test the dependence of SFR with M? in our sample of
LAEs and its dependence with redshift (we discuss the impli-
cations of this relation in §5.2). In Fig. 11 (left) we show SFR
derived from Ly↵ and EW0 (see §3.3) vs M? (derived from
MAGPHYS) for our sample of LAEs. In the right panel, we

show the same plot but with SFR derived from MAGPHYS.
We compare our measurements with the MS relation as de-
rived in Schreiber et al. (2015) (converted from Salpeter to
Chabrier IMF, extrapolated to low mass ranges when re-
quired) and a few relevant studies at di↵erent redshifts. We
note that this is also what is seen in the morphologies and
sizes of SFGs that become LAE-like towards high redshift
Paulino-Afonso et al. (2018).

At z < 4, we find that LAEs are typically above the
MS relation at their corresponding redshift. This is partic-
ularly evident for low stellar masses (M? < 109.5 M�) al-
though we find that more massive LAEs tend to be within
the MS or even below it. At higher redshifts we find that
even at low stellar masses, LAEs are closer to the MS or
that the MS becomes closer to the relation valid for LAEs, as
SFGs may become more LAE-like, which may suggest that
at higher redshifts there is a bigger overlap between LAEs
and more “normal” populations of galaxies, becoming simi-
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the fesc,Ly↵-EW0 relation at z ⇠ 0�2.6 is for LAEs to have narrow
ranges of low E(B�V) ⇡ 0.1�0.2, that may decrease slightly as
a function of EW0 and a relatively narrow range of high ⇠ion val-
ues that may increase with EW0. Direct observations of Balmer
decrements and of high excitation UV lines are required to con-
firm or refute our results.

Our toy model explores the full range of physical conditions
independently without making any assumptions on how param-
eters may correlate, in order to interpret the observations in a
simple unbiased way. However, the fact that observed LAEs fol-
low a relatively tight relation between fesc,Ly↵ and EW0 suggests
that there are important correlations between e.g. dust, age and
⇠ion. By selecting simulated sources in our toy model grid that lie
on the observed relation (see Appendix A.1), we recover a tight
correlation between ⇠ion and E(B � V), while the full generated
population in our toy model shows no correlation at all by defini-
tion (see Figure A.1). This implies that the observed fesc,Ly↵-EW0
relation could be a consequence of an evolutionary ⇠ion-E(B�V)
sequence for LAEs, likely linked with the evolution of their stel-
lar populations. For further details, see Appendix A.1. We note
that the best fits to observations using Equation 6 are consistent
with this possible relation as the solutions follow a well defined
anti-correlation between ⇠ion and dust extinction with a similar
relation and slope; see Figure A.1 for a direct comparison.

3.4. Estimating fesc,Ly↵ with a simple observable: Ly↵ EW0

We find that LAEs follow a simple relation between fesc,Ly↵ and
Ly↵ EW0 roughly independently of redshift (for z  2.6). Moti-
vated by this, we propose the following empirical estimator (see
Table 1) for fesc,Ly↵ as a function of Ly↵ EW0 (Å):

fesc,Ly↵ = 0.0048+0.0007
�0.0007 EW0 ± 0.05 [ 0  EW0  160 Å]. (7)

This relation may hold up to EW0 ⇡ 210 Å, above which we
would predict fesc,Ly↵ ⇡ 1. This relation suggests that it is possi-
ble to estimate fesc,Ly↵ for LAEs within a scatter of 0.2 dex even
if only the Ly↵ EW0 is known/constrained. It also implies that
the observed Ly↵ luminosities are essentially equal to intrinsic
Ly↵ luminosities for sources with EW0 as high as ⇡ 200 Å. We
conclude that while the escape of Ly↵ photons can depend on
a range of properties in a very complex way (see e.g. Hayes
et al. 2010; Matthee et al. 2016; Yang et al. 2017), using EW0
and Equation 7 leads to predicting fesc,Ly↵ within ⇡ 0.1 � 0.2 dex
of real values. This compares with a larger scatter of ⇡ 0.3 dex
for relations with derivative or more di�cult quantities to mea-
sure such as dust extinction or the red peak velocity of the Ly↵
line (e.g. Yang et al. 2017). We propose a linear relation for its
simplicity and because current data do not suggest a more com-
plex relation. Larger data-sets with H↵ and Ly↵ measurements,
particularly those covering a wider parameter space (e.g. di↵er-
ent sample selections, multiple redshifts and both high and low
EWs), may lead to the necessity of a more complicated func-
tional form. A departure from a linear fit may also provide fur-
ther insight of di↵erent physical processes driving the relation
and the scatter (e.g. winds, orientation angle, burstiness or addi-
tional ionisation processes such as fluorescence).

Equation 7 may thus be applied to estimate fesc,Ly↵ for a
range of LAEs in the low and higher redshift Universe. For ex-
ample, the green pea J1154+2443 (Izotov et al. 2018), has a
measured fesc,Ly↵ directly from dust corrected H↵ luminosity of
⇡ 0.7 � 0.87, while Equation 7 would imply ⇡ 0.6 � 0.7 based
7 This may be up to ⇡ 0.98 if H� is used; see (Izotov et al. 2018).

on the EW0 ⇡ 133 Å for Ly↵, thus implying a di↵erence of
only 0.06-0.1 dex. Furthermore, in principle, Equation 7 could
also be explored to transform EW0 distributions (e.g. Hashimoto
et al. 2017, and references therein) into distributions of fesc,Ly↵
for LAEs.

3.5. Ly↵ as an SFR indicator: empirical calibration and errors

Driven by the simple relation (Equation 7) found up to z ⇠ 2.6,
we derive an empirical calibration to obtain SFRs based on two
simple, direct observables for LAEs at high redshift: 1) Ly↵ EW0
and 2) observed Ly↵ luminosity. This calibration is based on ob-
servables, but predicts the dust-corrected SFR8. Based on Equa-
tions 2 and 7, for a Salpeter (Chabrier) IMF we can derive9:

SFRLy↵ [M� yr�1] =
LLy↵ ⇥ 7.9 (4.4) ⇥ 10�42

(1 � fesc,LyC)(0.042 EW0)
(±15%) (8)

The current best estimate of the scatter in Equation 7 (the
uncertainty in the relation to calculate fesc,Ly↵ is ±0.05) implies a
±0.07 dex uncertainty in the extinction corrected SFRs from Ly↵
with our empirical calculation. In order to investigate other sys-
tematic errors, we conduct a Monte Carlo analysis by randomly
varying fesc,LyC (0.0 to 0.2) and the case B coe�cient (from 8.0
to 9.0), along with perturbing fesc,Ly↵ from �0.05 to +0.05. We
assume that all properties are independent, and thus this can be
seen as a conservative approach to estimate the uncertainties. We
find that the uncertainty in fesc,Ly↵ is the dominant source of un-
certainty (12%) with the uncertainty on fesc,LyC and the case B
coe�cient contributing an additional 3% for a total of 15%. This
leads to an expected uncertainty of Equation 8 of 0.08 dex.

Note that the SFR calibration presented in equation 8 fol-
lows Kennicutt (1998) and thus a solar metallicity, which may
not be be fully applicable to LAEs, typically found to be sub-
solar (Nakajima & Ouchi 2014; Steidel et al. 2016; Suzuki et al.
2017; Sobral et al. 2018b). Other caveats include the applicabil-
ity of the Calzetti et al. (2000) dust law (see e.g. Reddy et al.
2016) and the shape and slope of the IMF used, although any
other SFR calibration/estimator will share similar caveats.

3.6. Ly↵ as an SFR indicator: performance and implications

In Figure 3 we apply Equation 8 to compare the estimated SFRs
(from Ly↵) with those computed with dust corrected H↵ lumi-
nosities. We also include individual sources at z ⇠ 2.2 (S18; So-
bral et al. 2018b) and recent results from Harikane et al. (2018) at
z = 4.8 which were not used in the calibration, and thus provide
an independent way to test our new calibration. We find a global
scatter of ⇡ 0.12 dex, being apparently larger for lower EW0,
but still lower than the typical scatter between SFR indicators
after dust corrections (e.g. UV-H↵ or FIR-H↵; see Domínguez
Sánchez et al. 2012; Oteo et al. 2015), as shown in Figure 3.
The small scatter and approximately null o↵set between our cal-
ibration’s prediction and measurements presented by Harikane
et al. (2018) at z ⇠ 5 suggest that Equation 8 may be applicable
at higher redshift with similarly competitive uncertainties (see
8 We use extinction corrected H↵ luminosities.
9 Note that the constant 0.042 has units of Å�1, and results from
8.7 ⇥ 0.0048 Å�1. Also, note that the relation is valid for 0  EW0 
160 Å following Equation 7. For EW0 > 160 Å the relation has not
been calibrated yet. Furthermore, if the relation is to be used at even
higher EWs, then for EW0 > 207 Å the factor 0.042 EW0 should be
set to 8.7 (or the appropriate/assumed case B recombination constant),
corresponding to a ⇡ 100 % escape fraction of Ly↵ photons.
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w0 [EW < 300Å] = 100 ± 11 Å
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Figure 3. Left: EW0 distribution of the full SC4K sample of LAEs. We fit an exponential fit of the form N = N0 exp(-EW0/w0), and
derive the parameter w0. Fit derived with the distribution of EW0 < 1000Å (EW0 < 300Å) is shown in red (blue). Right: Same but for
an individual filter (IA427) with LAEs at z = 2.5.

resentative of a typical LAE, it is still important to show
that LAEs can span a large variety of physical properties.
This LAE is detected in two Herschel bands, which shows
that FIR can be important to constrain the SED fits and
derive properties of high redshift LAEs.

3 METHODS - DERIVING GALAXY
PROPERTIES

In this section, we present our methodology and computa-
tions to derive galaxy properties for individual LAEs, us-
ing our full photometric measurements and SED fits from
MAGPHYS. EW0 and LLy↵ of all LAEs in the SC4K sam-
ple have been derived and published in Sobral et al. (2018a).
We give here a summary of how these properties were com-
puted.

3.1 Ly↵ luminosity (LLy↵)

LLy↵ is calculated from the Ly↵ line flux (fLy↵):

LLy↵[erg s�1] = 4⇡fLy↵D2
L(z ) (4)

where DL(z) is the luminosity distance at the redshift of each
source, computed from the redshifted Ly↵ at the e↵ective
wavelength of the detection NB/MB. In Fig. 1 (left) we show
the LLy↵ distribution of our LAEs, spanning a wide range
of luminosities LLy↵ = 1042.0�44.5 erg s�1.

3.2 Ly↵ rest-frame equivalent width (EW0)

The observed EW (EWobs) of an emission line is the ratio
between the flux of the line and the continuum flux:

EWobs[Å] = ��1
f1 � f2

f2 � f2(��1/��2)
, (5)

where ��1 is the FWHM of the NB/MB, ��2 the excess
broad band filter (Sobral et al. 2018a) and f1 and f2 are the
flux densities measured in the two filters. With EW0 being
given by:

EW0[Å] =
EWobs

1 + z
, (6)

where z is the redshift of Ly↵ at the e↵ective wavelength of
the NB or MB (Sobral et al. 2018a). We give median EW0

for di↵erent redshifts and for the full SC4K sample in Table
1.

3.2.1 EW0 scale length (w0)

An exponential fit of the form N = N0 exp(-EW0/w0) has
been widely used to describe Ly↵ EW0 distributions (e.g.
Gronwall et al. 2007; Hashimoto et al. 2017; Wold et al.
2017), with the decay of counts being determined by the
scale length parameter w0. With our sample of LAEs, we
analyse EW0 distributions in multiple well defined redshift
ranges between z ⇠ 2 and z ⇠ 6. To estimate w0, we de-
fine bins of 20Å and fit the exponential function to the ob-
served distribution (see Figure 3). Bins with less than two
sources are not fitted. To account for bin width choice, we
add 10Å (half the bin width) in quadrature to the errors of
w0. We also explore how an EW0 cut of 300Å a↵ects w0 as
it removes sources with extreme (and more uncertain) EWs.
We expect this cut to be more comparable with deep, small
area/volume surveys which cannot reach the number densi-
ties required to statistically probe extremely high EW0.

Additionally, we fully explore how the errors on EW0

influence the measurement of w0 by using an MCMC ap-
proach. For each iteration, we perturb the EW0 of each LAE
in that specific sample within their asymmetric error bars
(assuming a double normal probability distribution function
centred at each EW0 and with FWHM equal to the errors
derived from photometry; Sobral et al. 2018a). We impose
a hard lower limit equal to the detection threshold (50 Å
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resentative of a typical LAE, it is still important to show
that LAEs can span a large variety of physical properties.
This LAE is detected in two Herschel bands, which shows
that FIR can be important to constrain the SED fits and
derive properties of high redshift LAEs.

3 METHODS - DERIVING GALAXY
PROPERTIES

In this section, we present our methodology and computa-
tions to derive galaxy properties for individual LAEs, us-
ing our full photometric measurements and SED fits from
MAGPHYS. EW0 and LLy↵ of all LAEs in the SC4K sam-
ple have been derived and published in Sobral et al. (2018a).
We give here a summary of how these properties were com-
puted.

3.1 Ly↵ luminosity (LLy↵)

LLy↵ is calculated from the Ly↵ line flux (fLy↵):

LLy↵[erg s�1] = 4⇡fLy↵D2
L(z ) (4)

where DL(z) is the luminosity distance at the redshift of each
source, computed from the redshifted Ly↵ at the e↵ective
wavelength of the detection NB/MB. In Fig. 1 (left) we show
the LLy↵ distribution of our LAEs, spanning a wide range
of luminosities LLy↵ = 1042.0�44.5 erg s�1.

3.2 Ly↵ rest-frame equivalent width (EW0)

The observed EW (EWobs) of an emission line is the ratio
between the flux of the line and the continuum flux:

EWobs[Å] = ��1
f1 � f2

f2 � f2(��1/��2)
, (5)

where ��1 is the FWHM of the NB/MB, ��2 the excess
broad band filter (Sobral et al. 2018a) and f1 and f2 are the
flux densities measured in the two filters. With EW0 being
given by:

EW0[Å] =
EWobs

1 + z
, (6)

where z is the redshift of Ly↵ at the e↵ective wavelength of
the NB or MB (Sobral et al. 2018a). We give median EW0

for di↵erent redshifts and for the full SC4K sample in Table
1.

3.2.1 EW0 scale length (w0)

An exponential fit of the form N = N0 exp(-EW0/w0) has
been widely used to describe Ly↵ EW0 distributions (e.g.
Gronwall et al. 2007; Hashimoto et al. 2017; Wold et al.
2017), with the decay of counts being determined by the
scale length parameter w0. With our sample of LAEs, we
analyse EW0 distributions in multiple well defined redshift
ranges between z ⇠ 2 and z ⇠ 6. To estimate w0, we de-
fine bins of 20Å and fit the exponential function to the ob-
served distribution (see Figure 3). Bins with less than two
sources are not fitted. To account for bin width choice, we
add 10Å (half the bin width) in quadrature to the errors of
w0. We also explore how an EW0 cut of 300Å a↵ects w0 as
it removes sources with extreme (and more uncertain) EWs.
We expect this cut to be more comparable with deep, small
area/volume surveys which cannot reach the number densi-
ties required to statistically probe extremely high EW0.

Additionally, we fully explore how the errors on EW0

influence the measurement of w0 by using an MCMC ap-
proach. For each iteration, we perturb the EW0 of each LAE
in that specific sample within their asymmetric error bars
(assuming a double normal probability distribution function
centred at each EW0 and with FWHM equal to the errors
derived from photometry; Sobral et al. 2018a). We impose
a hard lower limit equal to the detection threshold (50 Å
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fit, Khostovan+2016

fit, Khostovan+2016

fit, Faisst+2016
w0 compilation

Figure 10. Global w0 evolution with redshift. Best w0 estimates are shown as blue circles (squares) for the full range of EW0

(EW0<300Å). Blue contours are estimated by w0 within error bars (see §3.2.1 for details). We find evidence for little to no evolu-
tion of w0. By applying an EW cut, w0 is estimated to be smaller, but still non evolving when applying the same EW0 cute. The white
points show w0 of the full SC4K sample. We present a compilation of Ly↵ w0 at z = 0.3 (Wold et al. 2017), z = 0.9 (Wold et al. 2014),
z = 2.1 (Guaita et al. 2010), z = 2.25 (Nilsson et al. 2009), z = 2.85 (Blanc et al. 2011), z = 3.1 (Gronwall et al. 2007), z = 3.1 (Ciardullo
et al. 2012) and z = 3.6, 4.9, 6.0 (Hashimoto et al. 2017). In addition, we show the [Oii] (H� + [Oiii]) rest-frame equivalent widths of
emitters selected by these lines (Khostovan et al. 2016) as orange (red) fits and H↵ EW0 (Faisst et al. 2016; Matthee et al. 2017a) as
dark blue.

enough to power EW0 > 1000Å in Ly↵. Cantalupo et al.
(2012) suggests such extreme objects could be explained by
fluorescent “illumination” from e.g. a nearby quasar. In our
sample of LAEs, we measure EW0 > 1000Å (albeit with
large error bars) in 218 sources with no AGN signatures.
This corresponds to a number density of 3.6 ⇥ 10�6 Mpc�3.

Small table with number count and number density of
LAEs with EW0>1000Å and EW0 ��EW0>1000Å for full
sample and di↵erent redshift bins.

4.3 SFR-M? relation and evolution

We test the dependence of SFR with M? in our sample of
LAEs and its dependence with redshift (we discuss the impli-
cations of this relation in §5.2). In Fig. 11 (left) we show SFR
derived from Ly↵ and EW0 (see §3.3) vs M? (derived from
MAGPHYS) for our sample of LAEs. In the right panel, we

show the same plot but with SFR derived from MAGPHYS.
We compare our measurements with the MS relation as de-
rived in Schreiber et al. (2015) (converted from Salpeter to
Chabrier IMF, extrapolated to low mass ranges when re-
quired) and a few relevant studies at di↵erent redshifts. We
note that this is also what is seen in the morphologies and
sizes of SFGs that become LAE-like towards high redshift
Paulino-Afonso et al. (2018).

At z < 4, we find that LAEs are typically above the
MS relation at their corresponding redshift. This is partic-
ularly evident for low stellar masses (M? < 109.5 M�) al-
though we find that more massive LAEs tend to be within
the MS or even below it. At higher redshifts we find that
even at low stellar masses, LAEs are closer to the MS or
that the MS becomes closer to the relation valid for LAEs, as
SFGs may become more LAE-like, which may suggest that
at higher redshifts there is a bigger overlap between LAEs
and more “normal” populations of galaxies, becoming simi-
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Figure 7. Global EW0 evolution with redshift. The median EW0

values for medium (narrow) bands, shown as blue circles (green
stars), are the median value of the distribution. Blue stars are the
measurements for individual MBs. The thin (thick) error bars are
the 16th and 84th percentiles of the EW0 distribution (divided
by the Poissonian error

p

N). The median and errors of EW0 can
be found in Table 1. Blue (green) shaded region is the 1� contour
obtained by perturbing the EW0 within the thick error bars for
medium (narrow) band selected LAE. We find evidence of little
EW0 evolution with redshift for the global sample of LAEs, with
the median EW0 remaining roughly constant at ⇠ 140Å, although
there is a tentative higher EW0 at z = 5.7, albeit with large error
bars.
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Figure 8. w0 evolution with M?. LAEs with lower M? have
higher EW0, which can be explained by younger, lower metal-
licity populations.

4.2.1 Comparison with other studies

In Figure 10 we show a compilation of Ly↵ w0 in samples
of LAEs: z = 0.3 (Wold et al. 2017), z = 0.9 (Wold et al.
2014), z = 2.1 (Guaita et al. 2010), z = 2.25 (Nilsson et al.
2009), z = 2.85 (Blanc et al. 2011), z = 3.1 (Gronwall et al.
2007), z = 3.1 (Ciardullo et al. 2012) and z = 3.6, 4.9, 6.0
(Hashimoto et al. 2017). We note that our w0 measurements
shift to smaller values when the EW0 < 300Å cut is ap-

Figure 9. w0 evolution with M?. LAEs with fainter MUV have
higher EW0, which can be explained by younger, lower metallicity
populations.

plied, becoming more similar to the measurements reported
in the literature. Our results agree remarkably well with
Hashimoto et al. (2017) and (Guaita et al. 2010) and our
extrapolation of w0 to low redshift is consistent with the re-
sults from Wold et al. (2014, 2017). Our measurements are
above Nilsson et al. (2009), Blanc et al. (2011), Gronwall
et al. (2007) and Ciardullo et al. (2012), all at intermedi-
ate redshifts (z = 2.25 � 3.1). We note however that the w0

measured by Nilsson et al. (2009) is below our MB detection
threshold and that our blind selection of LAEs is not sen-
sitive to the lowest EW0, as highlighted in Figure 10. Our
blind selection of high EW LAEs is much more similar to
blind surveys done with MUSE (Hashimoto et al. 2017).

While there are variations due to sample selection, over-
all we find that there is no clear evolution of EW0 and w0,
when taking into account all measurements. Ly↵ EW0 and
w0 are high at all redshifts, which contrasts with measure-
ments from other emission lines which are found to increase
with redshift. An EW0 which is constant at ⇠ 100Å cor-
responds to fesc ⇠ 50%, using the EW-fesc relation from
Sobral & Matthee (2019). Also in Figure 10, we show best
fits of redshift evolution of the EW of di↵erent emission lines,
using samples of [Oii] and H� + [Oiii] emitters (Khostovan
et al. 2016) and H↵ EW0 (Sobral et al. 2014; Matthee et al.
2017a). At z > 2, these emission lines have higher EW0

than our LAEs. This shows that the global population of
SFGs is undergoing a significant evolution as a whole, likely
becoming more metal-poor, dust-free and bursty dominated
towards higher-z, and thus more LAE dominated. In con-
trast, the Ly↵ selection picks up a population of likely young,
metal-poor galaxies at any redshift. As a consequence, the
global/cosmic integrated Ly↵ fesc increases with redshift
(Sobral et al. 2018a).

4.2.2 LAEs with extreme EW0

The nature of sources with extremely high EW0 and the
processes behind the creation of such EW0 is still a widely
unexplored topic. Internal star formation processes are not
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plied, becoming more similar to the measurements reported
in the literature. Our results agree remarkably well with
Hashimoto et al. (2017) and (Guaita et al. 2010) and our
extrapolation of w0 to low redshift is consistent with the re-
sults from Wold et al. (2014, 2017). Our measurements are
above Nilsson et al. (2009), Blanc et al. (2011), Gronwall
et al. (2007) and Ciardullo et al. (2012), all at intermedi-
ate redshifts (z = 2.25 � 3.1). We note however that the w0

measured by Nilsson et al. (2009) is below our MB detection
threshold and that our blind selection of LAEs is not sen-
sitive to the lowest EW0, as highlighted in Figure 10. Our
blind selection of high EW LAEs is much more similar to
blind surveys done with MUSE (Hashimoto et al. 2017).

While there are variations due to sample selection, over-
all we find that there is no clear evolution of EW0 and w0,
when taking into account all measurements. Ly↵ EW0 and
w0 are high at all redshifts, which contrasts with measure-
ments from other emission lines which are found to increase
with redshift. An EW0 which is constant at ⇠ 100Å cor-
responds to fesc ⇠ 50%, using the EW-fesc relation from
Sobral & Matthee (2019). Also in Figure 10, we show best
fits of redshift evolution of the EW of di↵erent emission lines,
using samples of [Oii] and H� + [Oiii] emitters (Khostovan
et al. 2016) and H↵ EW0 (Sobral et al. 2014; Matthee et al.
2017a). At z > 2, these emission lines have higher EW0

than our LAEs. This shows that the global population of
SFGs is undergoing a significant evolution as a whole, likely
becoming more metal-poor, dust-free and bursty dominated
towards higher-z, and thus more LAE dominated. In con-
trast, the Ly↵ selection picks up a population of likely young,
metal-poor galaxies at any redshift. As a consequence, the
global/cosmic integrated Ly↵ fesc increases with redshift
(Sobral et al. 2018a).

4.2.2 LAEs with extreme EW0

The nature of sources with extremely high EW0 and the
processes behind the creation of such EW0 is still a widely
unexplored topic. Internal star formation processes are not
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the fesc,Ly↵-EW0 relation at z ⇠ 0�2.6 is for LAEs to have narrow
ranges of low E(B�V) ⇡ 0.1�0.2, that may decrease slightly as
a function of EW0 and a relatively narrow range of high ⇠ion val-
ues that may increase with EW0. Direct observations of Balmer
decrements and of high excitation UV lines are required to con-
firm or refute our results.

Our toy model explores the full range of physical conditions
independently without making any assumptions on how param-
eters may correlate, in order to interpret the observations in a
simple unbiased way. However, the fact that observed LAEs fol-
low a relatively tight relation between fesc,Ly↵ and EW0 suggests
that there are important correlations between e.g. dust, age and
⇠ion. By selecting simulated sources in our toy model grid that lie
on the observed relation (see Appendix A.1), we recover a tight
correlation between ⇠ion and E(B � V), while the full generated
population in our toy model shows no correlation at all by defini-
tion (see Figure A.1). This implies that the observed fesc,Ly↵-EW0
relation could be a consequence of an evolutionary ⇠ion-E(B�V)
sequence for LAEs, likely linked with the evolution of their stel-
lar populations. For further details, see Appendix A.1. We note
that the best fits to observations using Equation 6 are consistent
with this possible relation as the solutions follow a well defined
anti-correlation between ⇠ion and dust extinction with a similar
relation and slope; see Figure A.1 for a direct comparison.

3.4. Estimating fesc,Ly↵ with a simple observable: Ly↵ EW0

We find that LAEs follow a simple relation between fesc,Ly↵ and
Ly↵ EW0 roughly independently of redshift (for z  2.6). Moti-
vated by this, we propose the following empirical estimator (see
Table 1) for fesc,Ly↵ as a function of Ly↵ EW0 (Å):

fesc,Ly↵ = 0.0048+0.0007
�0.0007 EW0 ± 0.05 [ 0  EW0  160 Å]. (7)

This relation may hold up to EW0 ⇡ 210 Å, above which we
would predict fesc,Ly↵ ⇡ 1. This relation suggests that it is possi-
ble to estimate fesc,Ly↵ for LAEs within a scatter of 0.2 dex even
if only the Ly↵ EW0 is known/constrained. It also implies that
the observed Ly↵ luminosities are essentially equal to intrinsic
Ly↵ luminosities for sources with EW0 as high as ⇡ 200 Å. We
conclude that while the escape of Ly↵ photons can depend on
a range of properties in a very complex way (see e.g. Hayes
et al. 2010; Matthee et al. 2016; Yang et al. 2017), using EW0
and Equation 7 leads to predicting fesc,Ly↵ within ⇡ 0.1 � 0.2 dex
of real values. This compares with a larger scatter of ⇡ 0.3 dex
for relations with derivative or more di�cult quantities to mea-
sure such as dust extinction or the red peak velocity of the Ly↵
line (e.g. Yang et al. 2017). We propose a linear relation for its
simplicity and because current data do not suggest a more com-
plex relation. Larger data-sets with H↵ and Ly↵ measurements,
particularly those covering a wider parameter space (e.g. di↵er-
ent sample selections, multiple redshifts and both high and low
EWs), may lead to the necessity of a more complicated func-
tional form. A departure from a linear fit may also provide fur-
ther insight of di↵erent physical processes driving the relation
and the scatter (e.g. winds, orientation angle, burstiness or addi-
tional ionisation processes such as fluorescence).

Equation 7 may thus be applied to estimate fesc,Ly↵ for a
range of LAEs in the low and higher redshift Universe. For ex-
ample, the green pea J1154+2443 (Izotov et al. 2018), has a
measured fesc,Ly↵ directly from dust corrected H↵ luminosity of
⇡ 0.7 � 0.87, while Equation 7 would imply ⇡ 0.6 � 0.7 based
7 This may be up to ⇡ 0.98 if H� is used; see (Izotov et al. 2018).

on the EW0 ⇡ 133 Å for Ly↵, thus implying a di↵erence of
only 0.06-0.1 dex. Furthermore, in principle, Equation 7 could
also be explored to transform EW0 distributions (e.g. Hashimoto
et al. 2017, and references therein) into distributions of fesc,Ly↵
for LAEs.

3.5. Ly↵ as an SFR indicator: empirical calibration and errors

Driven by the simple relation (Equation 7) found up to z ⇠ 2.6,
we derive an empirical calibration to obtain SFRs based on two
simple, direct observables for LAEs at high redshift: 1) Ly↵ EW0
and 2) observed Ly↵ luminosity. This calibration is based on ob-
servables, but predicts the dust-corrected SFR8. Based on Equa-
tions 2 and 7, for a Salpeter (Chabrier) IMF we can derive9:

SFRLy↵ [M� yr�1] =
LLy↵ ⇥ 7.9 (4.4) ⇥ 10�42

(1 � fesc,LyC)(0.042 EW0)
(±15%) (8)

The current best estimate of the scatter in Equation 7 (the
uncertainty in the relation to calculate fesc,Ly↵ is ±0.05) implies a
±0.07 dex uncertainty in the extinction corrected SFRs from Ly↵
with our empirical calculation. In order to investigate other sys-
tematic errors, we conduct a Monte Carlo analysis by randomly
varying fesc,LyC (0.0 to 0.2) and the case B coe�cient (from 8.0
to 9.0), along with perturbing fesc,Ly↵ from �0.05 to +0.05. We
assume that all properties are independent, and thus this can be
seen as a conservative approach to estimate the uncertainties. We
find that the uncertainty in fesc,Ly↵ is the dominant source of un-
certainty (12%) with the uncertainty on fesc,LyC and the case B
coe�cient contributing an additional 3% for a total of 15%. This
leads to an expected uncertainty of Equation 8 of 0.08 dex.

Note that the SFR calibration presented in equation 8 fol-
lows Kennicutt (1998) and thus a solar metallicity, which may
not be be fully applicable to LAEs, typically found to be sub-
solar (Nakajima & Ouchi 2014; Steidel et al. 2016; Suzuki et al.
2017; Sobral et al. 2018b). Other caveats include the applicabil-
ity of the Calzetti et al. (2000) dust law (see e.g. Reddy et al.
2016) and the shape and slope of the IMF used, although any
other SFR calibration/estimator will share similar caveats.

3.6. Ly↵ as an SFR indicator: performance and implications

In Figure 3 we apply Equation 8 to compare the estimated SFRs
(from Ly↵) with those computed with dust corrected H↵ lumi-
nosities. We also include individual sources at z ⇠ 2.2 (S18; So-
bral et al. 2018b) and recent results from Harikane et al. (2018) at
z = 4.8 which were not used in the calibration, and thus provide
an independent way to test our new calibration. We find a global
scatter of ⇡ 0.12 dex, being apparently larger for lower EW0,
but still lower than the typical scatter between SFR indicators
after dust corrections (e.g. UV-H↵ or FIR-H↵; see Domínguez
Sánchez et al. 2012; Oteo et al. 2015), as shown in Figure 3.
The small scatter and approximately null o↵set between our cal-
ibration’s prediction and measurements presented by Harikane
et al. (2018) at z ⇠ 5 suggest that Equation 8 may be applicable
at higher redshift with similarly competitive uncertainties (see
8 We use extinction corrected H↵ luminosities.
9 Note that the constant 0.042 has units of Å�1, and results from
8.7 ⇥ 0.0048 Å�1. Also, note that the relation is valid for 0  EW0 
160 Å following Equation 7. For EW0 > 160 Å the relation has not
been calibrated yet. Furthermore, if the relation is to be used at even
higher EWs, then for EW0 > 207 Å the factor 0.042 EW0 should be
set to 8.7 (or the appropriate/assumed case B recombination constant),
corresponding to a ⇡ 100 % escape fraction of Ly↵ photons.
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Figure 10. Size properties of LAEs at 2 . z . 6. We plot the evolution of the median size of the distribution (our results in large green
circles) and compare our values to those reported in the literature (in light green): square (Pirzkal et al. 2007); hexagon (Taniguchi et al.
2009); triangles (Bond et al. 2009, 2011); circles (Malhotra et al. 2012); diamond (Kobayashi et al. 2016); and inverted triangle (Guaita
et al. 2015). We show as blue squares the median size for a sample of HAEs selected at lower redshift using the same narrow band
technique (Paulino-Afonso et al. 2017). We complement this figure with results for UV-selected star-forming galaxies from the literature
(in light blue): large diamond (van der Wel et al. 2014) and left-facing triangle (Ribeiro et al. 2016). Finally, we show the derived size
evolution of LAEs (green solid line) and SFGs (blue dashed line). The inset plot shows the estimated size ratio between SFGs and LAEs.
Estimates point to SFGs being ⇠ 5 times larger at z ⇠ 0 and of the same size as LAEs at z ⇠ 5.5. We hypothesize that Ly↵ selected
galaxies are small/compact throughout cosmic time likely linked with the physical processes that drive Ly↵ escape. At higher and higher
redshifts, typical SFGs start to have the typical sizes of Ly↵ emitters, which can be seen as an alternative explanation for the rise of the
Ly↵ emitting fraction of SFGs/LBGs into z ⇠ 6.

tent, metallicity, and star formation evolution) and we tend
to observe less and less Ly↵ in emission, and observe large
galaxies which are still actively forming stars but do not con-
tribute to the global budget of the observed Ly↵ emission of
the Universe. This decoupling of the two populations with
respect to their median size occurs roughly ⇠1 Gyr after
the first galaxies are born. By arguing that the distinction
between the two populations happens at the time where a
galaxy has evolved for long enough not to be observed as a
LAE any more, we can hypothesise that the life cycle of the
Ly↵ emission of a galaxy is typically of the same scale. This
means that we may expect on average every galaxy to be
observed in Ly↵ emission for the first ⇠1 Gyr of its life.

We are aware that our scenario is grossly simplistic, but
it finds support by other studies where LAEs are found to be

of low mass and low dust content (e.g. Gawiser et al. 2007;
Pentericci et al. 2007; Lai et al. 2008, see also Erb et al. 2006;
Kornei et al. 2010; Hathi et al. 2016). However, there are a
number of other studies that report conflicting evidence (e.g.
Finkelstein et al. 2009; Nilsson et al. 2011, see also Reddy
et al. 2008). The large diversity of results indicate a more
intricate nature of LAEs, pointing to a scenario with possibly
recurrent phases of Ly↵ emission throughout a galaxy’s life
cycle.

We nonetheless reinforce our findings that LAEs are
clearly the most compact population of the two, which is
consistent with their naturally higher escape fraction of Ly↵
with respect to an average SFG. At the highest redshifts,
the conditions in the Universe were markedly distinct, with
most galaxies being very small (r . 1 kpc) which in turn
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ABSTRACT
Lyman-↵ (Ly↵) is, intrinsically, the strongest nebular emission line in actively star-
forming galaxies (SFGs), but its resonant nature and uncertain escape fraction limits
its applicability. The structure, size, and morphology may be key to understand the
escape of Ly↵ photons and the nature of Ly↵ emitters (LAEs). We investigate the
rest-frame UV morphologies of a large sample of ⇠4000 LAEs from z ⇠ 2 to z ⇠ 6,
selected in a uniform way with 16 di↵erent narrow- and medium-bands over the full
COSMOS field (SC4K, Santos et al. in prep.). From the magnitudes that we measure
from UV stacks, we find that these galaxies are populating the faint end of the UV
luminosity function. We find also that LAEs have roughly the same morphology from
z ⇠ 2 to z ⇠ 6. The median size (r

e

⇠ 1 kpc), ellipticities (slightly elongated with
(b/a) ⇠ 0.45), Sérsic index (disk-like with n . 2), and light concentration (comparable
to that of disk or irregular galaxies, with C ⇠ 2.7) show little to no evolution. LAEs
with the highest equivalent widths (EW) are the smallest/most compact (r

e

⇠ 0.8 kpc,
compared to r

e

⇠ 1.5 kpc for the lower EW LAEs). In a scenario where galaxies with
a high Ly↵ escape fraction are more frequent in compact objects, these results are a
natural consequence of the small sizes of LAEs. When compared to other SFGs, LAEs
are found to be smaller at all redshifts. The di↵erence between the two populations
changing with redshift, from a factor of ⇠ 1 at z & 5 to SFGs being a factor of ⇠ 2� 4
larger than LAEs for z . 2. This means that at the highest redshifts, where typical
sizes approach those of LAEs, the fraction of galaxies showing Ly↵ in emission should
be much higher, consistent with observations.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: star formation –
galaxies: structure

1 INTRODUCTION

In the ⇤-Cold Dark Matter framework, galaxies form
through the coalescence of small clumps of material (see e.g.
Somerville & Davé 2015 and references therein). This means
that the first objects which can be called galaxies are to be
young, small, and with low stellar mass content. The search

? E-mail: aafonso@oal.ul.pt

for these building blocks of current day galaxies has been
pursued intensively in the past decades (see e.g. Bromm &
Yoshida 2011; Stark 2016).

Because of its intrinsic brightness, this search usually
explores the presence of the Lyman-↵ (Ly↵) emission line
(e.g. Partridge & Peebles 1967; Schaerer 2003). This line can
be observed in the optical and near-infrared when emitted
from 2 < z . 8 sources and it is proven to be a successful
probe to identify and confirm high-redshift galaxies. From
narrow-band surveys (e.g. Rhoads et al. 2000; Ouchi et al.
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Not just star formation of course: AGN as well!

• Quasars are some of the brightest Lyα (and line-) 
emitters known - searches for Lyα emitters can therefore 
find them - let’s not discriminate

z = 7.085; Mortlock et al. 2011

See also: Venemans+2013; Cantalupo+2014; 
Borisova+2016; Bañados+2016, 2018



Identifying AGN among Lyα emitters in SC4K/COSMOS
Calhau, Sobral et al. in prep.COSMOS: Chandra + VLA data

Only ~2-5% of Lyα emitters detected 
by Chandra in X-rays 254 sources.

Detected are luminous, rapidly 
accreting SMBHs see also Cowie et al. (2010); Wold 

et al. (2014); Matthee et al. (2017)

4 J. Calhau et al.

Figure 2. Two X-ray detected sources: SC4K-IA427-53600 (left) and
SC4K-IA484-268296 (right - see Table A1). The two sources have high X-
ray luminosity (LX = 2.6⇥ 1044 erg s�1and LX = 3.1⇥ 1044 erg s�1),
translating into a BHAR of ⇠0.9 M� yr�1 and ⇠1.1 M� yr�1, respec-
tively. Both present point-like X-ray emission. The second row of images
shows the HST cut-outs for the respective sources, leaving is clear that these
are galaxies that are very compact and small in nature. The third row shows
a zoomed image of each of the HST cut-outs.

PSF FWHM of 18.100, 24.900 and 36.600, respectively; Griffin et al.
2010). We additionally make use of the Herschel PACS Evolution-
ary Probe program (PEP: 100µm and 160µm, with PSFs of 7.200

and 1200; Lutz et al. 2011). These bands cover the peak of the red-
shifted thermal spectral energy distribution from interstellar dust
for galaxies and capture optical and UV radiation that has been ab-
sorbed and re-emitted by dust.

3 AGN SELECTION AND STACKING ANALYSIS: ṀBH

3.1 X-ray analysis of SC4K LAEs

X-rays are one of the most efficient ways to probe into the activity
of black holes because they track the accretion of matter into the
BH directly from the photons emitted through inverse Compton ef-
fect on the accretion disk (Haardt & Maraschi 1991). Because of
this, X-ray luminosity is expected to scale with ṀBH and we can
use them to not only identify AGN, but also to estimate the growth
rate of the supermassive black hole.

Figure 3. The results of mean stacking the sources not detected in the
Civano et al. (2016) catalogue, following the redshift bins detailed in Ta-
ble 1. No X-ray emission is detected and we are only able to provide upper
limits for the luminosity and BHARs.

For our X-ray analysis we make use of the data from the Chan-
dra Legacy Survey (Civano et al. 2016). We start by binning the sci-
ence images so that the resolution matches the one of the available
exposure maps (⇠ 0.98400).

For each SC4K LAE we obtain a cut-out of 60⇥60 pix of both
the X-ray map and the exposure map, centred on the LAE. Pixels
with 0 exposure times are masked. The science thumbnail is then
divided by the corresponding exposure thumbnail, transforming the
image from counts to counts/s.

Chandra’s PSF varies with distance from the center of the
pointings. The mean combined Chandra’s PSF in COSMOS
Legacy has a value of ⇠ 300, while 80% of the field has a PSF in the
range of 200

�400. Civano et al. (2016) accounts for this by changing
the aperture used in flux estimation with the distance from the cen-
ter of the pointings, offsetting the PSF deformation. For our own
analysis, we define the apertures for the estimation of backgrounds
and fluxes as having a diameter of 8px (⇠ 7.900). This aperture
should be enough to get the full fluxes of most sources (⇠ 80%) in
the COSMOS-Legacy survey and not adding too much noise to the
measurements.

3.1.1 Background and net count estimation

We proceed by determining the background value by defining an
area equal to the central area and making random placements in the
thumbnail (⇠2000), while making sure to ignore the central area
and the borders of the image. Using only the thumbnail helps reduc-
ing the likelihood of an unwanted source contaminating the back-
ground estimation. Using the entire image would leave us with no
way of controlling whether nearby sources contributed to the back-
ground measurement or not. This restriction allows us to ensure we
are measuring the background values corresponding to the source
in question. The counts/s in the background area are summed and
the median of all random summations is taken as the background
value for the snapshot.

We take the value for the net counts/s for each source as the
sum of the counts in the central aperture (defined as a diameter of
8px). We then subtract the background from the net count of each
source.

The uncertainty is measured by taking asymmetric errors. We
define the upper errors as the 84th percentile of the backgrounds
subtracted by the median background. The lower errors are defined
as the median background subtracted by the 16th percentile of the
backgrounds. This method has the advantage of not making any
assumption on the errors of our sample, leading to a more realistic
estimation.

The signal-to-noise is computed as the ratio between the net
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Figure 1. The distribution of the SC4K LAEs (Sobral et al. 2018a) across the COSMOS Field (black markers). We consider only the sources covered by
Chandra COSMOS Legacy (Civano et al. 2016, green line), for a total of 3700 sources. The red and blue markers show the LAEs that are directly detected in
the X-rays or radio, respectively (318 in total). The grey boundary illustrates the area of the VLA-COSMOS 1.4 GHz survey (Schinnerer et al. 2004), which
we also use. The HeRMES survey (Herschel space telescope, 100, 160, 250, 350 and 500 µm - Griffin et al. 2010; Oliver et al. 2012) and the VLA COSMOS
3 GHz survey (Smolčić et al. 2017) cover the totality of SC4K.

the Subaru and the Isaac Newton Telescopes. Sources were se-
lected as LAEs through a combination of photometric and spec-
troscopic redshifts as well as colour-colour diagnostics. Briefly, a
LAE satisfies all the following conditions: 1) significant excess in
a medium (narrow) band, with an EW0 > 50(25) Å (the major-
ity of LAEs come from MB samples); 2) presence of a Lyman
break in rest-frame wavelengths blue-ward of the identified emis-
sion line; 3) no strong red colour, to exclude dusty lower redshift
interlopers. The resulting sample has 3908 LAEs with an average
luminosity of LLy↵ ⇠ 1042.9 erg s�1 (⇡ L⇤

Ly↵), over a volume of
⇠6⇥107 Mpc3. We refer to Sobral et al. (2018a) for the full selec-
tion criteria of SC4K LAEs.

Figure 1 shows the distribution of the LAEs of SC4K in the
COSMOS field. We also show the coverage of the Chandra COS-
MOS Legacy Survey (Civano et al. 2016) and the VLA COSMOS
surveys (Schinnerer et al. 2004; Smolčić et al. 2017). Note that,
as Section 2.2 details, some SC4K LAEs fall outside the coverage
of the Chandra COSMOS Legacy Survey and we further exclude
5 sources for being too close to the edge of the field, so we use
the total of 3700 sources covered by the survey instead of the full
SC4K sample. This constitutes our sample of LAEs.

2.2 X-ray data: Chandra COSMOS-Legacy

The Chandra COSMOS-Legacy survey (Elvis et al. 2009; Civano
et al. 2016) covers the COSMOS field (e.g. Scoville et al. 2007;
Capak et al. 2007) over a total area of 2.2 deg2. The survey has an
exposure time of 150 ks px�1 in the central 1.5 deg2 and between
50 ks px�1 to 100 ks px�1 in the external regions. The flux limit of
the survey, as defined by the source catalogue (Civano et al. 2016)
is 8.9 ⇥ 10�16 erg s�1 cm�2 for the full band (0.5 � 7 keV),
2.2 ⇥ 10�16 erg s�1 cm�2 for the soft band (0.5 � 2 keV) and
1.5 ⇥ 10�15 erg s�1 cm�2 for the hard band (2 � 7 keV).

Figure 1 shows an illustration of the regions covered by each
of the surveys used in this work and the sources classified as X-
ray AGN, in comparison to SC4K. The deep X-ray data allow us
to track X-ray emission from processes like Bremsstrahlung and
inverse-Compton scattering, and thus to identify AGN X-ray emis-
sion.

2.3 Radio: 1.4 GHz and 3 GHz VLA-COSMOS

The VLA-COSMOS Survey (Schinnerer et al. 2004, 2007; Bondi
et al. 2008; Schinnerer et al. 2010) used the National radio As-
tronomy Observatory’s Very Large Array (VLA) to conduct deep
(�1.4 ⇠ 10µJy/beam), wide-field imaging with ⇡ 1.500 resolution
at 1.4 GHz continuum of the 2 deg2 COSMOS field.

The VLA’s 3 GHz COSMOS Large Project covers the entirety
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The global Lyα luminosity function at z~2-6: consensus 

Bright-end falls like a ~power-law (AGN), or shallower exponential
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See also: Drake+2017a,b; Dressler+2015; Santos, DS & JM 2016; Konno+2016.

AGN luminosity 
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proto-clusters

AGN

Sobral+18a, MNRAS, 476, 4725



Lyα luminosity tracing accretion rates/rapid SMBH growth

Above a certain Lyα luminosity, Lyα seems to just trace black 
hole accretion rate: Lyα-LX correlation. Lyα becomes a super-

massive black hole accretion rate estimator
Calhau, Sobral et al. 201910 J. Calhau et al.

Figure 8. The X-ray luminosity plotted against the Ly↵ luminosity. Left:The red circles are the LAEs with X-ray S/N>3. The blue squares encompass the
sources of the full SC4k sample (stacks of Ly↵ luminosity bins) and the straight blue line represents the linear fit to the Ly↵ stacks, which results in a relation
of the form log10(LX) = log10(Ly↵)⇥ (0.95± 0.03) + (2.8± 1.6). The red line is also a linear fit this time considering only the direct detections. There
seems to be a correlation between the two quantities, suggesting that the Ly↵ and X-ray emissions share common processes of origin. The measurement of the
relation is complicated by the fact that, although the black hole accretion rates (and the X-ray luminosity) are primarily due to the activity of AGN, outflows
and the presence of structures like hydrogen clouds may also influence the relation. However, we have no way of testing for this. Right: The X-ray luminosity
vs the Ly↵ luminosity for LAEs at 2.2 < z < 2.7,2.7 < z < 3.3 and 3.3 < z < 6. The results show that LAEs at low redshift seem to have lower Ly↵
luminosity for the same X-ray emission.

erg s�1. We then checked the X-ray luminosities for the shifted
sources that are detected in Chandra and found that, on average, the
shifted AGN would be expected to have LX = 1043.7�44.6 erg s�1,
which is consistent with what we observe in the actual sample. It
is also worth noting that observations of X-ray active AGN sam-
ples at high redshift result in an evolution of the X-ray luminosity
function (XLF) where the low-luminosity end progressively lowers
and flattens with redshift (e.g. Silverman et al. 2008; Georgakakis
et al. 2015). It is possible that the behaviour of the XLF explains the
lower number of detections at z > 3.5 but our Ly↵ selected sample
is not enough to draw comparisons with the results. We also point
out that Chandra’s sensitivity is such that only the brighter X-ray
AGN are detected even at the lower redshifts, so it is possible we
are still missing sources (see Section 6 for further discussion).

In an effort to probe the X-ray activity of the non-detected
sources and its evolution, we checked for the existence of any re-
lation between their X-ray luminosity and redshift. Figure 7 also
shows the results of X-ray stacking our sample of LAEs in bins
of redshift (green square markers), and after removing individual
AGN detections (X-ray S/N>3). We find no detections at any of
the redshift bins even if we re-define the bins to encompass larger
redshift intervals (see Table 1) and when stacking the entire sam-
ple. The results stay in agreement regardless of the statistics used
in the stacking (both mean and median). This lack of detection in-
dicates that most of our sample has no significant X-ray activity
and thus is composed mainly of SF galaxies with a small subsam-
ple of X-ray bright, AGN-powered LAEs. We note that our stack-
ing is capable of reaching faint luminosities in the X-rays, within
⇠ 0.2 � 0.5dex of the 1042 erg s�1 limit commonly used to sep-
arate AGN from non-active galaxies, and corresponding to a SFR
of ⇠1000 M� yr�1. This is true both for the bins at lower redshift
and the stacking of the full sample, although this does not eliminate
the possibility of low luminosity AGN escaping detection. We also

note that using only the sources from Civano et al. (2016), with
S/N>5, results in the stack limits rising, with the stacks at z = 2.9
and z = 3.7 reaching SN⇠2.2, due to the more strict cut applied
on the official Chandra catalogue, causing some of the lower lu-
minosity LAEs that are detected in the X-rays at S/N= 3 � 5 to
contribute to the stack.

4.3 X-ray luminosity vs Ly↵ luminosity

To test for a relation between the X-ray properties of the galaxies
and Ly↵, we divided the sample in bins of Ly↵ luminosity and per-
formed stacking in the X-rays. We perform the stacking in these
bins for two different samples: one including the X-ray counter-
parts and another excluding them. When stacking the sample in
bins of Ly↵ luminosity while including the AGN (see Figure 8, left
panel) there is a clear positive correlation of the X-ray luminos-
ity with the Ly↵ luminosity. In this case, the X-ray luminosity rises
with Ly↵ luminosity. However, doing the same while extracting the
X-ray detections from the sample results in no relation. Further-
more, the relation is present when considering only X-ray detected
LAEs (red markers and red linear fit, Figure 8, left panel). From
these results, it is clear that the driving force behind the Ly↵/X-ray
relation is the AGN activity. In other words, the Ly↵ emission of
the X-ray direct detections is likely coming from the BH activity,
and thus tracing the accretion rate, while for the remainder of the
sample Ly↵ likely comes from SF processes. It is worth noting that
the relation exists when only considering the direct detections.

Nevertheless, since the sample is dominated by X-ray AGN
at higher Ly↵ luminosities, we investigate whether this evolution
between the two luminosities changes depending on the redshift
bins considered. The results are also shown in Figure 8, where the
right panel details the evolution of the luminosity relations for each
of the three redshift bins shown in Table 1 (z = 2.2�2.7, z = 2.7�

MNRAS 000, 1–20 (2019)



Are we missing AGN with current deep X-ray data?

• Deep spectroscopy allows to see much lower accretion rates 
from likely lower mass SMBHs

• Do fainter Lyα emitters also contain a SMBH, but just below 
the detection limit?

• Spectroscopic follow-up of luminous LAEs: Keck, VLT, WHT

Sobral et al. 2018b, MNRAS, 477, 2817

ELTs will play a major role in rest-frame UV follow-up of 
high-z ELGs



Lyα FWHM: from very broad to narrow with decrease

Sobral et al. 2018bDecreasing Lya luminosity

Most AGN LAEs are not detected in X-rays (but variable data quality!)



Identifying AGN vs metallicity effects: rest-UV
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See also: Feltre et al. & Gutkin et al.

Identifying AGN 
activity in LAEs with 
high ionisation rest-

frame UV lines 

Most do not show 
detections in X-rays

Sobral et al. 2018b

Photo-ionisation models over a wide range of params (published with):  
Sobral et al. 2018b, MNRAS, 477, 2817  
Sobral et al. 2019a, MNRAS, 482, 2422 



ISM of Lyα shifts from metal-poor SF to metal-rich AGN
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Figure 11. Examples of weighted (by the inverse of the noise) average stacks by splitting our sample of z ⇠ 2–3 luminous LAEs in
two based on the average Ly↵ luminosity and also by stacking the full sample. We indicate the rest-frame wavelengths of the main
rest-frame UV nebular and ISM lines with dashed and dot-dashed lines, respectively. The horizontal dashed lines show the 1 � error per
resolution element of each stack. We find a strong increase in the high ionisation UV emission lines with increasing Ly↵ luminosity, while
blue-shifted ISM absorption lines are also clearer and more blueshifted for the stack of the most luminous LAEs.

Table 4. Results from the stacking of our sources in di↵erent sub-samples and using all constrained UV lines (see Table B1) in order to
extract likely physical conditions. We provide both line ratios for the stacks and potential physical conditions from our cloudy modelling;
see Section 5.2 and Table 3. E↵ective temperatures (Te↵) are indicative, coming from the warm ionised inter-stellar medium and from
our black-body ionising sources. Gas metallicities are given in log (O/H)+12 with solar being 8.7.

Stack Nv/Ly↵ Civ/Heii Ciii]/Heii log U Gas Metallicity Burst Age Power-law Te↵

(Myrs) ↵ (kK)

Full sample 0.11 ± 0.01 1.7 ± 0.2 5.2 ± 0.4 �0.7+0.5
�0.4 8.7+0.3

�0.1 6+25
�4 �1.4+0.3

�0.3 150+10
�50

All SFGs < 0.16 2.9 ± 0.8 4.8 ± 1.4 �3.0+1.6
�0.9 8.2+0.5

�0.3 20+40
�15 — —

All AGNs 0.11 ± 0.02 2.3 ± 0.2 3.0 ± 0.2 0.6+0.5
�0.5 8.8+0.1

�0.1 — �1.4+0.4
�0.2 70+70

�10

42.6 < Ly↵ < 43.3 0.05 ± 0.02 2.5 ± 0.9 2.5 ± 0.8 �1.3+0.1
�0.4 7.5+0.5

�0.1 4+2
�2 �1.7+0.3

�0.1 130+20
�20

43.3 < Ly↵ < 44.2 0.22 ± 0.02 2.0 ± 0.1 2.6 ± 0.2 �0.6+0.1
�0.1 8.7+0.1

�0.1 3+1
�2 �1.5+0.3

�0.3 155+5
�5

�21.5 < MUV < �19.1 < 0.12 < 1.9 2.1 ± 0.7 �2.0+1.3
�0.6 8.7+0.1

�0.5 60+250
�55 �1.5+0.3

�0.3 120+20
�20

�24.4 < MUV < �21.5 < 0.18 2.2 ± 0.2 3.1 ± 0.3 �1.1+0.4
�1.1 8.3+0.2

�0.1 13+1
�2 �1.0+0.1

�0.6 90+50
�20

200 < FWHM < 1000 0.10 ± 0.01 < 0.70 7.2 ± 1.7 �0.0+0.2
�0.2 8.9+0.1

�0.1 80+300
�70 �1.5+0.2

�0.2 130+5
�20

1000 < FWHM < 3000 < 0.21 > 4.3 > 2.1 �1.4+0.9
�0.2 8.8+0.2

�0.1 — �1.4+0.2
�0.2 120+30

�20

Figures 8 and 9) and not due to a change in properties of
star-forming dominated LAEs. We also find evidence for gas-
phase metallicities of LAEs to be lower (⇡ 0.1 � 0.3 Z�) for
SFGs (see Table 4) and for lower luminosity LAEs (similar
to e.g. Stark et al. 2014; Nakajima et al. 2018), and closer to
solar or higher for the most luminous LAEs (Table 4), but
again this is likely caused by the sharp transition between
star-forming and AGN-dominated (see Figure 8).

6 DISCUSSION

6.1 Bright LAEs at z ⇠ 2 � 3: the SF-AGN
transition and the physical interpretation

Our results show that the AGN fraction of luminous LAEs
strongly depends on both UV and Ly↵ luminosity at z ⇠

2 � 3. The brightest LAEs in Ly↵ or in the UV are AGN,

and above LLy↵ > 1043.3 erg s�1 or MUV < �21.5 virtually
all luminous LAEs are AGN, causing an abrupt change in
the physical properties of the ionised gas at 2⇥ L⇤, as seen
in §5.3. This may be explained by the fact that only AGN
can reach the highest observed luminosities in either UV
or Ly↵, and suggests a limiting observed SFR10 for star-
forming dominated LAEs of ⇡ 20 M� yr�1 at z ⇠ 2 � 3. In
principle, such a SFR limit could be a consequence of the ex-
ponential cut-o↵s in the galaxy mass and the gas mass frac-
tion functions, and the properties of dust formation in mas-
sive starbursts, with both e↵ects potentially evolving with
redshift (see §6.2). These likely combine to create a strong
threshold on UV luminosity of SF-dominated systems.

10 Obtained converting the observed maximal MUV = �21.5 or
LLy↵ = 1043.3 erg s�1 to a SFR using a Salpeter IMF.

MNRAS 000, 1–23 (2018)

Sobral et al. 2018bCLOUDY photo-ionisation modelling
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In which haloes do LAEs live in?
• Clustering of LAEs with large samples from z~2 

to z~7 from faint to bright sources covering a 
co-moving volume of ~108 Mpc3

Khostovan, Sobral et al. 2019, arXiv:1811.00556



No single answer: depends on luminosity or SFR!

Khostovan, Sobral et al. 2019, arXiv:1811.00556

• LAEs hosted from 1010 Mo to 1013.5 Mo 
dark matter haloes

• From SF to AGN hosts
14 Khostovan et al.

Figure 9. The host halo mass as measured in bins of dust-
corrected rest-frame UV star formation rate. We find that an
increasing, redshift-independent trend between increasing halo
mass and increasing star formation rate. Included are the dust-
corrected M

UV

-limit literature measurements from various nar-
rowband surveys. Bielby et al. (2016) covers multiple star for-
mation rate bins and also shows a similar trend in comparison
to our observations, although for a limited star formation rate
range. Above 10 M� yr�1 and halo masses of 1012 M�, the ob-
served trends become shallower, similar to our observations of the
halo mass - Ly↵ luminosity trends.

8 and, therefore, are not physical. This region is highlighted
in Figure 9.

Included in Figure 9 are the M
UV

-limit measurements
from z ⇠ 2 � 6 studies found in the literature (Ouchi et al.
2003; Gawiser et al. 2007; Murayama et al. 2007; Guaita
et al. 2010; Ouchi et al. 2010; Bielby et al. 2016). The mea-
surements were redone to match with the assumptions made
in this work (see Appendix B for details) and converted to
SFR using Equation 9. The typical � slope for these samples
are bluer than � ⇠ �2, which implies zero to minimal dust
attenuation (e.g., see Figure 2 of Ono et al. (2010)). Because
these measurements are M

UV

(SFR)-limit studies, they help
to constrain the least active end (SFR . 1.6 M� yr�1) of
Figure 9.

We find that two trends are present in Figure 9 where
the halo mass increases rapidly from low SFR to ⇠ 4.5
M� yr�1 and continues to increase with a shallower slope
to higher SFRs. To quantify these trends, we fit our mea-
surements and those from the literature with a piecewise
power law. The best fit is:

M
halo

M�/h
= 1012.05

+0.08
�0.09

8>>>>>>><>>>>>>>:

 
SFR

4.5

!
2.19+0.25�0.23

SFR < 4.5
M�
yr

 
SFR

4.5

!
0.61+0.09�0.05

SFR > 4.5
M�
yr

(14)

with a typical halo mass of 1012.05
+0.08
�0.09 M� at SFR ⇠ 4.5

M� yr�1, which is the point for which we visually see a
change in the trend in Figure 9.

In comparison to the halo mass - L
Ly↵ trend we mea-

sured, there are many important similarities. The pivot point
in the piecewise has similar halo masses and the slopes of
both trends are very much similar. This could suggest that
L
Ly↵ is indeed tracing the star formation activity, despite

the many caveats surrounding using Ly↵ as a star formation
indicator (see Dijkstra (2017) for a review).

The typical halo mass measured at 4.5 M� yr�1 is con-
sistent with the peak of star formation e�ciency found in
halos of ⇠ 1012 M�. This is similar to what we also find for
the halo mass - L

Ly↵ results. The changing slope seen above
4.5 M� yr�1 is most likely due to the combining e↵ects of a
larger population of AGNs and the existence of LAEs that
are undergoing an intense period of star formation activity.

The observed trends suggests that the processes that
govern star formation activity and the production of the
Ly↵ line in LAEs is strongly tied to the host halo mass prop-
erties. The redshift independence reinforces the idea that
this connection is independent of time such that halos and
their residing galaxies co-evolve with each other in unison.
This would then suggest that one of the most important
characteristics that governs the evolution of a galaxy is the
host dark matter halo mass.

6 CONCLUSION

We present a comprehensive investigation of the clustering
and halo properties of LAEs and explore their dependences
on Ly↵ luminosity, UV continuum luminosity, and UV star
formation rate in multiple redshift slices between z ⇠ 2.5�6.
We highlight the main results of this study here:

(i) We measure the angular correlation functions and
clustering lengths of every redshift sample. The clus-
tering lengths of the narrowband samples are shown
to increase from r

0

⇠ 3.1 � 5.0 Mpc h�1 between
z ⇠ 3.1�5.7. The intermediate band and combined in-
termediate band samples show a more rapid increase
in r

0

from ⇠ 4.5 Mpc h�1 at z ⇠ 2.5 to ⇠ 16 Mpc h�1

by z ⇠ 5.8. The typical halo masses of the narrow-
band samples are found to be ⇠ 1011 M�, while the
intermediate band samples range between ⇠ 1011�12

M�.
(ii) Host halo mass is found to scale with Ly↵ luminosity

at all redshifts probed. Initial analysis of this trend
shows a redshift evolution, but this is found to be
caused by the cosmic evolution of the Ly↵ luminos-
ity function. Taking this into account by normalizing
Ly↵ luminosity by L?(z) shows a redshift-independent
trend with host halo mass. LAEs are found to reside in
a wide range of host halos ranging from 109.75 M� at
⇠ 0.1L?(z) to 1012.1 M� at L?(z) and 1012.8 M� at
⇠ 10L?(z).

(iii) We find a strong, redshift-independent trend between
host halo mass and observed 1500Å UV continuum
luminosity. LAEs with M

UV

⇠ �18 mag are found to
reside in 1010.5 M� halos and M

UV

⇠ �23 mag in 1013

M� halos.
(iv) We also find a strong, redshift-independent trend be-

tween host halo mass and dust-corrected UV star

MNRAS 000, 1–17 (2018)



Location in luminosity function (L/L*) predicts Mhalo

See also: Sobral+2010; Khostovan, Sobral
+2018; Cochrane, Best, Sobral+2017

12 Khostovan et al.

the UV-bright end of Figure 7 is AGN-dominated. The halo
masses measured are consistent with AGN studies zzz ...

5.4 Star Formation Rate

The results in Figure 7 are based on the observed M
UV

for
which the UV luminosity is not corrected for dust. To explore
how host halo mass depends directly on the star formation
rate, we dust correct M

UV

using the UV slope, �, and use
the Kennicutt (1998) calibration as described in §4.

Figure ??
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�2
red
= 1.0
SFR(UV) Main Points:

• also redshift-independent trend
• increasing SFR activity of LAEs is correlated with in-

creasing halo mass.
• Higher halo masses means deeper potentials so more

cold gas flows in to fuel SF activity up to 1012.5�13 M�.
• Consistent with continuously increasing trend, but at

> 10 M�yr�1 the trend changes slope. Similar to what is
seen for line luminosity. Signature of AGN contribution +
transitional halo mass scale?
• Overall, this shows that SF activity of LAEs is well

connected to their host halo mass.
• zzz

5.5 Equivalent Width and Ly↵ Escape Fraction

Include EW plot and possibly interpret as Ly↵ Escape Frac-
tion. See david’s recent paper. MAY CONSIDER REMOV-
ING.

5.6 Progenitors of Local Galaxies

Figure 9.
Main Points

• Cover wide range of descendants
• Our NB samples are progenitors of galaxies in 1013�14

M� halos. These would be similar to massive, quiescent
galaxies today.
• The IB samples are shown to be progenitors of galaxies

in > 1014 M� halos, which would imply that they reside
in the densest galaxy clusters in the present-day Universe.
(DOUBLE CHECK ASSUMPTIONS MADE IN PETER’S
DETERMIATION OF THE HALO MASS ACCRETION
RATE FUNCTION).
• Other NB LAE studies are consistent with our results,

except for the Ouchi and Gawiser samples at z ⇠ 3, which
are more consistent with MW-type descendants

1011 M� h �1

1012 M� h�1

1013 M� h�1

1014 M� h�1

0 1 2 3 4 5 6 7
z

9

10

11

12

13

14

M
h
(z

)
(M
�

h�
1 )

LAEs IB (This Work)

LAEs NB (This Work)

LAEs Combined IBs (This Work)

LAEs (Literature)

HAEs [OIII]-sel. [OII]-sel.HAEs [OIII]-sel. [OII]-sel.

0 5 10 11 12
Lookback Time (Gyr)

Figure 9. The present-day descendants of emission line-selected
galaxies. The dashed lines are the evolutionary tracks of present-
day 1011�14 M� host halos assuming the halo mass accretion
model of ?. Our narrowband-selected LAEs are found to be pro-
genitors of galaxies in present-day 1013�14 M� halos, while our
intermediate band samples are in more massive present-day ha-
los. Other LAE narrowband surveys show a similar result such
that Ly↵ emiters are the progenitors of the most massive galaxies
that reside in galaxy cluster-scale environments. H↵-, [Oii]-, and
[Oiii]-selected galaxies are found to be progenitors of a galaxies
in a wider range of present-day host halos.

• Other ELGs (H↵, [Oiii], and [Oii]-selected) reside in a
range of 1011�13 M� halos. (WHY? zzz)

5.7 Theoretical Comparisons?

6 CONCLUSION

Bullet Points
Have something more interpretative and mention how

these results and techniques can be used to extrapolate to
high-z... the reionization era.
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Figure 6. Halo mass in terms of Ly↵ luminosity. For each red-
shift sample, we see that halo mass increases with increasing line
luminosity. Between z ⇠ 2 � 3, our measurements along with the
literature show an increase in halo mass from 109.7�12.8 M� for
Ly↵ luminosities between 1041.7�43.6 erg s�1. Similar trends are
also seen at z > 3, but are shifted to higher line luminosities in
comparison to the z ⇠ 2 � 3 samples. This is primarily due to the
cosmic evolution of the Ly↵ luminosity functions and highlights
the need to correct for this evolution in order to see if there is any
evolution in regards to the clustering/halo properties of LAEs.
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where the slopes above and below L?(z) are quite di↵erent.
The best-fits show a steeply increasing halo mass with

line luminosity up to L?(z) with a slope of 2.08 ± 0.12 fol-
lowed by a slowly increasing halo mass at brighter line lumi-
nosities with a slope of 0.63 ± 0.12 and a typical halo mass
of 1012.19±0.06 M� at L?(z). Interestingly, the trend change
occurs at the point where star formation e�ciency is at it’s
peak (e.g., Behroozi et al. 2013), which is tied to how the
cold gas accretion occurs at varying halo masses.

5.2.1 What causes the trend change at L > L?(z)?

The slope change that is seen in Figure 7 could be due to
a changing population of LAEs where Ly↵ emission is no
longer driven by star formation but by AGN activity. This
would result in the fraction of star-forming galaxies to de-
crease with increasing luminosity. Above 1012 M�, the star
formation e�ciency decreases due to accelerated gas accre-
tion caused by the deeper gravitational potentials of higher
mass halos resulting in fewer star-forming galaxies with in-
creasing halo mass (e.g., Dekel & Birnboim 2006; Bower
et al. 2017). This idea of a transitional or characteristic halo

Figure 7. Host halo mass and Ly↵ luminosity normalized by the
characteristic line luminosity, L?(z). We find a strong, redshift-
independent trend between host halo mass and line luminosity
similar to previous narrowband works for H↵-, [Oii]-, and [Oiii]-
selected emission line galaxies (Sobral et al. 2010; Cochrane et al.
2017; Khostovan et al. 2018). We find that the observed trends
become shallower at L > L?(z), which is a signature of a transi-
tional halo mass where it becomes increasingly improbable that a
star-forming galaxy resides in higher host halo masses. The con-
tinuous, shallower increase can also be a sign of AGN contribution
at the brightest Ly↵ luminosities. Recent work by Sobral et al.
(2018b) find that for L > 2L?(z), the AGN fraction per Ly↵ lu-
minosity is essentially 50 percent.

mass has been observed for H↵, [Oiii], and [Oii]-selected
emitters between z ⇠ 0.4 � 5 (Khostovan et al. 2018) and by
studies of star-forming and passive galaxies (e.g., Hartley
et al. 2013; Dolley et al. 2014).

To understand whether AGN contribution could be
causing a trend change at L > L?(z), we include the z ⇠ 2�3
AGN fraction measurements of Sobral et al. (2018b) and
z ⇠ 1 measurements of Wold et al. (2014) in the top panel
of Figure 7. About 20 percent of z ⇠ 1 � 3 LAEs are found
to be AGNs around L? and by 2 L?(z), half of the pop-
ulation of LAEs are AGNs. Although their results are for
z ⇠ 1� 3 LAEs which overlap with a few of our samples, the
implications it has for our higher redshift samples is that our
bright LAE samples are most likely AGN-dominated. Cal-
hau et al., in prep, found a strong correlation between the
fraction of X-ray detected AGNs and Ly↵ luminosity with
100 percent X-ray AGN fraction at the brightest LAEs in
the SC4K sample. Matthee et al. (2017) found that z ⇠ 2.3
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the UV-bright end of Figure 7 is AGN-dominated. The halo
masses measured are consistent with AGN studies zzz ...

5.4 Star Formation Rate

The results in Figure 7 are based on the observed M
UV

for
which the UV luminosity is not corrected for dust. To explore
how host halo mass depends directly on the star formation
rate, we dust correct M

UV

using the UV slope, �, and use
the Kennicutt (1998) calibration as described in §4.
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• also redshift-independent trend
• increasing SFR activity of LAEs is correlated with in-

creasing halo mass.
• Higher halo masses means deeper potentials so more

cold gas flows in to fuel SF activity up to 1012.5�13 M�.
• Consistent with continuously increasing trend, but at

> 10 M�yr�1 the trend changes slope. Similar to what is
seen for line luminosity. Signature of AGN contribution +
transitional halo mass scale?
• Overall, this shows that SF activity of LAEs is well

connected to their host halo mass.
• zzz

5.5 Equivalent Width and Ly↵ Escape Fraction

Include EW plot and possibly interpret as Ly↵ Escape Frac-
tion. See david’s recent paper. MAY CONSIDER REMOV-
ING.

5.6 Progenitors of Local Galaxies

Figure 9.
Main Points

• Cover wide range of descendants
• Our NB samples are progenitors of galaxies in 1013�14

M� halos. These would be similar to massive, quiescent
galaxies today.
• The IB samples are shown to be progenitors of galaxies

in > 1014 M� halos, which would imply that they reside
in the densest galaxy clusters in the present-day Universe.
(DOUBLE CHECK ASSUMPTIONS MADE IN PETER’S
DETERMIATION OF THE HALO MASS ACCRETION
RATE FUNCTION).
• Other NB LAE studies are consistent with our results,

except for the Ouchi and Gawiser samples at z ⇠ 3, which
are more consistent with MW-type descendants
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Figure 9. The present-day descendants of emission line-selected
galaxies. The dashed lines are the evolutionary tracks of present-
day 1011�14 M� host halos assuming the halo mass accretion
model of ?. Our narrowband-selected LAEs are found to be pro-
genitors of galaxies in present-day 1013�14 M� halos, while our
intermediate band samples are in more massive present-day ha-
los. Other LAE narrowband surveys show a similar result such
that Ly↵ emiters are the progenitors of the most massive galaxies
that reside in galaxy cluster-scale environments. H↵-, [Oii]-, and
[Oiii]-selected galaxies are found to be progenitors of a galaxies
in a wider range of present-day host halos.

• Other ELGs (H↵, [Oiii], and [Oii]-selected) reside in a
range of 1011�13 M� halos. (WHY? zzz)
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Figure 6. Halo mass in terms of Ly↵ luminosity. For each red-
shift sample, we see that halo mass increases with increasing line
luminosity. Between z ⇠ 2 � 3, our measurements along with the
literature show an increase in halo mass from 109.7�12.8 M� for
Ly↵ luminosities between 1041.7�43.6 erg s�1. Similar trends are
also seen at z > 3, but are shifted to higher line luminosities in
comparison to the z ⇠ 2 � 3 samples. This is primarily due to the
cosmic evolution of the Ly↵ luminosity functions and highlights
the need to correct for this evolution in order to see if there is any
evolution in regards to the clustering/halo properties of LAEs.

arated at L?(z) with a best-fit of:

M
halo

M�/h
= 1012.19

+0.06
�0.06

8>>>>>>><>>>>>>>:

 
L

L?(z)

!
2.08+0.12�0.12

L < L?

 
L

L?(z)

!
0.63+0.12�0.12

L > L?
(12)

where the slopes above and below L?(z) are quite di↵erent.
The best-fits show a steeply increasing halo mass with

line luminosity up to L?(z) with a slope of 2.08 ± 0.12 fol-
lowed by a slowly increasing halo mass at brighter line lumi-
nosities with a slope of 0.63 ± 0.12 and a typical halo mass
of 1012.19±0.06 M� at L?(z). Interestingly, the trend change
occurs at the point where star formation e�ciency is at it’s
peak (e.g., Behroozi et al. 2013), which is tied to how the
cold gas accretion occurs at varying halo masses.

5.2.1 What causes the trend change at L > L?(z)?

The slope change that is seen in Figure 7 could be due to
a changing population of LAEs where Ly↵ emission is no
longer driven by star formation but by AGN activity. This
would result in the fraction of star-forming galaxies to de-
crease with increasing luminosity. Above 1012 M�, the star
formation e�ciency decreases due to accelerated gas accre-
tion caused by the deeper gravitational potentials of higher
mass halos resulting in fewer star-forming galaxies with in-
creasing halo mass (e.g., Dekel & Birnboim 2006; Bower
et al. 2017). This idea of a transitional or characteristic halo

Figure 7. Host halo mass and Ly↵ luminosity normalized by the
characteristic line luminosity, L?(z). We find a strong, redshift-
independent trend between host halo mass and line luminosity
similar to previous narrowband works for H↵-, [Oii]-, and [Oiii]-
selected emission line galaxies (Sobral et al. 2010; Cochrane et al.
2017; Khostovan et al. 2018). We find that the observed trends
become shallower at L > L?(z), which is a signature of a transi-
tional halo mass where it becomes increasingly improbable that a
star-forming galaxy resides in higher host halo masses. The con-
tinuous, shallower increase can also be a sign of AGN contribution
at the brightest Ly↵ luminosities. Recent work by Sobral et al.
(2018b) find that for L > 2L?(z), the AGN fraction per Ly↵ lu-
minosity is essentially 50 percent.

mass has been observed for H↵, [Oiii], and [Oii]-selected
emitters between z ⇠ 0.4 � 5 (Khostovan et al. 2018) and by
studies of star-forming and passive galaxies (e.g., Hartley
et al. 2013; Dolley et al. 2014).

To understand whether AGN contribution could be
causing a trend change at L > L?(z), we include the z ⇠ 2�3
AGN fraction measurements of Sobral et al. (2018b) and
z ⇠ 1 measurements of Wold et al. (2014) in the top panel
of Figure 7. About 20 percent of z ⇠ 1 � 3 LAEs are found
to be AGNs around L? and by 2 L?(z), half of the pop-
ulation of LAEs are AGNs. Although their results are for
z ⇠ 1� 3 LAEs which overlap with a few of our samples, the
implications it has for our higher redshift samples is that our
bright LAE samples are most likely AGN-dominated. Cal-
hau et al., in prep, found a strong correlation between the
fraction of X-ray detected AGNs and Ly↵ luminosity with
100 percent X-ray AGN fraction at the brightest LAEs in
the SC4K sample. Matthee et al. (2017) found that z ⇠ 2.3
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THE FUTURE IS RESOLVED: ALMA + HST+ JWST/NIRSPEC

Sobral, Matthee et al. 2019, MNRAS, 482, 2422

CR7 (Sobral+15):  
z=6.60, very high 
Lyα EW
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3 UV components
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Figure 7. [Cii] velocity map (at a 22 ⇥ 22 kpc scale) in
the rest-frame of clump A, based on the first moment map
collapsed for frequencies with �614 to +96 km s�1 with re-
spect to the Ly↵ redshift (see Fig. 1 for the corresponding
[Cii] flux map). Contours show the 3, 4 and 5� threshold
and velocity maps are shown for > 3� detections. The map
is driven by the the strongly blue-shifted component C-2.

than the beam, meaning that these clumps are unre-
solved and hence have a size r1/2,[CII] < 2.2 kpc. We
measure an observed size of r1/2,[CII],obs = 3.7+0.6

�0.6 kpc
for clump A (4 % of the measurements result in an un-
resolved size, meaning that clump A is resolved at ⇡ 2�
significance) and r1/2,[CII],obs = 4.4+0.9

�0.6 kpc for clump
C-2 (resolved at ⇡ 3.5� significance). We deconvolve
the sizes of A and C-2 to obtain the intrinsic size with
r�,[CII] =

p
r

2
obs � 2.22. Resulting sizes are listed in Ta-

ble 1. Dynamical masses are computed following Wang
et al. (2013):

Mdyn/M�(sin i)2 = 1.94⇥ 105 ⇥v2
FWHM,[CII] ⇥ r1/2,[CII],

(2)
where Mdyn is the dynamical mass in M�, i is the in-
clination angle, vFWHM,[CII] the line-width in km s�1

and r1/2,[CII] the size in kpc (half-light radius). This re-
sults in dynamical masses (uncorrected for inclination)
ranging from (3.9 ± 1.7) ⇥ 1010 M� for component A,
(2.4 ± 1.9) ⇥ 1010 M� for clump C-2 and < 0.7 ⇥ 1010

M� for < 0.4 ⇥ 1010 M� for clumps B and B-2, respec-
tively. These dynamical mass estimates are lower than
typical quasar host galaxies at z ⇡ 6 (Wang et al. 2013),
and comparable to star-forming galaxies at z ⇡ 7 with

Figure 8. IR continuum map at 230-250 GHz centered on
the position of CR7. The black contours show the 2, 3�
level, where 1� = 7µJy beam�1. We also show HST rest-
frame UV (F814W+F110W+F160W) contours at the 2, 3,
4� levels to highlight the positions of known (foreground)
sources. Sources are annotated with their photometric red-
shifts estimated by Laigle et al. (2016). No dust continuum is
detected at CR7, although a ⇡ 2� signal is detected around
potential clump D. Dust continuum is also clearly detected
in a foreground source at z = 0.84.

similar SFRs as CR7 (e.g. Pentericci et al. 2016; Smit
et al. 2017).

5. IR CONTINUUM

5.1. Blind detections

We combine the flux in all four spectral windows from
our ALMA coverage to search for dust continuum emis-
sion. In the entire image, we find two detections with
S/N > 3, but they are not associated with CR7. One
detection is 3.500 north-east of CR7 (associated with ID
number 339509 in the catalog from Laigle et al. 2016,
photo�z = 0.84 and visible in Fig. 8), while the other
is 18.500 to the south-west (ID number 335753 in Laigle
et al. 2016, photo � z = 3.10, not visible in the image).
The positions of these foreground galaxies confirm the
astrometric correction described in §3.2. We note that
we detect a tentative (3�) line at 250.484 GHz at the
position of ID 339509 that is identified as CO(4-3) with
⌫0 = 461.041 GHz at z = 0.841, perfectly consistent
with its photometric redshift.

As visible in Fig. 8, there is a ⇡ 2.7� continuum
detection ⇡ 200 to the south-east of CR7, nearby a faint

NIRspec 
IFU FoV

See Jorryt’s 
talk tomorrow
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Figure 7. [Cii] velocity map (at a 22 ⇥ 22 kpc scale) in
the rest-frame of clump A, based on the first moment map
collapsed for frequencies with �614 to +96 km s�1 with re-
spect to the Ly↵ redshift (see Fig. 1 for the corresponding
[Cii] flux map). Contours show the 3, 4 and 5� threshold
and velocity maps are shown for > 3� detections. The map
is driven by the the strongly blue-shifted component C-2.

than the beam, meaning that these clumps are unre-
solved and hence have a size r1/2,[CII] < 2.2 kpc. We
measure an observed size of r1/2,[CII],obs = 3.7+0.6

�0.6 kpc
for clump A (4 % of the measurements result in an un-
resolved size, meaning that clump A is resolved at ⇡ 2�
significance) and r1/2,[CII],obs = 4.4+0.9

�0.6 kpc for clump
C-2 (resolved at ⇡ 3.5� significance). We deconvolve
the sizes of A and C-2 to obtain the intrinsic size with
r�,[CII] =

p
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2
obs � 2.22. Resulting sizes are listed in Ta-

ble 1. Dynamical masses are computed following Wang
et al. (2013):

Mdyn/M�(sin i)2 = 1.94⇥ 105 ⇥v2
FWHM,[CII] ⇥ r1/2,[CII],

(2)
where Mdyn is the dynamical mass in M�, i is the in-
clination angle, vFWHM,[CII] the line-width in km s�1

and r1/2,[CII] the size in kpc (half-light radius). This re-
sults in dynamical masses (uncorrected for inclination)
ranging from (3.9 ± 1.7) ⇥ 1010 M� for component A,
(2.4 ± 1.9) ⇥ 1010 M� for clump C-2 and < 0.7 ⇥ 1010

M� for < 0.4 ⇥ 1010 M� for clumps B and B-2, respec-
tively. These dynamical mass estimates are lower than
typical quasar host galaxies at z ⇡ 6 (Wang et al. 2013),
and comparable to star-forming galaxies at z ⇡ 7 with

Figure 8. IR continuum map at 230-250 GHz centered on
the position of CR7. The black contours show the 2, 3�
level, where 1� = 7µJy beam�1. We also show HST rest-
frame UV (F814W+F110W+F160W) contours at the 2, 3,
4� levels to highlight the positions of known (foreground)
sources. Sources are annotated with their photometric red-
shifts estimated by Laigle et al. (2016). No dust continuum is
detected at CR7, although a ⇡ 2� signal is detected around
potential clump D. Dust continuum is also clearly detected
in a foreground source at z = 0.84.

similar SFRs as CR7 (e.g. Pentericci et al. 2016; Smit
et al. 2017).

5. IR CONTINUUM

5.1. Blind detections

We combine the flux in all four spectral windows from
our ALMA coverage to search for dust continuum emis-
sion. In the entire image, we find two detections with
S/N > 3, but they are not associated with CR7. One
detection is 3.500 north-east of CR7 (associated with ID
number 339509 in the catalog from Laigle et al. 2016,
photo�z = 0.84 and visible in Fig. 8), while the other
is 18.500 to the south-west (ID number 335753 in Laigle
et al. 2016, photo � z = 3.10, not visible in the image).
The positions of these foreground galaxies confirm the
astrometric correction described in §3.2. We note that
we detect a tentative (3�) line at 250.484 GHz at the
position of ID 339509 that is identified as CO(4-3) with
⌫0 = 461.041 GHz at z = 0.841, perfectly consistent
with its photometric redshift.

As visible in Fig. 8, there is a ⇡ 2.7� continuum
detection ⇡ 200 to the south-east of CR7, nearby a faint
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• Typical EWs of (non-resonant) emission lines go up by 2 
dex: evolution in typical stellar populations + ISM?

• Current Hα + other lines view - the future is resolved, 
and therefore complicated: let’s deal with it

• Lyα selected sources pick up high escape fraction sources 
(young) at any redshift + a population of AGN

• LAEs: crucial in driving re-ionisation, whether by 
“oLAEgarcs” (e.g. Naidu+2019) or by the fainter LAEs 
as ~all LyC leakers should be Lyα emitters

• There’s too much interesting physics in Lyα (and other 
lines) to use it (them) as simple redshift machine(s). Like 
having a Ferrari whose sole purpose is to cross streets

Main take-home points



Conclusions/take-home points

• Lyman-α at high-z: why, what for + (how) can we use it?

• CALYMHA: empirical calibration of Lyα with Hα at high-z

• Large volume surveys for Lyα emitters (LAEs) at z~2-7

• Lyα LF: evolution, luminosity density. At high-z, LAEs “rule”

• Lyα emitters: from star-forming to AGN dominated ~2L*

• Clustering properties: progenitors of all kinds of galaxies

• LAEs in the epoch of re-ionisation: early ionised bubbles

• Resolved results on Lyα, UV and [CII]: ALMA-HST-ALMA: 
luminous LAEs at z~7 are rapidly assembling centrals


