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Abstract. The James Webb Space Telescope (JWST) will observe the rest-frame ultravio-
let/optical spectra of galaxies from the epoch of reionization (EoR) in unprecedented detail.
While escaping into the intergalactic medium, hydrogen-ionizing (Lyman continuum; LyC) pho-
tons from the galaxies will contribute to the bluer end of the UV slope and make nebular
emission lines less prominent. We present a method to constrain leakage of the LyC photons
using the spectra of high redshift (z � 6) galaxies. We simulate JWST/NIRSpec observations
of galaxies at z =6–9 by matching the fluxes of galaxies observed in the Frontier Fields observa-
tions of galaxy cluster MACS-J0416. Our method predicts the escape fraction fesc with a mean
absolute error Δfesc ≈ 0.14. The method also predicts the redshifts of the galaxies with an error〈

Δ z
(1+ z )

〉
≈ 0.0003.

Keywords. Galaxies: high-redshift – dark ages, reionization, first stars – gravitational lensing:
strong

1. Introduction
Models of galaxy-driven reionization require a relatively high average escape fraction of

LyC photons (fesc ≈ 0.01−0.2) in order to ionize the intergalactic medium (IGM) during
the EoR (Mitra et al. 2015; Hartley and Ricotti 2016). While current measurements from
local galaxies typically indicate fesc < 0.1 (e.g. Izotov et al. 2016), there have been a
handful of objects observed with a high fesc (> 0.4) at z ≈ 2 − 3 (e.g. Vanzella et al.
2016). However, direct detections of LyC from the EoR are not possible due to the opacity
of the neutral IGM. Various indirect methods have been proposed to measure fesc at z> 6
using observations of gravitationally lensed objects (Jones et al. 2013; Zackrisson et al.
2013; Leethochawalit et al. 2016).

Zackrisson et al. (2013, 2017) propose to calculate the LyC escape fraction using spec-
troscopic data from the upcoming JWST. They argue that LyC photons that escape
from galaxies will be unable to contribute to the photo-ionization of the interstellar
medium. Therefore, galaxies with non-zero LyC escape fractions will display less promi-
nent emission lines and bluer UV slopes. We present our simulations of observations of
the JWST/NIRSpec instrument for galaxies similar to the ones seen in the lensed field
of Frontier Field (FF) clusters†. We then use a machine learning regression algorithm

† www.frontierfields.org
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for constraining the fesc from these spectra. We extend the work done in Jensen et al.
(2016) to consider the case where the redshift values of the galaxies are unknown.

2. Mock galaxy spectra
The FF program was initiated to observe faint high-redshift galaxies by combining

the observations from Hubble Space Telescope (HST) and Spitzer Space Telescope (Lotz
et al. 2017). These observations used six highly magnifying galaxy clusters which are
MACS-J0416 (hereafter M0416), MACS-J0717, MACS-J1149, Abell-2744, Abell-S1063
and Abell-370. These galaxies will be targets for the JWST. We simulate spectra for
the galaxies observed in the field of M0416 as this field is chosen in a proposal † for
JWST Cycle 1 Guaranteed Time Observations (GTO) to be observed with the NIRSpec
instrument. When this data will be available, we can use it to validate our study.

We use the CROC simulations (Gnedin and Kaurov 2014) to generate the star forma-
tion rates and the metallicity distribution of galaxies with stellar masses M� � 107M�.
Approximately 1300 galaxies are simulated at redshift z ≈ 7, 8, 9 and 10. Synthetic
spectra are generated by using the Yggdrasil spectral synthesis code (Zackrisson et al.
2011). The nebular emissions were calculated by using the Cloudy code (Ferland et al.
2013). Finally, the effect on LyC is modelled using the description in Zackrisson et al.
(2013) to obtain the spectra for various fesc , for more detail see Zackrisson et al. (2017).

Our machine learning method requires a training set of spectra from different z and
fesc . To provide this, a redshift resolution of Δz ≈ 0.01 is used to sample the redshifts 6 to
9. At each of these redshifts of a training set with spectra for fesc = 0.0, 0.1, ..., 1.0 is pro-
duced. The closest spectra is chosen for each training set redshift from the dataset of syn-
thetic spectra and the fluxes are scaled to match the magnitude observed in the FF cat-
alogue (m1500,AB ≈ 24− 30). Finally, the spectra are re-sampled to the JWST/NIRSpec
resolution for R = 100 mode‡. Unfortunately, the currently planned GTO time is too
short to allow for meaningful results given our current analysis. In the future, we will
strive to improve our method to instead work with shorter exposure times. In the current
study, we add noise corresponding to 10 hour exposures to our spectra using the recipe
given in Jensen et al. (2016). Fig. 1 shows the normalized flux of the spectra with varying
fesc . We see a clear correlation between the escape fraction and certain spectral features,
such as the UV slope and the emission lines.

3. Method
3.1. Unshifting

As we have spectra from different z, each nebular emission line will be observed at a
different wavelength. Jensen et al. (2016) showed that the prediction of fesc depends on
the fluxes of these emission lines. In order to calculate fesc we shift all the spectra to the
rest frame wavelength.

We have a dictionary of Gold Standard Spectra (GSS), which are noise free spectra
at the best possible wavelength resolution in the rest frame. The dictionary contains
GSS with and without Lyman-α (Ly-α) emission line and with varying fesc . Fluxes at
wavelengths less than that of Ly-α line will be absorbed due to Gunn-Peterson effect
(Gunn and Peterson 1965). When the column density of neutral hydrogen is high, part
of the Ly-α flux are affected by the damping wing of the Gunn-Peterson absorption.

† CANUCS: www.stsci.edu/jwst/phase2-public/1208.pdf
‡ See https://jwst.stsci.edu/instrumentation/nirspec for the details of the observation modes.
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Figure 1. Synthetic spectrum of the simulated galaxies with varying escape fraction fesc . Each
spectra is normalized to have an area under the spectra equal to unity in the log-space. The
horizontal axis gives the wavelength in the rest frame. Certain spectral features, such as the
EW(Hβ) and UV slope, are seen to correlate with fesc .

We shift all the observed spectra to the rest frame wavelength using a process we
call unshifting. First, the wavelength resolution is matched by using nearest-neighbour
interpolation. The observed spectra are shifted back to a GSS by moving the observed
spectrum until the cross-correlation is maximum. This shifting process is repeated for all
the GSS in the dictionary because the calculated shift is more accurate if the observed
spectra shifts to the GSS that has similar features. For example, an observed spectra
with no Ly-α emission line should shift to a GSS which does not have one.

3.2. LASSO Regression
The Least Absolute Shrinkage and Selection Operator (LASSO) is a machine learning
method that fits a linear model to a dataset (Tibshirani 1996). The model fitted by
LASSO is given by:

ŷ = β0 +
N∑

i=1

βixi , (3.1)

where the m is the number of data points in the training set, which are (x1 , y1), (x1 , y1),...
(xm , ym ). xi ’s are the input vectors that have N features. Our features include fluxes
from (N -1) wavelength bins and the shift value. yi ’s are the labels which in this case will
be either z or fesc .

The value for the β’s are determined by minimizing the least-square error
∑m

j=1[ŷj−yj ]2

along with a regularization term to control the over-fitting. LASSO uses an L1 regular-
ization λ

∑N
i=1 |βi |. λ is a tunable parameter called the penalty. We use cross-validation

to estimate the penalty. The advantage of using L1 regularization is the imposition of
sparsity into the model. We can see in Fig. 1 that there are few special features which are
better correlated to the fesc and for a good value of λ LASSO only gives non-zero coeffi-
cients to them. The λ can be determined using cross-validation (Kohavi et al. 1995). We
have used 10-fold cross-validation throughout this study. We refer the interested reader
to Ivezić et al. (2014) and Jensen et al. (2016) for more details.

4. Results
As we do not have the JWST observations now, we randomly select 20% of the ≈ 6800

training set galaxies and keep it as test set (≈ 1700 galaxies). We use normalised fluxes
of the spectra and the shift calculated during the unshifting as our input vectors. The
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Figure 2. The prediction for z (left panel) and fesc (right panel) is shown. Left Panel : The
unshifting works well as the scatter is very close to the ztr u e = zpr ed line. Right Panel : The
violin plot shows the prediction of fesc . The markers on the violins are put at the mean and
the two extrema. The width of each violin shows the probability density of predicting a value.
The MAE for predicted fesc is 0.14.

coefficient of the shift that LASSO predicts is particularly high, indicating that redshift
is highly dependant on the shift calculation. Fig. 2 shows the performance of the fitted
model on the test set. The left panel of Fig. 2 shows that the unshifting followed by a
model fit by LASSO gives a good prediction for the z of the galaxies. The prediction
error

〈
Δz

(1+z )

〉
is comparable to the value given in Castellano et al. (2016).

The nebular emission lines have a strong correlation with the fesc whereas the coeffi-
cient for the shift value is zero as the fesc is independent of it. The right panel in Fig 2
shows the prediction of fesc for the test set. The width of the violin at each predicted
fesc represents the probability density for the value predicted for that true fesc . All the
plots show a unimodal distribution. This suggests that the model has a higher chance
of predicting the mean (shown with the marker). The predictions have a larger spread
in the lower true fesc . However, the probability of predicting the outliers are quite low.
LASSO fits a model for fesc that is similar to the ones shown in Jensen et al. (2016). The
mean absolute error is in agreement with this work and the mean values of the predicted
fesc also reproduce the trend found there.

5. Summary
In this study, we see that the error in predicting the fesc is comparable to the value

in Jensen et al. (2016) where the spectra from a particular redshift was used. Thus, the
prediction of the fesc has weak dependence on the error we make in unshifting (predicting
the redshift) the spectra. The spread on the prediction of fesc is large. Jensen et al. (2016)
showed that the spread will decrease by increasing the number of galaxies. For the real
observations, we will be severely limited by quantity of data. However, even with these
small sample sizes we will be able to extract useful information with our method. In our
future paper (Giri et al., in preparation), we will show that the method can be used to
identify high LyC leakers.
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Castellano, M., Amoŕın, R., Merlin, E., Fontana, A., McLure, R. J., Mármol-Queraltó, E., Mort-
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