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A B S T R A C T 

We report the disco v ery of a double-peaked L yman- α (L y α) emitter (LAE) at z = 3.2177 ± 0.0001 in VLT/MUSE data. The 
galaxy is strongly lensed by the galaxy cluster RXC J0018.5 + 1626 recently observed in the RELICS survey, and the double- 
peaked Ly α emission is clearly detected in the two counter images in the MUSE field of view. We measure a relatively high Ly α

rest-frame equi v alent width (EW) of EW Ly α, 0 = (63 ± 2) Å. Additional spectroscopy with Gemini /GNIRS in the near-infrared 

(NIR) allows us to measure the H β, [O III ] λ4959 Å, and [O III ] λ5007 Å emission lines, which show moderate rest-frame EWs 
of the order of a few ∼10–100 Å, an [O III ] λ5007 Å/H β ratio of 4.8 ± 0.7, and a lower limit on the [O III ]/[O II ] ratio of > 9.3. 
The galaxy has very blue UV-continuum slopes of βFUV 

= −2.23 ± 0.06 and βNUV 

= −3.0 ± 0.2, and is magnified by factors 
μ ∼ 7–10 in each of the two images, thus enabling a view into a low-mass ( M � � 10 

7 . 5 M �) high-redshift galaxy analogue. 
Notably, the blue peak of the Ly α profile is significantly stronger than the red peak, which suggests an inflow of matter and 

possibly very low H I column densities in its circumgalactic gas. To the best of our knowledge, this is the first detection of such 

a Ly α profile. Combined with the high lensing magnification and image multiplicity, these properties make this galaxy a prime 
candidate for follow-up observations to search for LyC emission and constrain the LyC photon escape fraction. 

Key words: gravitational lensing: strong – ISM: lines and bands – galaxies: clusters: individual: RXC J0018.5 + 1626 – galaxies: 
evolution – galaxies: star formation – dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

he epoch of cosmic reionization (EoR), which took place at z ∼
–15 (e.g. Stark et al. 2010 ; Becker et al. 2015 ; Planck Collaboration
LVII 2016 , VI 2020 ; Ba ̃ nados et al. 2019 ; Robertson 2021 ; Zhu

t al. 2021 ; Bosman et al. 2022 ), saw one of the last major phase
hanges of the Universe as almost the entire neutral hydrogen 
ontent in the intergalactic medium (IGM) was reionized. The 
urrent consensus strongly suggests early star-forming galaxies, and 
n particular the faint low-mass population, as the sources that dro v e
osmic reionization (e.g. Bunker et al. 2010 ; Bouwens et al. 2011 ,
015 ; McLure et al. 2013 ; Robertson et al. 2013 , 2015 ; Atek et al.
015 ; Finkelstein et al. 2015 ). The physics that go v ern the emission
 E-mail: furtak@post.bgu.ac.il 
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f ionizing photons > 13.6 eV by star-forming galaxies and, more
mportantly, their escape into the surrounding IGM ho we ver remain
argely uncertain. Reionizing the entire IGM would require early 
tar-forming galaxies to have escape fractions of ionizing radiation 
f f esc, LyC > 0.2, on average (e.g. Robertson et al. 2013 ; Naidu
t al. 2020 ). Because of the opacity of the neutral IGM to Lyman-
ontinuum (LyC; λ0 < 912 Å) photons (e.g. Madau 1995 ; Inoue et al.
014 ), it is essentially impossible to directly observe LyC emission
f galaxies beyond z � 4.5 (Vanzella et al. 2018 ). We therefore
eed to indirectly infer the LyC escape fractions (and other emission
roperties) of high-redshift galaxies through signatures that can be 
bserved out to high redshifts. This is done by studying LyC leakage
n low-redshift analogues of high-redshift galaxies, in particular in 
 yman- α (L y α) emitters (LAEs). 
The Ly α line originates from a resonant transition in the hydrogen

tom. A connection between Ly α and LyC escape can therefore be
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xpected theoretically. Indeed, Ly α photons scatter less in lower H I

olumn density regions which would also allow for LyC photons
o escape (e.g. Dijkstra, Gronke & Venkatesan 2016 ) and leave an
mprint on the Ly α emission line profile (Verhamme et al. 2015 ;
akiichi & Gronke 2021 ). Also, a correlation between high escape

ractions and high Ly α equi v alent widths (EWs) is indicated by both
imulations (e.g. Maji et al. 2022 ) and observations (e.g. Verhamme
t al. 2017 ; Marchi et al. 2018 ; Steidel et al. 2018 ; Izotov et al.
021 ; Flury et al. 2022b ). Numerous Ly α emitters (LAEs) have
een observed at z > 6 (e.g. Pentericci et al. 2014 , 2018 ; Schenker
t al. 2014 ; Hu et al. 2019 ; Fuller et al. 2020 ; Goto et al. 2021 ;
ndsley et al. 2022 ; Wold et al. 2022 ), some of them even with
ouble-peaked Ly α profiles (Hu et al. 2016 ; Matthee et al. 2018 ;
ongaila et al. 2018 ; Meyer et al. 2021 ; Endsley et al. 2022 ). Note

hat the latter is perhaps surprising because the blue peak would
ave a higher chance of being scattered away by the increasingly
eutral IGM at high redshifts. Ho we ver, while the v ast majority
f confirmed low-redshift LyC leakers observed to date are strong
AEs, the opposite is not necessarily true: even in large samples of
trong LAEs at moderate redshifts z ∼ 3, direct measurements of
yC escape fractions in systematic searches with ultra-deep Hubble
pace Telescope ( HST ) imaging and ground-based spectroscopy in
ltra-violet (UV) wavelengths remain scarce (Bian & Fan 2020 ) and
purious in many cases (e.g. Fletcher et al. 2019 ; Pahl et al. 2021 ). We
herefore need to establish more distinct signatures of LyC leakage
n LAEs in order to be able to more robustly identify and target LyC
mitter candidates at both high and low redshifts (e.g. Zackrisson
t al. 2011 , 2017 ; Zackrisson, Inoue & Jensen 2013 ; Reddy et al.
016 ; Izotov et al. 2018 , 2021 ; Schaerer et al. 2018 , 2022 ; Plat et al.
019 ; Tang et al. 2019 ; Pahl et al. 2020 ; Matthee et al. 2021 ; Flury
t al. 2022a , b ; Naidu et al. 2022 ). 

In this work, we present the serendipitous disco v ery of a unique
ase of double-peaked Ly α emission from a galaxy at z � 3.218.
he galaxy is lensed by the galaxy cluster RXC J0018.5 + 1626 (also
nown as CL0016 + 1609 or MACS J0018.5 + 1626; e.g. Ebeling
t al. 2007 ) at z d � 0.546, which was recently imaged with HST as a
art of the Reionization Lensing Cluster Survey (RELICS), building
n pre vious HST observ ations (Coe et al. 2019 ). We therefore dub
he galaxy, RXC0018-LAE1. While double-peaked Ly α profiles are
ommonly observed in LAEs (Leclercq et al. 2017 , 2020 ; Izotov
t al. 2018 ; Matthee et al. 2021 ; Kerutt et al. 2022 ; Naidu et al. 2022 ),
XC0018-LAE1 shows a peculiar Ly α profile with a significantly

tronger blue peak, which could indicate low neutral gas co v ering
ractions that could potentially also allow LyC photons to escape. In
eneral, narrow Ly α peak separation (e.g. Izotov et al. 2018 ) and Ly α
scape at the systemic redshift (e.g. Dijkstra et al. 2016 ; Matthee et al.
021 ; Naidu et al. 2022 ) are also considered strong indicators of LyC
eakage, which is why double-peaked Ly α profiles are interesting
or the study of LyC escape fractions. In addition, RXC0018-LAE1
ppears to be a low-mass, irregular compact star-forming galaxy
nd thus likely represents an analogue of high-redshift galaxies, in
articular the faint low-mass population that dro v e the reionization
f the Universe. These prospects, the double peak with a stronger
lue component, together with the high magnification factors and the
ultiple imaging, make RXC0018-LAE1 particularly interesting for

uture studies to constrain LyC emission in the EoR. 
This work is structured as follows: In Section 2 , we present

XC0018-LAE1, data, and observations. In Section 3 , we first
resent near-infrared (NIR) spectroscopy targeting optical emission
ines, which are key to the analysis of the double Ly α emission
ubsequently presented in Section 4 . In Section 5 , we present an spec-
ral energy distribution (SED) fit to the galaxy. The results are then
NRAS 516, 1373–1385 (2022) 
ummarized in Section 6 . Throughout this paper, we adopt a standard
at � cold dark matter cosmology with H 0 = 70 km s −1 Mpc −1 ,
m 

= 0.3, and �� 

= 0.7. All magnitudes are quoted in the AB
ystem (Oke & Gunn 1983 ). 

 TA R G E T  A N D  OBSERVATI ONS  

he object studied in this work, RXC0018-LAE1, is a strongly lensed
ystem multiply imaged by the RELICS cluster RXC J0018.5 + 1626
RXC0018 hereafter). As can be seen in the left-hand panel of Fig. 1 ,
ach of the two counter images, designated as RXC0018-LAE1.1 and
XC0018-LAE1.2, respectively, is composed of one large and bright
ain component (RELICS IDs 7203 and 7338) and one smaller and

ainter companion (RELICS IDs 7202 and 7337), separated by 0.71
rcsec (0.54 arcsec in RXC0018-LAE1.2). According to our lensing
odel (see Section 2.3 ), this translates to a physical distance of
 2.9 kpc in the source plane. 
The HST imaging of RXC0018 comprises mosaics in 10 broad-

and filters of the Advanced Camera for Survey (ACS) and the Wide
ield Camera Three (WFC3): F 435 W , F 555 W , F 606 W , F 775 W ,
 814 W , F 850 LP , F 105 W , F 125 W , F 140 W , and F 160 W , which are
ublicly available in the RELICS repository on the Mikulski
rchive for Space Telescopes ( MAST ). In this work, we
se the ACS + WFC3 catalogue, also available in MAST , which
ontains HST fluxes obtained with SEXTRACTOR (Bertin & Arnouts
996 ) and photometric redshifts computed with the BAYESIAN PHO-
OMETRIC REDSHIFTS code ( BPZ ; Ben ́ıtez 2000 ; Coe et al. 2006 ). We
efer the reader to Coe et al. ( 2019 ) for the details of data reduction,
atalogue assembly, and photometric redshift computation. The HST
agnitudes and photometric redshifts used in our analysis are shown

n Table 1 . 
The photometric redshift solution from the RELICS catalogue

laces the main component of both images at roughly the same
edshift z phot ∼ 3.45 within the uncertainties (see Table 1 ). In each
mage there is an additional third source (RELICS IDs 7315 and
495, see Fig. 1 ) located 2.5 arcsec away from the main component
2.4 arcsec in RXC0018-LAE1.2). While this source has a similar
hotometric redshift as the main component, the uncertainties make
t unclear if this is a companion to the z � 3.218 source or if it lies
t a some what dif ferent redshift. Note that if this source indeed lies
t the same redshift as RXC0018-LAE1, it would only be � 9.8 kpc
way from the main component. 

RXC0018 was also observed with the Multi Unit Spectroscopic
xplorer (MUSE; Bacon et al. 2010 ) on ESO’s Very Large Telescope

VLT) under program ID 0103.A-0777(B) (PI: A. Edge). The final
educed and calibrated data cube is publicly available on the ESO
cience Archive. It achieves a 5 σ -depth of 23.13 mag, has a spatial
ixel scale of 0.2 arcsec pix −1 , and a spectral resolution of 	λ =
.25 Å. Both RXC0018-LAE1.1 and RXC0018-LAE1.2 consistently
how a clearly double-peaked strong emission line at ∼5125 Å which
orresponds to Ly α at z � 3.217 (based on the centre between the
wo peaks; see Verhamme et al. 2018 ) in the MUSE co v erage of
XC0018. While one might consider the possibility that this double-
eaked feature might be the Mg II ] λλ2796 Å,2803 Å doublet at z
 0.831 or the [O II ] λλ3726 Å,3729 Å doublet at z � 0.375, these

ossibilities are clearly ruled out by further spectroscopic analysis
see Section 3 ) and the lensing configuration. We note that there also
xist Ma g ellan Clay Telescope / Low Disper sion Survey Spectro graph
LDSS3-C) observations of RXC0018-7203 taken on 2017 July
7 (PI: K. Sharon; for more details see Mahler et al. 2019 ) but
he resolution is insufficient to resolve the double-peak. A detailed
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Figure 1. Left-hand panel : Centre positions and RELICS catalogue IDs (red) of each component of RXC0018-LAE1 o v er a stack of all 10 RELICS HST 
images of RXC0018 (see Table 1 ) in 0.06 arcsec pixel −1 resolution. The green rectangle outlines the slit position and orientation used in our GNIRS observations 
presented in Section 2.2 . The relative size of the MUSE detection can be seen in Fig. 3 . Right-hand panel : Colour image of RXC0018 from the RELICS HST 
data. Numbered on the figure are multiple image families used as constraints for the modelling. Also shown in white are the critical curves for RXC0018-LAE1 
(system 1 in the figure) at z = 3.218. Additional counter images for systems 1 (RXC0018-7203 and RXC0018-7338) and 2 (RXC0018-7315 and RXC0018-7495) 
are expected on the other side of the cluster but not yet securely identified in the data. The magenta square represents the 10 arcsec × 10 arcsec cut-out shown 
in the left-hand panel. 

Table 1. Coordinates, photometric redshifts, gravitational-lensing magnifications, and broad-band photometry of RXC0018- 
LAE1. The positions, photometric redshifts, and HST photometry are taken from the public RELICS catalogue available on MAST 
and presented in Coe et al. ( 2019 ). The extraction of the K -band photometry is detailed in Section 2.1 and the magnifications are 
computed from our best-fitting lensing model presented in Section 2.3 . 

RXC0018-LAE1.1 RXC0018-LAE1.2 
RELICS ID 7203 7202 7315 7338 7337 7495 

RA 0 h 18 m 33 . s 450 0 h 18 m 33 . s 478 0 h 18 m 33 . s 294 0 h 18 m 33 . s 717 0 h 18 m 33 . s 734 0 h 18 m 33 . s 743 
Dec. 16 ◦26 

′ 
03 . ′′ 710 16 ◦26 

′ 
04 . ′′ 297 16 ◦26 

′ 
02 . ′′ 606 16 ◦26 

′ 
01 . ′′ 165 16 ◦26 

′ 
01 . ′′ 645 16 ◦25 

′ 
58 . ′′ 763 

z phot 3 . 48 + 0 . 07 
−0 . 08 3 . 40 + 0 . 15 

−3 . 30 3 . 28 + 0 . 12 
−3 . 23 3 . 42 + 0 . 05 

−0 . 09 0 . 06 + 3 . 25 
−0 . 02 0 . 29 + 3 . 26 

−0 . 03 
μ 6.5 ± 0.2 6.6 ± 0.2 4.2 ± 0.1 10.1 ± 0.7 9.7 ± 0.6 6.4 ± 0.4 
F 435 W 25.64 ± 0.11 26.70 ± 0.24 25.93 ± 0.18 25.50 ± 0.08 26.33 ± 0.14 26.43 ± 0.15 
F 555 W 24.60 ± 0.03 26.21 ± 0.08 25.71 ± 0.06 24.53 ± 0.02 26.31 ± 0.08 25.78 ± 0.05 
F 606 W 24.60 ± 0.03 26.32 ± 0.18 25.48 ± 0.04 24.55 ± 0.03 26.05 ± 0.08 25.76 ± 0.06 
F 775 W 24.58 ± 0.03 26.10 ± 0.09 25.56 ± 0.06 24.61 ± 0.03 26.27 ± 0.10 25.59 ± 0.06 
F 814 W 24.59 ± 0.03 26.24 ± 0.08 25.57 ± 0.04 24.56 ± 0.02 26.20 ± 0.07 25.69 ± 0.04 
F 850 LP 24.40 ± 0.06 26.10 ± 0.17 25.83 ± 0.15 24.73 ± 0.07 26.52 ± 0.23 25.43 ± 0.10 
F 105 W 24.81 ± 0.06 26.35 ± 0.17 25.81 ± 0.11 24.92 ± 0.07 26.37 ± 0.16 26.03 ± 0.12 
F 125 W 24.94 ± 0.13 26.06 ± 0.23 25.89 ± 0.21 25.16 ± 0.14 27.37 ± 0.59 26.06 ± 0.22 
F 140 W 24.84 ± 0.10 26.50 ± 0.27 26.17 ± 0.22 25.11 ± 0.11 27.35 ± 0.49 26.01 ± 0.18 
F 160 W 24.94 ± 0.07 26.31 ± 0.16 26.11 ± 0.14 25.01 ± 0.07 26.44 ± 0.17 26.02 ± 0.12 
Ks 24.88 ± 0.22 a 26.30 ± 0.61 a 25.89 ± 0.44 a 24.40 ± 0.20 25.88 ± 0.61 25.43 ± 0.43 

Note. a The Ks -band photometry of RXC0018-LAE1.1 was not measured directly but inferred from the RXC0018-LAE1.2 fluxes 
using the magnification ratio. 
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nalysis of the double-peaked Ly α emission feature of RXC0018- 
AE1 seen in the MUSE data is presented in Section 4 . 

.1 Ancillary Ks -band photometry 

n addition to the RELICS photometry, we also use Ks -band imaging
ata taken with the High Acuity Wide field K-band Ima g er (HAWK-I;
issler-Patig et al. 2008 ) on VLT. The Ks -band imaging of RXC0018
Program ID: 0103.A-0871(B), PI: A. Edge) is publicly available on 
he ESO Science archive and achieves a 5 σ -depth of 26.15 mag on a
.11 arcsec pix −1 scale. 
We use the PHOTUTILS package ( v1.3.0 ; Bradley et al. 2021 )

o extract the K -band photometry of our target. We subtract a 2D
lobal background and then measure the flux in circular apertures 
MNRAS 516, 1373–1385 (2022) 

art/stac2169_f1.eps
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Figure 2. Observed GNIRS K -band spectrum of RXC0018-7203 (black) 
and its 1 σ -range (grey shaded area). The three prominent emission features 
are identified as H β, [O III ] λ4959 Å, and [O III ] λ5007 Å, respectively. The 
red and purple shaded areas represent the integrated line fluxes and the 
green dashed lines show where the respective emission line can be expected 
according to the Ly α redshift derived from the MUSE data in Section 2 ). 
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f diameter D ap = 0.5 arcsec around our sources. The fluxes and
heir uncertainties are then corrected for aperture losses as f tot =
f ap , where c = 1.98 is the aperture correction factor computed for a
.5 arcsec aperture from the HAWK-I point spread function (PSF) in
urtak et al. ( 2021 ). The resulting K -band magnitudes for RXC0018-
338, RXC0018-7337, and RXC0018-7495 are shown in Table 1 .
e discard the K -band photometry for the other image, RXC0018-

AE1.1, because we suspect it to be contaminated by some diffuse
oise or possibly foreground source. This consistently also affects,
.g. the F 850 LP band in the HST imaging (Table 1 ) and the MUSE
ata (Section 4.1 ). 

.2 Gemini GNIRS obser v ations 

n order to complement the existing optical MUSE spectroscopy and
o precisely measure our target’s systemic redshift, we observed
XC0018-7203 and RXC0018-7202 in the NIR range with the
emini Near-Infrared Spectrograph (GNIRS) on the Gemini-North

elescope (Program ID: GN-2021B-Q-903; PI: A. Zitrin). Using the
10.5 l/mm grating and the short blue camera in cross-dispersed
ode and a slit of length 7 arcsec and width 1 arcsec, we obtained a

otal of 2 h integration time on target. The slit position and orientation
f this observation are also shown in Fig. 1 . 
The data were reduced, co-added, extracted, and corrected for

elluric line absorption with the Gemini IRAF package v1.14 . 1 

he orders of the cross-dispersed data were then separated into J -
 H -, and K -band spectra, respectively, and flux-normalized to the
road-band photometry in each band given in Table 1 . Because the
NIRS observations were targeted at RXC0018-LAE1.1 and we only
ave usable K -band photometry for RXC0018-LAE1.2, as explained
n Section 2.1 , we use the ratio between the magnifications (see
ection 2.3 and Table 1 ) to convert the RXC0018-7338 K -band flux

o RXC0018-7203. Note that we also apply a heliocentric correction
f −11 . 3 km s −1 to the spectra, to match the heliocentric-corrected
USE data frame of reference. The final spectra have (observed)

pectral resolutions of 	λ = 1.1 Å, 	λ = 1.4 Å, and 	λ = 1.8 Å,
espectively, in the J , H , and K bands. 

.3 Lensing magnification 

e construct a strong lensing (SL) model for RXC0018 using the
ight-Traces-Mass method ( LTM ; Zitrin et al. 2009 , 2015 ).
e adopt five multiple image systems spanning a redshift range up

o z ∼ 5. The resulting critical curves for our model are shown in the
ight-hand panel of Fig. 1 together with the multiple image systems
sed as constraints. A first SL model for this cluster was published
y Zitrin et al. ( 2011 ) when analysing the 12 z > 0.5 MACS clusters
Ebeling et al. 2007 ). Due to RELICS data, we are able to identify
e veral ne w sets of multiple image systems and measure photometric
edshifts for them (in addition to RXC0018-LAE1 for which there is
 spectroscopic measurements). We did not detect any emission lines
or the other systems in the MUSE data cube. We use a positional
ncertainty of 0.5 arcsec for multiple images in the modelling. The
esulting best-fitting model’s image reproduction error is 0.86 arcsec.
he SL magnifications for the sources analysed in this work are given

n Table 1 . 
We note also that there is another parametric SL model for

XC0018 publicly available on the MAST archive, constructed with
NRAS 516, 1373–1385 (2022) 

 https://www.gemini.edu/obser ving/phase-iii/under standing- and- processin 
- data/data- processing- software/gemini- iraf- general 

e  

a  

7  

K  
he SL modelling software LENSTOOL (Kneib et al. 1996 ; Jullo et al.
007 ; Jullo & Kneib 2009 ). This model seems to predict somewhat
igher magnifications at the coordinates of RXC0018-LAE1 than our
TM models (by factors up to ∼2). While we do not use this model
ere and defer a proper comparison of the lens models and their
agnifications for future work, we note that higher magnifications
ould mean the absolute flux results of this work, i.e. integrated
uxes, luminosities, and stellar mass, might be lower. 

 SYSTEMIC  REDSHIFT  F RO M  O P T I C A L  

MI SSI ON  LINES  

ur GNIRS observations yielded J -, H - and K -band spectra for
XC0018-7203 and RXC0018-7202 co v ering wav elengths from
2 055 to 13 230 Å, 15 070 to 16 480 Å, and 20 085 to 21 965 Å,
espectively. While we do not find any significant emission in the
 and H bands, our K -band spectrum shows three strong emission
eatures as can be seen in Fig. 2 . These are consistent with the optical
O III ] doublet, [O III ] λ5007 Å, and [O III ] λ4959 Å, and the H β-line
t the redshift expected from the MUSE and photometric data (see
ection 2 ). We use the SPECUTILS package ( v1.5.0 ; Earl et al.
021 ) to perform a Gaussian fit to each emission line and thus obtain
ine centroids and widths. In order to accurately propagate the pixel-
ise variance of the data to the line parameters, we evaluate the joint
osterior distribution of 20 Monte Carlo Mark o v Chains (MCMC)
f 10 4 steps each, run with the EMCEE package (F oreman-Macke y
t al. 2013 ), and compute the uncertainties of each fit-parameter. We
nte grate the observ ed spectrum at each emission line to obtain line
uxes as shown by the shaded areas in Fig. 2 and correct them for
agnification. The wavelength window for the flux integration is

hosen using the 99.7 per cent-range (3 σ ) of the Gaussian fit to each
ine. All measured properties of the emission lines are summed up
n Table 2 . 

Using the centroids of the Gaussian fits to the three optical
mission lines and the associated uncertainties, we find a weighted
verage systemic redshift of z sys = 3.2177 ± 0.0001 for RXC0018-
203. These clear detections of the rest-frame optical lines in the
 -band spectrum further rule out the lower redshift Mg II ] or [O II ]

https://www.gemini.edu/observing/phase-iii/understanding-and-processing-data/data-processing-software/gemini-iraf-general
art/stac2169_f2.eps
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oublet scenarios for the double-peaked emission line in the MUSE 

pectra and firmly confirm it to indeed be the Ly α line. Note that we
o not observe any significant spatial offset that could correspond 
o the separation of RXC0018-7203 and RXC0018-7202 in the HST 

maging (see Fig. 1 and Section 2 ). The separation of 0.71 arcsec
s ho we ver at the limit of the spatial resolution obtained in our
NIRS (0.15 arcsec pixel −1 ) observations given the average seeing 
f ∼0.7 arcsec (varying between ∼0.5 and ∼1 arcsec o v er the 2 h
f observations). We therefore conclude that RXC0018-7202 either 
oes not contribute significant flux to the measured emission lines, 
hich is plausible given its faintness ( ∼26 mag) in the K band, or it is

ndistinguishably blended into the line emission of RXC0018-7203. 
We compute the optical line EWs using the K -band flux shown in

able 1 and taking the magnification ratio into account as explained
n Section 2.2 . As can be seen in Table 2 , we find relatively low
ptical EWs of order EW 0 ∼ 10–100 Å in RXC0018-7203 which 
ets RXC0018-LAE1 slightly apart from objects typically used as 
igh-redshift analogues, such as e.g. extreme emission line galaxies 
EELGs) with [O III ] EWs � 1000 Å (e.g. Atek et al. 2011 , 2014 ;

aseda et al. 2014 , 2018 ; Reddy et al. 2018b ; Jaskot et al. 2019 ; Tang
t al. 2019 ; Boyett et al. 2022 ) or ‘Green Pea’ galaxies which also
ypically display very strong optical emission lines (e.g. Cardamone 
t al. 2009 ; Izotov, Guse v a & Thuan 2011 ; Amor ́ın et al. 2012 ;
askot & Oey 2013 ; Henry et al. 2015 ). Optical emission lines with
ow EWs on the other hand could ho we ver be an indication of LyC
scape as was found by Zackrisson et al. ( 2013 , 2017 ): According to
hese works, EW H β, 0 � 30 Å in particular would imply LyC escape
ractions f esc, LyC � 0.5. 

We also find an [O III ] λ5007 Å/H β ratio of 4.8 ± 0.7 which is
elatively high for a star-forming galaxy but slightly lower than the
atios typically found in EELGs (e.g. Tang et al. 2019 ). We do not
etect any emission from the [O II ] λλ3726 Å,3729 Å doublet in the
 -band spectrum with a magnification-corrected 3 σ upper limit of 
 0 . 22 × 10 −18 erg s −1 cm 

−2 (see Appendix A1 ). This results in a 3 σ
ower limit on the [O III ]/[O II ] λ3726 Å+ 3729 Å ratio of > 9.3. Note
hat high [O III ]/[O II ] ratios have been found to correlate with LyC
eakage (Izotov et al. 2016 ; Izotov, Thuan & Guse v a 2017 ; Izotov
t al. 2018 ; Fletcher et al. 2019 ; Jaskot et al. 2019 ; Flury et al. 2022b )
ut do not necessarily represent a sufficient condition for high LyC
scape fractions (Stasi ́nska et al. 2015 ; Shapley et al. 2016 ; Izotov
t al. 2018 ; Naidu et al. 2018 ; Bassett et al. 2019 ; Jaskot et al. 2019 ;
lat et al. 2019 ; Tang et al. 2019 ). 

 DOUBLE-PEAKED  LY MA N  A L P H A  

ith the systemic redshift in hand, we can confirm that the double-
eaked emission feature detected in the MUSE data is indeed the
y α line at z = 3.218. Note that we also tentatively detect other
est-frame UV emission lines in the MUSE data of RXC0018-LAE1 
s detailed in Appendix A2 . These are ho we ver relati vely weak and
e therefore defer more detailed analysis to future work. 
Fig. 3 shows MUSE signal-to-noise contours of the two Ly α

omponents. In both images the Ly α emission is consistently centred 
n the main component, i.e. RXC0018-7203 and RXC0018-7338, 
espectively. This rules out the possibility of the double peak arising
rom a separate Ly α emission from the secondary component at a
lightly different redshift and instead confirms that the double peak is
herefore genuine and originates from the same region in space. The
gure also clearly shows that both the blue and the red Ly α emission
ave fairly similar and symmetric morphologies. Since gravitational 
ensing is achromatic, this means both peaks are equally affected 
y possible differential magnification due to the proximity with the 
MNRAS 516, 1373–1385 (2022) 
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Figure 3. MUSE S/N-contours at λ = 5122.6 Å (blue) and λ = 5128.9 Å
(red), corresponding to the two Ly α peaks of RXC0018-LAE1 o v er the same 
RELICS HST image stack as in Fig. 1 . The blue contours are computed from 

a stack of four elements on the spectral axis and the red contours from a 
stack of three spectral elements around the central wavelength. The contours 
represent, from outer to inner, 2 σ , 3 σ , and 4 σ . Note that in both images both 
Ly α peaks are centred on the main component of the HST imaging. We show 

gravitational magnification contours for a source at z = 3.218 according to 
our LTM model (see Section 2.3 ) as dark blue lines. The critical line passes 
right between the two images RXC0018-LAE1.1 and RXC0018-LAE1.2. 
The green circle represents the FWHM of the MUSE PSF (1.25 arcsec). 
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LAE1 smoothed with a 2D Gaussian kernel of σ = 0.5 arcsec. The green 
crosses represent the coordinates of the RELICS HST detections and the white 
dashed circle the FWHM of the MUSE PSF. The solid contours represent the 
segmentations of the RELICS HST detections. 
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ritical line which passes in between the two images, RXC0018-
AE1.1 and RXC0018-LAE1.2 as is also shown in Fig. 3 . We
an therefore safely ignore differential magnification effects in the
nalysis of this galaxy’s Ly α profile. 

Recent studies have revealed that LAEs commonly have Ly α
aloes of relatively low surface brightness which extend far beyond,
p to 10 ×, the spatial extent of the stellar continuum emission
etected in broad-band photometry (e.g. Hayashino et al. 2004 ;
teidel et al. 2011 ; Momose et al. 2014 , 2016 ; Wisotzki et al. 2016 ;
eclercq et al. 2017 ; Cai et al. 2018 ; Wisotzki et al. 2018 ; Cantalupo
t al. 2019 ; Leclercq et al. 2020 ). Since the halo typically represents

65 per cent of the total Ly α emission (Leclercq et al. 2017 ), we
eed to take special care in the extraction to include all of the Ly α
ux as detailed in the next section. 

.1 Ly α flux extraction 

n order to extract all the Ly α flux of our sources and account for the
mission in the low-surface-brightness halo, we follow the approach
enerally established for this kind of study with MUSE data (e.g.
isotzki et al. 2016 ; Drake et al. 2017a , b ; Hashimoto et al. 2017 ;

eclercq et al. 2017 ; Kerutt et al. 2022 ). We first use the SPECTRAL-
UBE package ( v0.2 ; Ginsburg et al. 2014 ) to cut out a 16 arcsec ×
6 arcsec region that encompasses both images of RXC0018-LAE1
n the two spatial axes and then use a median filter of 200 pixels
n the spectral axis (250 Å) to construct a continuum-only cube.
he spectral window used for the filter has been found to effectively

emo v e emission lines in MUSE data (Herenz & Wisotzki 2017 ). We
hen subtract the continuum cube from the original 16 arcsec × 16
rcsec cube and construct three narrow-band (NB) images: a total
NRAS 516, 1373–1385 (2022) 
B image encompassing the total Ly α emission, one centred on
he blue peak, and one on the red peak. Note that we find residual
ontinuum at the position of RXC0018-LAE1.1 in the continuum-
ubtracted cube. We therefore adopt the flux measurements of the
ounter image RXC0018-LAE1.2 as fiducial results in the following
ext. 

The NB images have bandwidths of 15 Å for the total Ly α
B image and 7 and 8 Å each for the blue and red NB images,

espectively. These were chosen as the limits where the continuum-
ubtracted MUSE flux density crosses zero on either side of the
ouble-peaked Ly α emission. The total Ly α NB image of RXC0018-
AE1 is shown in Fig. 4 . We use PHOTUTILS (see Section 2.1 )

o measure the centroids and kron radii (Kron 1980 ) of the Ly α
mission on both multiple images. Consistently in both RXC0018-
AE1.1 and RXC0018-LAE1.2, the centroids of the blue and the

ed peak align with the total Ly α peak and the RELICS catalogue
oordinates within � 0.1 arcsec. This further confirms that the
otal Ly α emission of RXC0018-LAE1 originates from its main
omponent and thus that the double peak is genuine. 

Finally, continuum-subtracted spectra are extracted in a circular
perture of three Kron radii around the total Ly α centroids and
ollapsed to 1D-spectra. The chosen aperture size has been found to
eliably extract Ly α halo fluxes as discussed extensively in Kerutt
t al. ( 2022 ). We integrate the obtained spectra in the bandwidth of
he total Ly α NB image to obtain total Ly α fluxes for both images. 

.2 UV continuum 

n order to compute the Ly α EW of RXC0018-LAE1, we measure
he continuum following the method detailed in Hashimoto et al.
 2017 ) and fit a power-law relation 

 ( λ) = −2 . 5 log ( λβ+ 2 ) + m 0 , (1) 

here β is the UV-continuum slope and m 0 a constant to the rest-
rame UV photometry. We fit this relation for the main component
f RXC0018-LAE1.2, RXC0018-7338, because of the possible

art/stac2169_f3.eps
art/stac2169_f4.eps
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Figure 5. Power-law fits to the rest-frame UV photometry of RXC0018- 
7883. The dark purple line represents our NUV fit ( λ0 = 1700–2400 Å, dark 
purple points) and the light purple line the FUV fit to the same bands in 
addition to the two bluer filters (light purple points). The adjacent filters, not 
used in either fit, are shown as open blue points. The red shaded areas delimit 
the full λ0 = 1100–2400 Å range used in the FUV fit. 
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Figure 6. Continuum-subtracted Ly α emission in RXC0018-LAE1.1 (upper 
panel) and its counter image RXC0018-LAE1.2 (lower panel) with the 
systemic redshift marked as the red dashed line. The uncertainty of the 
systemic redshift is too small to be visible in the figure. Unlike other double- 
peaked LAEs observed to date, the blue peak is significantly stronger than 
the red peak and the two peaks show asymmetric shifts in velocity space. 
The yellow shaded area represents the total integrated Ly α flux and the black 
dotted lines the bandwidth of the Ly α NB image (see Section 4.1 ). 

Figure 7. Continuum-subtracted Ly α emission of RXC0018-LAE1.2 with 
its 1 σ -range (grey shaded area) and the systemic redshift marked as the green 
dashed line. The two Gaussian fits to the two Ly α peaks are shown as blue 
and red lines, respectively. 
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oreground contamination in RXC0018-LAE1.1 mentioned in Sec- 
ions 2.1 and 4.1 . Because there appears to be a flattening of the
V continuum towards the two bluer filters (see Table 1 ), we fit the

ontinuum twice: one near UV (NUV) continuum spanning a rest- 
rame wavelength range from 1700 to 2400 Å (filters F 775 W , F 815 W ,
 850 LP , and F 105 W ) as in e.g. Bouwens et al. ( 2009 ), Hashimoto
t al. ( 2017 ), and a far-UV (FUV) continuum including the two bluer
lters F 606 W and F 555 W , i.e. down to rest-frame 1100 Å. The fits
re performed with 20 MCMC chains of 10 4 steps each. Both fits are
hown in Fig. 5 . The resulting UV-slopes are both very blue which
ndicates a very low dust attenuation and might also indicate possible
yC escape (e.g. Zackrisson et al. 2013 , 2017 , also see discussion

n Section 5 ). Interestingly, we find a marked difference between the
UV and NUV slopes βFUV = −2.23 ± 0.06 and βNUV = −3.0 ± 0.2. 
Using this UV-continuum fit, we infer the flux density at rest-

rame 1500 Å and from that compute the absolute UV magnitude 
f the main component of RXC0018-LAE1 which yields M UV = 

18.58 ± 0.07. 

.3 Ly α EW and emission profile 

e measure a total magnification-corrected integrated Ly α flux 
f F Ly α = (17 ± 1) × 10 −18 erg s −1 cm 

−2 which yields a relatively 
igh Ly α luminosity of L Ly α = (6 . 7 ± 0 . 5) × 10 42 erg s −1 cm 

−2 for
XC0018-LAE1. Using the rest-frame UV-continuum fit obtained in 
ection 4.2 to infer the continuum at Ly α, this results in a rest-frame
W of EW 0 = (63 ± 2) Å. 
The continuum-subtracted 1D-spectra of the two multiple images 

re shown in Fig. 6 . They clearly display the double-peaked nature
f the Ly α emission of RXC0018-LAE1. We fit the two peaks to
btain line centres and widths with the same method as for the optical
mission lines in Section 3 and find line widths of FWHM blue = 

179 ± 37) km s −1 and FWHM red = (211 ± 41) km s −1 . The two 
aussian fits for RXC0018-7338 are shown in Fig. 7 . We also
ote a pronounced asymmetry in velocity space with regard to 
he systemic redshift: While the two peaks are separated by 	v =
376 ± 32) km s −1 , the red peak lies much closer, 	v red = (83 ±
1) km s −1 , to the systemic redshift than the blue peak which is shifted
uch further by 	v blue = ( −293 ± 10) km s −1 . Recently, Verhamme

t al. ( 2018 ) measured a correlation between the peak separation
v, red peak shift 	v red from the systemic velocity, and the 

red-peak) Ly α FWHM in double-peaked LAEs. RXC0018-LAE1 
ignificantly deviates (by > 2 σ ) from the first of these relations with
v red ( 	v) = (185 ± 43) km s −1 inferred by the peak separation.
he second one ho we ver, 	v red ( FWHM red ) = (156 ± 77) km s −1 

omputed using the FWHM of the red peak, agrees by ∼1 σ with
ur measured red peak shift from the systemic velocity. Note that
he uncertainties on all of our velocity measurements are relatively 
arge due to the low spectral resolution of MUSE which might in part
xplain these deviations. 
MNRAS 516, 1373–1385 (2022) 
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Figure 8. Blue-to-red peak ratio map for RXC0018-LAE1.2. The fig- 
ure shows the three Kron radii area extracted from the continuum-subtracted 
MUSE cube (see Section 4.1 ). The green crosses and curves show the HST 
continuum centroids and segmentations, respectively, like in Fig. 4 . 
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The most prominent feature of this Ly α emission profile is that
he blue peak is significantly stronger than the red peak with a blue-
o-red peak ratio of 1.7 ± 0.1 (EW blue, 0 = 40 ± 2 Å and EW red, 0 =
4 ± 2 Å). We show the spatial distribution of the peak ratios for
XC0018-LAE1.2 in Fig. 8 , similarly to Erb, Steidel & Chen ( 2018 ).
s could already be expected from the signal-to-noise curves shown

n Fig. 3 , the whole Ly α emission is dominated by the blue peak and
he peak ratio becomes closer to unity towards the centroid of the
mission where the slightly more compact red peak is also strongest.
his is similar to what Erb et al. ( 2018 ) found, i.e. that the blue
omponent becomes stronger towards the outer re gions, ev en though
t o v erall dominates the whole Ly α emission re gion in the case
f RXC0018-LAE1. This blue-to-red peak ratio places RXC0018-
AE1 in stark contrast to other double-peaked LAEs observed to
ate. Indeed, the vast majority of double-peaked LAEs in large
amples are dominated by their red peak (e.g. Leclercq et al. 2017 ;
rb et al. 2018 ; Izotov et al. 2018 ; Matthee et al. 2021 ; Kerutt et al.
022 ; Naidu et al. 2022 ). In some rare individual cases both peaks are
lmost equal (e.g. Trainor et al. 2015 ; Leclercq et al. 2017 ; Izotov
t al. 2018 ; Naidu et al. 2022 ), roughly equal but extremely faint
e.g. Erb et al. 2014 ), or a slightly stronger blue peak is located
ed-ward of the systemic redshift (Endsley et al. 2022 ). Note that
everal instances of double-peaked Ly α with stronger blue peaks
ave been detected in extended Ly α blobs (Vanzella et al. 2017 ;
rb et al. 2018 ; Ao et al. 2020 ; Li et al. 2022 ). In these cases the

wo Ly α peaks usually originate from distinct spatially separated
bjects or regions within the extended Ly α blob ho we ver, whereas
oth the blue and the red peak clearly originate from the same galaxy
n RXC0018-LAE1 (see Fig. 3 ). 

A dominant red peak is usually interpreted as evidence that the
y α photons scatter through an outflowing medium (e.g. Dijkstra,
aiman & Spaans 2006 ; Verhamme, Schaerer & Maselli 2006 ;
arnes et al. 2011 ; Yang et al. 2014 ; Gronke & Dijkstra 2016 ;
urung-L ́opez, Orsi & Bonoli 2019 ). The blue peak being stronger
n the other hand could indicate an inflow of circumgalactic gas
nto the Ly α emitting galaxy (e.g. Dijkstra et al. 2006 ; Verhamme
t al. 2006 ; Yang et al. 2014 ). Since gas accretion has been found
o preferentially occur along filamentary streams (e.g. Kere ̌s et al.
005 , 2009 ; Dekel et al. 2009 ), this could potentially imply low
NRAS 516, 1373–1385 (2022) 
o v ering fractions of neutral hydrogen and thus low H I column
ensity channels which could also allow LyC photons to escape.
his ho we ver also strongly depends on other parameters such as
elocity and gas temperature (e.g. Kakiichi & Gronke 2021 ; Li &
ronke 2022 ). Another indication of possible LyC escape would
e a detection of Ly α photons escaping in the valley between the
eaks near the line centre (e.g. Dijkstra et al. 2016 ; Vanzella et al.
016 ; Rivera-Thorsen et al. 2017 ; Gazagnes et al. 2020 ; Matthee
t al. 2021 ; Naidu et al. 2022 ). While our spectra in Fig. 6 hint at a
ossible f λ > 0 between the two peaks, the spectral resolution of the
USE data is not sufficient to properly resolve this. It will therefore

equire further spectroscopic observations with very high spectral
esolution to determine if this galaxy has Ly α photons escaping at
he line centre. 

 G A L A X Y  PROPERTIES  

n order to place these Ly α results into context, we infer galaxy
arameters by fitting SEDs to the broad-band photometry and
mission line EWs with the BayEsian Analysis of Galaxy
Eds tool ( BEAGLE ; Che v allard & Charlot 2016 ), which is opti-
ized to probe a large parameter space using a Bayesian MCMC

pproach. We use stellar and nebular SED templates by Plat et al.
 2019 ), which combine the latest version of the stellar population
emplates by Bruzual & Charlot ( 2003 ) with the photoionization
ode CLOUDY (Ferland et al. 2013 ), and account for IGM attenuation
ith absorption models by Inoue et al. ( 2014 ). Note that with the Plat

t al. ( 2019 ) templates, the fraction f esc, LyC of LyC photons escaping
rom density-bounded H II regions is a free parameter in our SED-fit.
his is important because f esc, LyC > 0 can significantly affect the
alaxy SED, weakening both nebular lines and continuum emission
e.g. Zackrisson et al. 2013 , 2017 ). The latter in particular also tends
o make the galaxy SED bluer in the UV which might account for
he extremely steep UV-slopes that we find (see Section 4.2 ). 

The fit is performed for the main component of RXC0018-
AE1 for which we use the magnification-corrected photometry
f RXC0018-7338 and the optical EWs measured in Section 3 .
ince neither Ly α nor IGM radiative transfer are straightforward

o model, we exclude the measured Ly α EW and the three bluest
lters ( F 435 W , F 555 W , and F 606 W ) from the fit. We assume a
elayed star-forming history, which goes as ψ( t ) ∝ t exp ( − t / τ ),
ith the possibility for an ongoing star -b urst for the last 10 Myr

nd model the dust attenuation using an SMC-like dust extinction
aw (Pei 1992 ) which has been found to well fit star-forming
alaxies at z ∼ 3 (e.g. Reddy et al. 2018a ), in particular at low
etallicities (Shi v aei et al. 2020 ). The best-fitting maximum-a-

osteriori (MAP) SED is shown in Fig. 9 and the fit results in
 low stellar mass of log ( M � / M �) = 7 . 50 + 0 . 34 

−0 . 21 , a stellar age of
og ( t age / yr ) = 8 . 66 + 0 . 37 

−0 . 48 , and a moderate current star formation rate
og ( ψ/ M � yr −1 ) = 0 . 18 + 0 . 02 

−0 . 02 . These results again place RXC0018-
AE1 apart from the EELGs typically considered as high-redshift
nalogues (see Section 3 ) with very young ages and extreme ongoing
tar formation activity (e.g. Atek et al. 2011 , 2014 ; Maseda et al.
014 , 2018 ; Reddy et al. 2018b ; Tang et al. 2019 ; Boyett et al.
022 ). The low metallicity and dust attenuation optical depth that we
nd, log ( Z/ Z �) = −0 . 99 + 0 . 24 

−0 . 13 and ˆ τV = 0 . 009 + 0 . 010 
−0 . 006 , are ho we ver

n line with what can be expected for a high-redshift analogue.
he posterior distribution of our SED-fit predicts relatively high
yC escape fractions of f esc, LyC > 0.7 at 3 σ because these models
rovide the best interpretation of the low optical emission line EWs
nd the extremely blue UV-slopes that we measure (see Sections 3
nd 4.2 ). Note that the galaxy parameters inferred abo v e and the
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Figure 9. Best-fitting BEAGLE SED for RXC0018-LAE1. The 
magnification-corrected photometry is shown as blue diamonds. The solid 
data points represent filters used in the fit and the open points the filters 
excluded. The black curve represents the maximum-a-posteriori spectrum 

predicted by BEAGLE . 
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ptical emission features presented in Section 3 make RXC0018- 
AE1 similar to another z ∼ 3 source observed by Shapley et al.
 2016 ), which has a direct LyC detection and a relatively high inferred
yC escape fraction > 0.5. 

 C O N C L U S I O N  

n this work, we report the detection of a multiply imaged 
ouble-peaked LAE in the MUSE co v erage of the RELICS clus-
er RXC J0018.5 + 1626, dubbed RXC0018-LAE1. Unlike most 
bserved double-peaked LAEs, this object shows a peculiar Ly α
mission profile dominated by its blue peak rather than the red peak.
o the best of our knowledge, this is the first observed object showing

his kind of Ly α profile at moderate redshifts to date. Using the rest-
rame optical [O III ] and H β emission lines we find the systemic
edshift of this object to be z sys = 3.2177 ± 0.0001. Throughout our
nalysis of RXC0018-LAE1, we find this galaxy to have numerous 
roperties that set it apart from typical LAEs and might indicate it to
lso leak LyC photons. These properties are: 

(i) A unique double-peaked Ly α emission profile in which the 
lue peak is stronger than the red peak by a blue-to-red ratio of
.7 ± 0.1. 
(ii) Possible escape of Ly α photons at the line centre. 
(iii) A relatively large Ly α EW of EW 0 = (63 ± 2) Å and 

uminosity of L Ly α = (6 . 7 ± 0 . 5) × 10 42 erg s −1 . 
(iv) Extremely blue UV continuum slopes and in particular a 

attening towards the FUV with βNUV = −3.0 ± 0.2 and βFUV = 

2.23 ± 0.06. 
(v) Relati vely lo w optical nebular line EWs, EW 0 = (159 ± 51) Å

or [O III ] λ5007 Å and EW 0 = (33 ± 12) Å for H β, an
O III ] λ5007 Å/H β ratio of 4.8 ± 0.7, and a non-detection of the
O II ] doublet resulting in a 3 σ lower limit on the [O III ]/[O II ] ratio
f > 9.3. 
(vi) An SED-fit with BEAGLE that shows a low stellar 
ass log ( M � / M �) = 7 . 50 + 0 . 34 

−0 . 21 , a very low dust attenuation ˆ τV =
 . 009 + 0 . 010 

−0 . 006 and predicts LyC escape fractions of f esc, LyC > 0.7. 

Given these properties, RXC0018-LAE1 is an interesting target to 
bserve in wavelengths bluer than the Lyman-limit 912 Å ( < 3765 Å
t z = 3.218) in order to directly detect its LyC emission and
onstrain the escape fraction with, e.g. deep HST UV imaging. 
urther deep high-resolution spectroscopy will also be needed both 

o resolve the main component’s Ly α emission at the line centre, 
o further constrain its rest-frame UV emission lines, and to study
he two smaller objects in order to determine (i) if they are indeed
ompanions to RXC0018-LAE1 at the same redshift and (ii) how 

hey dynamically interact and how this affects the LyC escape. It is
ossible that the interaction with the companion galaxies facilitates 
ow H I column density channels crucial to LyC escape. It would
herefore also be beneficial to study the circumgalactic medium of 
XC0018-LAE1 with different diagnostics than the resonant Ly α

ine such as e.g. rest-frame far-infrared (FIR) lines redshifted to 
tacama Large Millimeter/submillimeter Array (ALMA) bandpass 
t z � 3.218. The high magnification factors ( μ ∼ 7–10) and image
ultiplicity, which allows us to stack observations of both images 

o gain additional depth, make RXC0018-LAE1 a prime target for 
eep follow-up observations to study a strong candidate LyC leaking, 
ow-mass high-redshift galaxy analogue. 
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he RELICS HST data and catalogues on which this work is based are
ublicly available on the MAST archive in the RELICS repository for
XC0018. 2 The VLT HAWK-I and MUSE data are publicly available
n the ESO Science Archive 3 under program IDs 0103.A-0871(B)
nd 0103.A-0777(B), respectively . Finally , the Gemini/GNIRS data
nd lensing models used in this work will be shared by the authors
n request. 
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Figure A1. Observed GNIRS H -band spectrum of RXC0018-7203 (black) 
and its 1 σ -range (grey shaded area). The green dashed lines show where 
the [O II ] λλ3726 Å,3729 Å doublet can be e xpected giv en the spectroscopic 
redshift of RXC0018-LAE1 measured with the K -band lines. 
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PPENDI X  A :  SEARCH  F O R  F U RTH E R  

MISSION  LI NES  

Our GNIRS and MUSE spectra yielded clear detections of the [O III ],
 β, and Ly α lines in RXC0018-LAE1, respectively, as described 

n Sections 3 and 4 . In addition to those, we search the spectra for
ther emission lines at the wavelengths where they can be expected 
iven the systemic redshift z sys = 3.2177 ± 0.0001. We derive upper
imits and some tentative detections as described in the following 
ections. Because of their weak signal-to-noise ho we ver, we defer a
etailed analysis of these possible emission features to future work 
ith deeper spectroscopic observations. 

1 The [O II ] doublet upper limit in GNIRS 

he H -band spectrum of our GNIRS observations of RXC0018-7203 
s shown in Fig. A1 . While it contains many sky lines, the spectral
egion where we may expect the [O II ] λλ3726 Å,3729 Å doublet at
 � 3.218, λ � 15716 Å, and λ � 15729 Å is relatively free. None
he less, we do not detect any significant flux at the expected location
f the [O II ] doublet. Integrating the variance spectrum in a 30 Å
indow around the expected wavelengths, we measure the 1 σ upper 

imit on the total magnification-corrected flux and the rest-frame EW 

sing the H -band photometry given in Table 1 . The upper limits are
hown in Table A1 . 

2 Rest-frame UV lines in MUSE 

n order to search for additional rest-frame UV emission lines beyond
he prominent double-peaked Ly α feature in RXC0018-LAE1, we 
arefully inspect the entire spectral axis of the MUSE cube. A
articular criterion for this is that the potential emission features 
ppear consistently in both multiple images. We tentatively find 
ome weak emission in both images at the expected wavelengths of
he C IV λλ1548 Å,1551 Å and C III ] λλ1907 Å,1909 Å doublets and
MNRAS 516, 1373–1385 (2022) 

http://dx.doi.org/10.3847/1538-4357/ab7cc9
http://dx.doi.org/10.1093/mnras/stab3601
http://dx.doi.org/10.1086/160817
http://dx.doi.org/10.1093/mnras/staa355
http://dx.doi.org/10.1093/mnras/stab1374
http://dx.doi.org/10.1086/171637
http://dx.doi.org/10.1088/0004-637X/793/2/113
http://dx.doi.org/10.1051/0004-6361/201732465
http://dx.doi.org/10.1051/0004-6361/201628897
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/stz2616
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/0004-637X/828/2/108
http://dx.doi.org/10.3847/1538-4357/aaa3e7
http://dx.doi.org/10.3847/1538-4357/aaed1e
http://dx.doi.org/10.1051/0004-6361/201732173
http://arxiv.org/abs/2110.13160
http://dx.doi.org/10.1088/0004-637X/768/1/71
http://dx.doi.org/10.1088/2041-8205/802/2/L19
http://dx.doi.org/10.1051/0004-6361/201833823
http://dx.doi.org/10.1051/0004-6361/202243149
http://dx.doi.org/10.1088/0004-637X/795/1/20
http://dx.doi.org/10.3847/2041-8205/826/2/L24
http://dx.doi.org/10.3847/1538-4357/aba35e
http://dx.doi.org/10.3847/1538-4357/aac021
http://dx.doi.org/10.1111/j.1365-2966.2010.17227.x
http://dx.doi.org/10.1051/0004-6361/201425389
http://dx.doi.org/10.1088/0004-637X/736/2/160
http://dx.doi.org/10.3847/1538-4357/aaed28
http://dx.doi.org/10.1093/mnras/stz2236
http://dx.doi.org/10.1088/0004-637X/809/1/89
http://dx.doi.org/10.3847/2041-8205/821/2/L27
http://dx.doi.org/10.1093/mnras/stw2442
http://dx.doi.org/10.1093/mnrasl/sly023
http://dx.doi.org/10.1051/0004-6361:20065554
http://dx.doi.org/10.1051/0004-6361/201423978
http://dx.doi.org/10.1051/0004-6361/201629264
http://dx.doi.org/10.1093/mnrasl/sly058
http://dx.doi.org/10.1093/mnras/stab947
http://dx.doi.org/10.1051/0004-6361/201527384
http://dx.doi.org/10.1038/s41586-018-0564-6
http://dx.doi.org/10.3847/1538-4357/ac4997
http://dx.doi.org/10.1088/0004-637X/793/2/114
http://dx.doi.org/10.1088/0004-637X/740/1/13
http://dx.doi.org/10.1088/0004-637X/777/1/39
http://dx.doi.org/10.3847/1538-4357/836/1/78
http://dx.doi.org/10.3847/1538-4357/ac26c2
http://dx.doi.org/10.1111/j.1365-2966.2009.14899.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17574.x
http://dx.doi.org/10.1088/0004-637X/801/1/44
art/stac2169_fA1.eps


1384 L. J. Furtak et al. 

MNRAS 516, 1373–1385 (2022) 

Ta
bl

e 
A

1.
 

R
es

t-
fr

am
e 

U
V
 
sp

ec
tr

os
co

py
 
re

su
lts

 
fo

r 
R

X
C

00
18

-L
A

E
1 

m
ea

su
re

d 
in
 
th

e 
M

U
SE

 
an

d 
G

N
IR

S 
da

ta
. T

he
 
in

te
gr

at
ed

 
lin

e 
flu

xe
s 

w
er

e 
co

rr
ec

te
d 

fo
r 

th
e 

gr
av

ita
tio

na
l m

ag
ni

fic
at

io
n 

gi
ve

n 
in
 
Ta

bl
e 

1 .
 
In
 
th

e 
ca

se
 
of
 
no

n-
de

te
ct

io
ns

, w
e 

qu
ot

e 
1 σ

up
pe

r 
lim

its
 
he

re
. T

he
 

F
 li

ne
 

	
F
 li

ne
 

co
lu

m
ns

 
co

nt
ai

n 
in

te
gr

at
ed

 
si

gn
al

-t
o-

no
is

e 
ra

tio
s.
 

R
X

C
00

18
-L

A
E

1.
1 

R
X

C
00

18
-L

A
E

1.
2 

L
in

e 
λ

ob
s 

[ Å
] 

F
 li

ne
 

[1
0 −

18
 

er
g 

s −
1 

cm
 −2

 

] 
E

W
 0 

[ Å
] 

F
 li

ne
 

	
F
 li

ne
 

F
 li

ne
 

[1
0 −

18
 

er
g 

s −
1 

cm
 −2

 

] 
E

W
 0 

[ Å
] 

F
 li

ne
 

	
F
 li

ne
 

Si
 
IV

 
λ

13
94

 
Å

–
<

0.
26

 
<

0.
9 

–
<

0.
15

 
<

0.
8 

–
Si
 
IV

 
λ

14
03

 
Å

–
<

0.
26

 
<

0.
9 

–
<

0.
14

 
<

0.
7 

–
C
 
IV

 
λ

15
48

 
Å

65
25

.6
 
±

0.
5 

0.
40

 
±

0.
10

 
1.

7 
±

0.
4 

4.
0 

0.
45

 
±

0.
08

 
2.

8 
±

0.
5 

5.
6 

C
 
IV

 
λ

15
51

 
Å

65
31

.2
 
±

1.
7 

<
0.

10
 

<
0.

4 
–

0.
19

 
±

0.
07

 
1.

2 
±

0.
5 

2.
7 

H
e 

II
 
λ

16
40

 
Å

69
13

.4
 
±

0.
4 

0.
37

 
±

0.
10

 
1.

7 
±

0.
5 

3.
7 

0.
47

 
±

0.
07

 
3.

6 
±

0.
4 

6.
7 

O
 
II

I ]
 
λ

16
61

 
Å

–
<

0.
14

 
<

0.
7 

–
<

0.
09

 
<

0.
7 

–
O
 
II

I ]
 
λ

16
66

 
Å

–
<

0.
14

 
<

0.
7 

–
<

0.
08

 
<

0.
6 

–
C
 
II

I ]
 
λ

19
07

 
Å

80
36

.4
 
±

0.
3 

0.
42

 
±

0.
08

 
2.

7 
±

0.
5 

5.
3 

0.
62

 
±

0.
08

 
6.

2 
±

0.
6 

7.
8 

C
 
II

I ]
 
λ

19
09

 
Å

80
45

.1
 
±

0.
4 

0.
39

 
±

0.
07

 
2.

5 
±

0.
5 

5.
6 

0.
42

 
±

0.
06

 
4.

2 
±

0.
6 

7.
0 

[O
 
II
 ] λ

λ
37

26
 , 

37
29

 
Å

–
<

0.
07

 
<

2.
3 

–
–

–
–

Figure A2. Continuum-subtracted C IV ( top panel ), He II ( middle panel ), and 
C III ] ( bottom panel ) emission in RXC0018-7338. The colour shaded areas 
represent the integrated line fluxes and the grey shaded area represents the 
1 σ -range of the observed spectra. 
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he He II λ1640 Å line. We do not find the Si IV λλ1394 Å,1403 Å and
 III ] λλ1661 Å,1666 Å doublets where expected given the systemic

edshift of our target ho we ver. We also do not find any significant
mission lines for the tertiary component (IDs 7315 and 7495)
onsistently o v er both images. 

We extract circular regions of the diameter of the MUSE PSF
WHM (see Fig. 3 ) around the main component of RXC0018-LAE1
i.e. RXC0018-7203 and RXC0018-7338) from the continuum-
ubtracted MUSE cube constructed in Section 4.1 and collapse
hem to 1D spectra. We then use the same methods as described in
ections 3 and 4.3 to measure line centres, integrated flux, and rest-
rame EWs of these lines. The measured properties can be found in
able A1 and we show the C IV , He II , and C III ] spectra of RXC0018-
338 in Fig. A2 . We measure upper limits for the lines that we do
ot detect by integrating the variance spectrum in a 20 Å window
round the expected line position. The EWs in Table A1 are computed

art/stac2169_fA2.eps
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sing the UV-continuum fits obtained in Section 4.2 to estimate the 
ontinuum. 

As is apparent from the values in Table A1 , these detections are
ery weak. Indeed, the peak flux density barely exceeds 2 σ , in
articular for the C IV lines (i.e. the integrated flux might be higher as
an be seen in Table A1 , but the flux density in each spectral element
oes not exceed ∼2 σ ). A recent study of low-redshift LyC leakers has
stablished a tentative connection between the LyC escape fraction 
nd the C IV /C III ]-doublet flux ratio (Schaerer et al. 2022 ). Summing
he fluxes of each doublet, we find a C IV /C III ]-ratio of 0.6 ± 0.1
ased on the measurement for RXC0018-LAE1.2 (see Table A1 ), 
hich is just below the ratios typically found for strong LyC leakers

n Schaerer et al. ( 2022 ), i.e. � 0.7. Note that this estimate is based
n only three galaxies though and given the uncertainties in both 
ur and the Schaerer et al. ( 2022 ) measurements, a high LyC escape
raction would still be consistent in RXC0018-LAE1. Moreo v er, as
an be seen in Fig. A2 , our detections are rather tentative though, in
articular that of C IV λ1551 Å, even in the more magnified image.
e will therefore need deeper spectroscopy to obtain more robust 

etections to better measure this ratio. Note that the same study
y Schaerer et al. ( 2022 ) found the presence of He II λ1640 Å to
lso correlate with LyC escape since it indicates a strong ionization 
eld. 
Interestingly, the He II λ1640 Å seems to be spatially shifted 
owards the secondary component (IDs 7202 and 7338) in both 

ultiple images. While the ef fecti ve spatial resolution of the MUSE
ata (see e.g. Fig. 3 for the FWHM of the MUSE PSF) does not allow
s to properly resolve the exact spatial origin of the emission line,
his might none the less indicate that the He II emission actually
riginates from the secondary component rather than the main 
omponent like the other emission lines measured in this work. If
his were indeed the case, it would place the secondary component at
 spectroscopic redshift z = 3.2156 ± 0.0003, which would make it a
lose companion to the Ly α-emitting galaxy. Note that the difference
etween this measurement and the systemic redshift of the main 
omponent is not sufficient to account for the peak separation of
he Ly α emission. Our previous conclusions that the double-peaked 
y α originates from one and the same object, the main component
f RXC0018-LAE1, are therefore not contradicted by this detection. 
e will need deeper observations with higher spectral and spatial 

esolution to robustly detect these tentative emission lines, measure 
heir properties, and determine if the He II emission indeed originates
rom the secondary component. 
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