N

N

The Lyman Alpha Reference Sample. XII. Morphology
of extended Lyman alpha emission in star-forming
galaxies
A. Rasekh, J. Melinder, G. Ostlin, M. Hayes, E. C. Herenz, A. Runnholm, D.
Kunth, J. M. Mas Hesse, A. Verhamme, J. M. Cannon

» To cite this version:

A. Rasekh, J. Melinder, G. Ostlin, M. Hayes, E. C. Herenz, et al.. The Lyman Alpha Reference
Sample. XII. Morphology of extended Lyman alpha emission in star-forming galaxies. Astronomy
and Astrophysics - A&A, 2022, 662, 10.1051/0004-6361/202140734 . insu-03748262

HAL Id: insu-03748262
https://insu.hal.science/insu-03748262
Submitted on 9 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-03748262
https://hal.archives-ouvertes.fr

A&A 662, A64 (2022)
https://doi.org/10.1051/0004-6361/202140734
© ESO 2022

tronomy
Astrophysics

The Lyman Alpha Reference Sample

XIl. Morphology of extended Lyman alpha emission in star-forming galaxies

A. Rasekh!, J. Melinder!, G. Ostlin!, M. Hayesl, E. C. Herenz2, A. Runnholm!, D. Kunth?, J. M. Mas Hesse?,
A. Verhamme?, and J. M. Cannon®

! Department of Astronomy, Oscar Klein Centre, Stockholm University, AlbaNova 106 91 Stockholm, Sweden

e-mail: armin.rasekh@astro.su.se

[ Y B N O )

Received 5 March 2021 / Accepted 10 September 2021

European Southern Observatory, Av. Alonso de Cérdova 3107, 763 0355 Vitacura, Santiago, Chile

Institut d’ Astrophysique de Paris (IAP), 98bis Boulevard Arago, 75014 Paris, France

Centro de Astrobiologia (CSIC-INTA), Departamento de Astrofisica, 28692 Villanueva de la Caiiada, Spain
Observatoire de Genéve, Université de Geneve, 51 Ch. des Maillettes, 1290 Versoix, Switzerland
Department of Physics & Astronomy, Macalester College, 1600 Grand Avenue, Saint Paul, MN 55105, USA

ABSTRACT

Aims. We use Hubble Space Telescope data of 45 nearby star-forming galaxies to investigate properties of Lyman-alpha (Lya) halos,
Lya morphology, and the star-forming characteristics of galaxies. We study how the morphology of Lya emission is related to other
Lya observables. Furthermore, we study the interdependencies of Ly morphological quantities.

Methods. We studied the spatial extent of Ly« using surface brightness profiles in the following two ways (i) using circular apertures
and (ii) within faint Ly isophotes. We also measured the average intensity and the size of the regions with a high star formation rate
density. The morphology of the galaxies was quantified by computing centroid position, axis ratio, and position angle in the Lya,
ultraviolet continuum, and / band maps.

Results. We found that galaxies with more extended star-forming regions possess larger Ly halos. Furthermore, galaxies with more
elongated Lya morphology are also more extended in Lya. Our data suggest that Lya bright galaxies appear rounder in their Lya
morphology, and there is less of a contribution from their Ly« halo to their overall luminosity. We compared our results with studies
at high redshift and found that whilst the Ly« extent in the inner regions of the galaxies in our sample are similar to the high-z Lya
emitters (LAEs), Lya halos are more extended in high-z LAEs.

Conclusions. Our analysis suggests that the Lye morphology affects the measurement of other observable quantities concerning Ly«
emission, and some of the conclusions drawn from high redshift LAEs might be biased towards galaxies with specific Lya shapes. In
particular, faint Ly emitters have larger Ly« scale lengths and halo fractions. This implies that faint Lyo emitters are harder to detect
at high redshift than previously believed.

Key words. Galaxy: halo — Galaxy: evolution — Galaxy: structure

1. Introduction

The Lyman alpha (Lya) recombination line in hydrogen (n =
2 —n = 1, with an energy difference of 10.2 eV, equivalent to
the rest frame wavelength of 4y = 121.567 nm) is the strongest
recombination line in the intrinsic spectra of galaxies. Due to
the potential strength of this line, Partridge & Peebles (1967)
proposed to use this line for detecting and studying primaeval
galaxies more than fifty years ago. Since the Lya emission line
from galaxies is only observable with ground-based telescopes
at z > 2.5, the early searches for high-z galaxies showed lit-
tle observational progress (Pritchet 1994). It was only in the
mid-1990s that surveys started to deliver significant numbers
of Ly emitting star-forming galaxies (SFGs), while previously
mainly quasi-stellar objects had been found (Hu & McMahon
1996; Djorgovski et al. 1996).

The Lya emission line is a good tracer of ionising pho-
tons since there is a 68% chance that the ionised hydrogen
atoms which capture an electron eventually emit Lye photons
(Dijkstra 2014). Indeed, studies show that Lya photons are either
emitted from the ionised gas around the star-forming region

or active galactic nuclei (AGNs) (Miley & De Breuck 2008). In
other words, Lya is a valuable tool for studying the SFGs in gen-
eral, and ionising photons and their origins in particular.

The Lya emission line is a resonant line and is subject
to scattering whenever it encounters neutral hydrogen (HI).
Scattering either occurs within the host galaxy due to the
presence of HI in the interstellar medium (ISM), or between
the source and the observer due to the presence of HI in
the circumgalactic medium (CGM) and intergalactic medium
(IGM). Moreover, dust grains absorb Lya photons and radi-
ate in the far-infrared (FIR). Due to the scattering in the
HI media and absorption by dust at the local scale, fac-
tors such as the geometry and the distribution of the ISM in
the galaxy (Giavalisco et al. 1996; Hansen & Oh 2006; Hayes
2019; Marchietal. 2019; Jaskotet al. 2019; Charlot & Fall
1993; Atek et al. 2008; Verhamme et al. 2008; Scarlata et al.
2009; Korneietal. 2010; Hayesetal. 2011; Matthee et al.
2016; Anetal. 2017), the HI kinematics (Kunth et al. 1998;
Mas-Hesse et al. 2003; Woftord et al. 2013; Martin et al. 2015;
Herenz et al. 2016), and the ISM kinematics (Wofford et al.
2013; Herenz et al. 2016) must be considered on how to interpret

Article published by EDP Sciences

A64, page 1 of 62


https://doi.org/10.1051/0004-6361/202140734
https://www.aanda.org
mailto:armin.rasekh@astro.su.se
https://www.edpsciences.org

A&A 662, A64 (2022)

Ly spectra and observations. Due to the complicated radia-
tive transfer (RT), there is no clear one-to-one correlation
between the Lya escape fraction and other observed quanti-
ties such as Ly« luminosity or nebular extinction. Nevertheless,
Sobral & Matthee (2019) found a clear correlation between the
Lya equivalent width and its escape fraction in Lya emitters
(LAESs) at redshifts z = [0.1-2.6], yielding an empirical rela-
tion. They find that for galaxies to follow the observed trend,
high ionisation efficiencies and low dust extinction are required,
consistent with very young galaxies and intense star formation
episodes.

Due to the processes stated above, the Lya emission is
expected to be more extended than the star-forming regions
where most of these photons are produced. Far-ultraviolet (FUV)
instrumentations capable of spatially resolving galaxies are
required to observationally confirm the existence of extended
Lya emission. In the nearby universe, it was only after the instal-
lation of the Advanced Camera for Surveys (ACS) and its Solar
Blind Channel (SBC) on the Hubble Space Telescope (HST) that
Lya imaging of galaxies began to be carried out and Kunth et al.
(2003) reported observations of ESO 350-IG038 (Haro 11) and
SBS 0335-052. The analysis of ESO 338-1G04 and Harol 1, pre-
sented in Hayes et al. (2005, 2007), clearly showed asymmetric
Lya halos around both galaxies. Ostlin et al. (2009) summarised
the findings for the first six galaxies observed (including the
three above).

At high redshift, Mgller & Warren (1998), and Fynbo et al.
(1999) were the first to report more extended Lya emission than
ultraviolet (UV) emission for galaxies at z > 1.9. Later on,
Steidel et al. (2011) reported that in a stack of 92 galaxies at
z = 2.6 extracted from deep narrow band images, Lya halos
are also more extended than the UV continuum. Interestingly,
extended Lya emission was also seen from the stack of the sub-
set of galaxies that showed Lya central absorption in spectro-
scopic slits. The asymmetrical shape of the Lya halos is not
unexpected due to Ly RT as well. Matthee et al. (2016) show
extended and asymmetric Lya emission in individual galaxies.
In recent years, the Multi-Unit Spectroscopic Explorer (MUSE)
instrument at the Very Large Telescope (VLT) with an increased
sensitivity, resolution, and Field of View (FoV), transformed our
understanding of the Lya halos by enabling the extragalactic
community to observe so many Ly halos out to low surface
brightnesses. It was shown that Ly halos are ubiquitous at high
redshift. It was also further demonstrated that in the high-z uni-
verse, Lya halos are more extended than UV continuum, and the
Lye halos of individual galaxies are asymmetric (Wisotzki et al.
2016, 2018; Leclercq et al. 2017).

Studying the Lya morphology and the geometry of the galax-
ies contributes to a better understanding of Ly physics and the
large scale distribution of the HI scattering media. To study the
morphology of the galaxies at <kpc scales, high spatial resolu-
tion data from nearby galaxies is required. Thus, to study the
morphology of Lye in the nearby galaxies, we used data from
Lyman Alpha Reference Sample (LARS) (Ostlin et al. 2014;
Hayes et al. 2014), and its extension (Melinder et al., in prep.).
In this paper, we make use of the high-resolution HST imaging
data (FUV, UV, and optical) of this dataset. In general, LARS
provides the opportunity to shed more light on the complex RT
of Lya. Indeed, a series of papers have been already published
discussing many properties of these galaxies and how they relate
to Lya physics, such as studying the general properties of the
sample and studying the correlation between these parameters
(Hayes et al. 2014), studying the properties of the neutral ISM
(Pardy et al. 2014), studying the impact of neutral ISM kinemat-

A64, page 2 of 62

ics and geometry on Lya (Rivera-Thorsen et al. 2015), studying
the kinematic of the gas and its significance in the observed Lya
maps (Herenz et al. 2016), testing and modelling the dust con-
tent in the galaxies (Bridge et al. 2018) and predicting the Lya
properties of the SFGs (Runnholm et al. 2020).

An interesting question is how the morphology and orienta-
tion of galaxies affect the Ly emission in star-forming galaxies.
It has already been reported that in edge-on galaxies, such as
M 82, He, IR and X-ray emission is seen to extend along the
minor axis (Lehnert et al. 1999). In other words, there are geo-
metrical effects that affect radiation at different wavelengths dif-
ferently. In the context of Ly, orientation effect has been also
predicted in different studies (e.g. Laursen & Sommer-Larsen
2007; Verhamme et al. 2012; Behrens & Braun 2014).

This study is mainly motivated by the following questions:
(i) how does the distribution of the star-forming regions and
stellar populations impact the Lya morphology and (ii) what
is the impact of Ly@ morphology on the global Lya properties
such as Lya luminosity, equivalent width, escape fraction. To
investigate these questions, we studied the Lya and FUV mor-
phology of galaxies in a large sample of nearby star-forming
galaxies (SFGs) by looking at the light distribution of Ly« and
how it compares to the FUV light distribution (tracing the star-
forming regions). We perform measurements of the FUV and
Lya halos to characterise their spatial extent. We also investi-
gate the FUV and Lya morphology of these galaxies and how
they relate to observables of Ly« radiative transfer (e.g. fesc)-
We devise methods to describe the surface brightness (SB) pro-
files and study the morphology of these galaxies in a non-
parametric approach. We also check for correlations between
different parameters devised and used in this study and measure-
ments characterising the general properties of the galaxies.

In Sect. 2, we describe the observation and briefly touch upon
the data reduction and photometry, in Sect. 3, methods used in
this study are described, in Sect. 4, we discuss the outcomes of
our analysis, in Sect. 5, we discuss our results and how they
compare to the previous studies, and in Sect. 6, we summarise
our findings and results. Finally, we assume a cosmology of (Hy,
Qu, Q) =(70km s~ Mpc~!, 0.3, 0.7).

2. Data

Our sample consists of 45 galaxies, all in the nearby uni-
verse (z < 0.24). The data used to conduct this study are
all obtained from the Hubble Space Telescope (HST). The
first 14 galaxies- LARSOI-14 -(initial LARS sample) were
observed under the program GO-12310 (PI: G. Ostlin), the
next 28 galaxies (ELARS01-28) were observed under the pro-
grams GO-11110 (P.L.: S. McCandliss), and GO-13483 (P.1.: G.
Ostlin), Tol1214 (Tololo 1214—277) was observed under the pro-
gram GO-14923 (P.I.: G. Ostlin), Tol1247 (Tololo 1247-232)
was observed under the program GO-13027 (P.I.: G. Ostlin), and
finally, J1156 was observed under the program GO-13656 (P.I.:
M. Hayes) (Hayes et al. 2016).

All the galaxies in this sample are nearby SFGs that were
selected based on their Ha equivalent width, and their FUV
brightness (for more information see Ostlin et al. 2014; Melinder
et al., in prep.), Table 1 lists the redshift and Ha equivalent width
based on SDSS (DRS) spectroscopic measurements, and the
FUV luminosity determined from GALEX. The first 14 galaxies
(LARSO1-LARS14) were selected to have Ha equivalent width
equal or higher than 100 A and UV luminosity range between
log (Lruv/Le) =9.2 to (Lryv/Le) = 10.7, and redshift interval of
z=1[0.028-0.18]. ELARSO01-28 galaxies were selected to have
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Ha equivalent width higher than 40 A and the luminosity func-
tion was populated homogeneously below and above Lgyy/Le =
9.6, and redshift range z=[0.028—0.051]. In addition to these
galaxies, the same type of HST observations also exist for the
Tololo 1214-277, Tololo 1247-232, and J1156 (which has the
highest redshift in the sample), and we added them to the sam-
ple as well.

In this study, we use the Lya and FUV images of the galaxies
to study the observed Lya emission distribution and morphology
of the galaxies (using Lya images) compared to the sites where
these photons were produced (star-forming regions) (using FUV
maps). In addition, we use the / band images (using the red-
dest available HST filter for each galaxy) to study the morphol-
ogy and distribution of the sum of both young and old stellar
populations. Global measurements, such as stellar mass, Lya
escape fraction (fus), nebular reddening, Lya equivalent width
(EWLy,), FUV and Lya luminosities are taken from Melinder
et al. (in prep.).

The method used to obtain Lya maps of the first fourteen
LARS galaxies (LARSO1-14), which has been extended to the
entire sample, was described in Ostlin et al. (2014). The general
idea behind this method is to use HST/SBC FUV long-pass fil-
ters, one containing Lya emission and at least one without, to
emulate a narrow band filter centred on the line. These filters
also allow estimating the stellar continuum at Lya. This contin-
uum subtraction method builds on the experience from the first
studies on six nearby SFGs (Hayes et al. 2005, 2007; Ostlin et al.
2009) which led to the improved method developed and sug-
gested by Hayes et al. (2009). This method became the strategy
of LARS and is implemented in the Lyman alpha eXtraction
software (LaXs) code. This software performs accurate and
reliable pixel SED fitting in order to construct Lya and FUV
continuum maps (among other things) of the galaxies. In this
study, all measurements on the FUV continuum are made in the
LaXs-produced stellar continuum maps at Ly wavelength.

This work is based on the latest recalibration of the
HST/ACS/SBC data (Avilaetal. 2019). The previously pub-
lished Lya maps of the LARS galaxies (LARSO1-14) have been
re-analysed by Melinder et al. (in prep.), taking advantage of the
latest HST/ACS/SBC calibration.

As previously mentioned in Sect. 1, due to Lya RT effects,
Lye emission from star-forming galaxies is usually more
extended than the star-forming regions (where the majority of
the Lya photons are produced). In this study, we use the FUV
maps of the galaxies to study the morphology of the star-forming
regions. We note that as discussed in Oti-Floranes et al. (2012,
2014), the spatial distribution of the ionised gas (where the ion-
ising photons are reprocessed into Lya) is not necessarily similar
to the distribution of the FUV continuum. This is only true if the
star formation is still ongoing or relatively recent (<4 Myr) since
otherwise, the ionising photon output will have dropped signifi-
cantly, and massive star winds and supernovae have had enough
time to repel and push out the natal gas (Whitmore et al. 2011;
Hollyhead et al. 2015). While the He data is available for the
galaxies in our sample, there is almost no difference between the
Hea and the FUV emission maps due to the scales we are prob-
ing in this study. However, since the FUV data are deeper, we
use them to investigate the sites where Ly photons originate.

3. Analysis and methods

The cornerstone of this study is the HST imaging data which
has the advantage of a larger FoV compared to available spec-
troscopic observations at similar redshifts. The high-resolution

Table 1. Characteristics of the galaxies chosen for this sample.

ID Redshift Wy, log(LFUV)
z (A) (Lo)
LARSO1 0.028 560 9.92
LARSO02 0.030 312 9.48
LARSO3 0.031 238 9.52
LARS04 0.033 234 9.93
LARSO5 0.034 333 10.01
LARS06 0.034 455 9.20
LARSO7 0.038 423 9.75
LARSOS8 0.038 167 10.15
LARS09 0.047 505 10.46
LARS10 0.057 99 9.74
LARSI11 0.084 105 10.70
LARS12 0.102 408 10.53
LARSI13 0.147 201 10.60
LARS14 0.181 578 10.69
ELARSO1 0.029 215 10.08
ELARSO02 0.043 92 10.03
ELARSO3 0.035 65 10.17
ELARS04 0.029 103 10.08
ELARSO5 0.034 41 9.99
ELARSO06 0.034 47 9.68
ELARSO7 0.035 268 9.60
ELARSO8 0.031 48 9.57
ELARSO09 0.030 94 9.56
ELARSI10 0.033 75 9.56
ELARSI11 0.030 58 9.51
ELARS12 0.032 46 9.49
ELARSI13 0.032 125 9.47
ELARS14 0.033 82 9.37
ELARS15 0.035 54 9.39
ELARSI16 0.035 64 9.33
ELARS17 0.031 44 9.24
ELARSI18 0.029 59 9.03
ELARSI19 0.031 133 9.03
ELARS20 0.031 73 9.02
ELARS21 0.033 61 9.01
ELARS22 0.047 153 10.09
ELARS23 0.051 49 10.08
ELARS24 0.048 83 10.00
ELARS25 0.045 56 9.83
ELARS26 0.046 43 9.69
ELARS27 0.045 47 9.73
ELARS28 0.046 131 9.71
T1214 0.026 1644 9.01
T1247 0.049 530 10.36
J1156 0.236 323 11.05

Notes. The first, second, third, and fourth columns represent the LARS
ID in this study, the SDSS spectroscopic redshift (DRS), the SDSS Ha
equivalent width (DRS8), the FUV luminosity (Lpyy = A X L,/Ly) at
A=1524/(1 + z A) measured from GALEX observations, respectively.

HST imaging data of the 45 nearby SFGs galaxies enables us to
study the Ly« light distribution and the morphology of the galax-
ies out to typical distances of ~10kpc (40 kpc for high redshift
galaxies in the sample, e.g. LARS14, J1156).

We start by investigating the Lye and FUV SB profiles
(Sect.3.1). In Sect. 3.2, we discuss the Lya morphological param-
eters used in this study. In Sect. 3.3, we discuss the method used for
studying the Lya emission of the galaxies in the faint isophotes.
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Finally, in Sect. 3.4, we talk about the methods used to study the
star-forming properties of the galaxies in our sample.

3.1. Fitting to the surface brightness profiles

In this section, we study the Lya SB profiles of the galaxies and
how they compare to their FUV SB profiles. In other words, we
determine how the observed spatial distribution of Lya emission
differs from that of the FUV continuum, which traces the sites
where most of the Ly« photons are produced. There are (at least)
three common ways of forming and studying SB profiles, and
each one has its own advantages and disadvantages. Below, we
look into these options and highlight their pros and cons.

Circular annuli. The simplest approach is to integrate the
light in circular annuli. The benefit is that it requires no assump-
tion on the actual shape of a galaxy. The downside is that for
galaxies that are not circular in shape, the light distribution will
be artificially flattened, and the influence of background noise
will be increased.

Elliptical annuli. A slightly more sophisticated method that
overcomes the con above is to use elliptical annuli for integra-
tion. This works well for galaxies that are more elongated in
shape. One may allow for a change in the position angle of the
ellipses with radius to better capture certain features (e.g. bars
and spiral arms), but for very irregular galaxies which are not
well described by ellipses, it has the same con as the spherical
model, without its pro.

Isophotal integration. A more general approach is isopho-
tal integration. In this method, instead of stepping in radius, one
steps in SB and calculates a characteristic radius as r = VA /x. It
has the advantage of not relying on any assumption on the shape
of the galaxy. Its cons, however, is that it does not go as deep
and will not work at levels where the isophotal level is compa-
rable to the background noise (then the isophotes will break up,
and the area becomes ill-defined). It also requires extra care to
compare results from different passbands as they generally do
not probe the same area. For Lyq, there is an additional compli-
cation with isophotal integration: the Lya absorption against the
FUV continuum, which frequently occurs in the centre. In any
case, isophotal integration is the best suited method to study the
extended Lya emission.

In this paper, we use the most straightforward (circular)
(Sects. 3.1.1 and 3.1.2) and more general (isophotal) (Sect. 3.3)
approach, while omitting the elliptical one, as our sample is in
general quite irregular and the elliptical approach does not offer
any significant advantage over the other two.

The steps taken to obtain the FUV and Ly« SB profiles using
circular annuli are as follows: we masked the noisy edge of the
images, started the SB profiles from the brightest point in the
FUV maps, and determined the maximum radii from the largest
circular aperture that could be fitted inside the masked region
(usually set by the usable area in the SBC images), we define
the radius of this aperture as ryax. Next, we performed photom-
etry using 30 circular annulus bins (with 0.1 kpc as the smallest
size) by using the python package photutils! (Bradley et al.
2019). The number of bins was chosen to simultaneously provide
a good signal-to-noise and radial resolution in the SB profiles.
To estimate the error on the measured SB in each bin, we per-
formed the same procedures on 100 Monte Carlo simulated sci-
ence frames obtained from LaXs. It should be noted that all the

! https://photutils.readthedocs.io/en/stable/index.
html
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aforementioned measurements were done using binned weighted
Voronoi tessellated maps, utilising the Weighted Voronoi Tessel-
lation (WVT) method developed by Diehl & Statler (2006) (for
more information see Hayes et al. 2014).

3.1.1. Sérsic profile fitting

One of the most common models used to describe the SB profiles
of the galaxies is Sérsic model (Sérsic 1963; Graham & Driver
2005):

)
I(r)=1I.. exp|—b,. (—) -1 (1)
Teff

where b, satisfies the relation y(2n, b,) = %F(Zn), where I', and
v are the Gamma function and the lower incomplete function.

We fit the Sérsic function to FUV and Lya SB profiles of
the galaxies in our sample. We used the Sersic1D model in the
python astropy package (Astropy Collaboration 2013, 2018).
In Eq. (1), there are three free parameters: the amplitude or the
luminosity at the effective radius (/..), effective radius (r.g), and
Sérsic index (n). We limited some of these parameters to have
a more physically meaningful interpretation of the results. For
instance, the effective radii were limited to vary between 0.001
and 1000 kpc, or the Sérsic index to vary between 0.001 and 20.
Moreover, since we clearly observe absorption in the Ly maps
of the galaxies, we set the criterion that out of 30 data points in
the SB profiles, there must be at least six data points with positive
net emission and signal-to-noise ratio higher than 2 (S/N > 2)
for fitting the Sérsic profile to each FUV and Lye profile in every
galaxy.

Figure 1 shows examples of the fits for three galaxies. Our
results clearly show that a single Sérsic profile does not describe
the observed SB profiles very well. In addition, for a good frac-
tion of the galaxies, the results indicated that the fitted parame-
ters had reached the limits initially set as the requirements (e.g.
0.001 < n < 20).

3.1.2. Double exponential fitting function

Around 60 years ago, de Vaucouleurs (1958) used an exponen-
tial function to describe the disk region of the profile in M 31.
Since then, many studies have used an exponential function to
successfully model the SB profiles of disk galaxies (Freeman
1970; Okamura 1988).

We found that a double exponential function describes the
full SB profiles of both FUV and Ly« quite well in the majority
of the galaxies. This double exponential function has the form
described in Eq. (2), in this equation, b is a free parameter fitted
to the profiles, fi(r), and f>(r) describe the innermost and out-
ermost parts of the profiles. fj(r) might not be well-constrained
for some of the Lya profiles due to the absorption in the inner
regions of the galaxies. However, f>(r) is the main term used
in our analysis which describes the outermost part of the pro-
files. This term is used to extrapolate the SB profiles outside of
the available instrument since the angular size of these galaxies
could be quite large.

—r

f1(7)=A1€Xp( ) for r<b

scl

fr) = (@)

for r>b

Isc2

A = Ay exp(—’)

Similar to the Sérsic profile fitting (see Sect. 3.1.1), we took
several measures to enhance the fits and characterise the SB


https://photutils.readthedocs.io/en/stable/index.html
https://photutils.readthedocs.io/en/stable/index.html

A. Rasekh et al.: The Lyman Alpha Reference Sample. XII.

0 ]
'y LARSO1 ® Lyacore 4 FUVhalo LARSOQ ® Lyacore 4 FUVhalo 1y ELARS04 ® Lyacore 4 FUVhalo
— 100] i\ Lyahalo === LyaSersicfit | _ 151 ] ™ & Upperlim === LyaSersicfit | _ .\\ Lyahalo  ==-- Lya Sersic fit
o 'Y 4 Fucore FUV Sersic fit [ g N Lyahalo - FUV Sersic fit [ 1077 \ 4 FWcore o FUV Sersic fit
v N %) RN & FUVcore 9 5
Q 107§ a Q 102 - Seo Q. "pEw
X ¢ i n=4.59+0.87 ¥ W Teeall n=20.00=*6.08| X1073¢, Ceap n = 14.80 + 5.47
L 02] e L e n=4.57 038 T el TTe=esl n £ 20,00 + 0.00 | . ~apg n = 20.00 = 0.00
n 3 "y 0 19-3 o¥ e gmp iR 0w ] ee .
o ., TEmega ., o 3,’ !" -------- D107y Te%ee .. mesaa
@ 10° €, T Ssen ] e < ®ee, 0 TEETSSLa.
e, 0 TEEERe_L = § QQi ........... *
g o0 o g 4 [ §$$ L PON ."‘.o.gé.,.g_f,f_f_‘ g 104 ..___“_.0“
oo beee, 2 Ces | o TR .
'S 6902, 10°° 1075 4 L YOGS L8 I
& 10 L4 “00.,’.” 2 @ oo *5g
retr = 0.69 + 0.05 10-6 | rerr = 4.07 = 0.14 10-6] Ferr = 1.48 * 0.06
106 { 1o = 0.45 + 0.02 rert = 0.93 + 0.00 =1.00 = 0.01
0 1 2 4

3 a4
Radius (Kpc)

6 8
Radius (Kpc)

r
10 12 0 2 4 6
Radius (Kpc)

Fig. 1. Sérsic profile fitted to the Lya and FUV SB profiles of three galaxies, LARSO1, LARS09, and ELARSO04. The resulted fits indicate Sérsic
profile does not fully capture the behaviours of the SB profiles. Moreover, the limit set for the Sérsic index (e.g. 0.001 < n < 20) is reached in the
fitted Sérsic profiles to the Lya SB profile in LARS09, and FUV SB profile in both LARS09, and ELARS04.

profiles better. The weighted fitting method in the Imfit pack-
age was used, so the data with higher S/N contribute more to
the overall fits. Moreover, the double exponential function was
fitted only for those profiles where there were at least six data
points with positive net emission in the full SB profiles, on top
of requiring at least two data points in the halos (for the defi-
nition of the halo, see Sect. 4.1), these points are also required
to have S/N higher than two. In Table A.1, we provide for each
galaxy the Lya SB of the faintest (furthest) annulus bin (or upper
limit if S /N < 2) measured in the Voronoi tessellated maps.

We found that the fits fail to describe the outermost regions
for several galaxies, especially in the FUV SB profiles. This
is due to the relative low S/N in the outermost regions com-
pared to the innermost and intermediate regions. In order to
fit the outermost regions better, we manually down-weighted
the data points in the intermediate regions, so the fits describe
the outermost regions in these galaxies better. LARSO1, 02, 05,
07, 12, 14, ELARSO07, 09, 13 and J1156 are the galaxies with
down-weighted intermediate data points in their FUV SB pro-
files. In LARS14 and J1156 cases, the intermediate regions were
also downweighted in their Lya SB profiles. Since for these
two galaxies, the fit was not well-capturing the Ly SB profile
behaviour in the outermost regions, either.

To estimate the errors on the measured parameters, we ran
1000 Monte Carlo simulations. In these simulations, the mea-
sured SB were drawn randomly from a normal distribution based
on the measured error in each bin. Figure 2 shows FUV and Lya
SB profiles with the fitted double exponential functions for the
same galaxies shown in Fig. 1. Appendix C contains the same
figures for the full sample. Table A.1 lists the measured Lya core
and halo scale lengths and their corresponding error bars.

At faint Lya SB levels, there is a systematic uncertainty
resulting from background subtraction in the images during the
data reduction. For the galaxies at z < 0.14 (all but LARS13,
LARSI14, and J1156), Lya is in the F125LP filter. This filter
also contains a relatively bright geocoronal background from
0OI11302+1306. The background is estimated from regions close
to the edge of the chip in the images (Ostlin et al. 2014). While
the statistical error on the estimated background itself is neg-
ligible, it is possible that — if faint Lya extends to the border
of the chip — this practice could lead to subtraction of actual
Ly« emission. The subtracted background is consistent with, or
lower than, the target geocoronal background for the observa-
tional setup (HST SHADOW operations) for all galaxies but five
(LARSO4, ELARS04, ELARSOS, ELARS12, and ELARS14).
However, it is still possible that Lya emission from the galaxy
contributes to the subtracted background.

Given that the background cannot be independently esti-
mated, we investigate the systematic effect of subtracting an

unknown flat background on the exponential profile fit in the
halo. For this analysis, we assume that the Ly« emission in the
halo is bright enough that an exponential can be fit to the data,
or equivalently that the subtracted background emission is low
enough to not wash out the real Lya emission. Furthermore, we
assume that either 100% (the absolute worst case) or 10% of
the subtracted emission is Lya. In Appendix D, we calculate the
effect of over-subtracting Lya on the halo exponential that fits
under these assumptions. The over-subtraction has a larger effect
on the exponential fit if (a) the background level is estimated
close to the fitting region and (b) the fitting region for the halo
exponential spans a short radial range. We find that the system-
atic (positive) uncertainty from this effect is negligible (<5%) for
all of the galaxies for the 10% assumption. With the worst case
assumption (which is very unlikely to be correct), four galaxies
(ELARSO5, ELARSO08, ELARS09, and ELARS25) show uncer-
tainties larger than 10%. We thus conclude that the background
subtraction uncertainty does not affect the findings in this paper
significantly.

3.2. Lya morphology of the galaxies

In this work, we focus on Lya and FUV (we have also investigated
the 7 band) maps of the galaxies. This enables us to study and
investigate the differences between the sites where the ionising
photons were produced and how we observe them after the recom-
bination and the ongoing Lya RT. As discussed before, there is no
one-to-one mapping of the FUV to Lya morphologies. In some
galaxies, the morphology of the galaxies are similar, and in some
cases, we can clearly spot the differences between the morphology
of the galaxies in these two maps. For example, there is one small
knot to the south of LARS02, which is bright in both FUV and
Lya, while in other galaxies, FUV-bright regions tend to be associ-
ated with Ly absorption, for example, ELARSO0S. Another exam-
ple would be the spiral arms of the galaxy in ELARSOS that seem
to be also evident in both FUV and Ly, while in ELARS06 and
other galaxies, for example, ELARS12, ELARS23, ELARS2S,
ELARS27, and ELARS2S, the correlation is either not obvious
or just non-existent.

Given the high-resolution HST data available for the LARS
sample, one may ask whether it is possible to relate the Ly«
properties of the galaxies to the ionised gas media. In gen-
eral, connecting Lya emission to the ionised gas properties is
an important subject, especially since such comparisons are not
generally available at high-z. We note that even though the
physical resolution of many galaxies in our sample is sufficient
for probing the ionised gas structures, as stated in Sect. 2 the
He (and HB) observations of galaxies only covers star-forming
regions and are not that sensitive to low surface brightness
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Fig. 2. Lya, FUV SB profiles, and the fitted double exponential of different galaxies (same galaxies shown in Fig. 1) along with their FUV, and Lya
maps. Left panels: Lya and FUV profiles and the fitted model to them. The dark and light colours distinguish the core from the halo, respectively.
For bins with §/N < 1, the 20 upper limit are displayed, and the bins with 1 < §/N < 2 (data points not used in the fits) are displayed with the
empty square symbol. Middle and right panels: FUV and Lya maps of each galaxy, respectively. The blue rings represent the largest radii where a
circle centred at the FUV brightest pixel fits within each map, used as the last bin where the photometry was performed on. The green ring shows

the radius where the SFRD drops below 0.01 M, yr~! kpc™2.

diffuse emission that tends to be present in the diffuse Lya
regions. A direct Lya-Ha comparison could benefit from com-
plementing the HST Ha imaging with that greater depth but of
lower spatial resolution (e.g. using IFUs, see Bik et al. 2015) and
will be the scope of a future paper.

As mentioned above, LARS provides an opportunity to study
the Lya morphology of the nearby star-forming galaxies in gkpc
scales. We investigate the asymmetry of the Lya emission, and
how it compares to the star-forming regions using three non-
parametric approaches: (i) centroid shift between Lya, and FUV,
(ii) difference in the position angles of the major axis between
FUV and Lya, (iii) Lya axis ratio (b/a)Ly.. In addition to these
Lya morphological parameters, we also measure the FUV and
I band axis ratios.

We start by introducing the regions used for measuring the
aforementioned morphological parameters and continue with
how these parameters are assessed within these regions.
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3.2.1. Regions used for assessing morphological parameters

Lya. Regions where Lya morphological parameters could
be assessed were a significant challenge due to (i) intrinsically
shallow Ly« halos and (ii) Ly« absorption in the centre of the
galaxies. We note that regions with high continuum flux and
high column density of neutral hydrogen tend to show up as Lya
absorbed regions unless a high spectroscopic resolution is used,
even if there is intrinsic Lya emission. The narrow-band tech-
nique used for making the Lya emission images for our sample
is thus highly susceptible to this issue, and many galaxies show
Lya absorption in the central parts.

To overcome these difficulties, we explored the Ly maps
of the galaxies to determine the faintest encompassing isophotes
(FEI). To do so, unbinned Ly« images were smoothed with a
kernel size defined in physical units (i.e. kpc) (the kernel sizes
differ based on redshift of the galaxies) provided in Table 2
to address the low S/N, especially in the Lya halos. The Lya
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surface brightness limit for the FEI was then chosen by-eye as
the faintest isophote, which contained as much diffuse emis-
sion as possible without breaking up into individual noise peaks.
SBiye = 1.5 x 10*ergs™ kpc™ was found as a reasonable
limit for Lya FEI in our sample (except J1156, where SBry, =
5.0 x 10% was selected, see Table 2).

Another challenge was to find a way to include the regions
affected by Lya absorption so that they do not bias the mor-
phological measurements. To do so, we first identify regions
with relatively high FUV surface brightness, using a thresh-
old corresponding to a star formation rate density (SFRD) of
0.1 My yr~'kpc=2. We created a binary image for each galaxy,
where the value is set to 1 if the Lya brightness is higher than
the FEI value, or if the SFRD is above 0.1; and O elsewhere.
From now on, we refer to the region where the value is equal to
one for measuring Lya morphological parameters as Lya Mor-
phological Regions (LMR).

FUV and I band. Following the same strategy as for
Lye, unbinned FUV and I band images were smoothed
with the same kernel size used for smoothing Lya maps.
Next, FUV and I band intensities in the FUV, and I band
images were explored for finding the FUV and I band FEIs.
SBruv = 2.5 % 107 ergs™' kpc2A~!, and SBpana = 1.5 X
103 ergs~' kpc 2 A~! were found as a good limit for all the
galaxies in our sample.

Figure 3 shows examples of the regions used to determine
the Lya (LMR), FUV (FEIryy), and I band (FEI;psnq) morpho-
logical parameters displayed on the Ly« images.

3.2.2. Centroid shift

The difference in the light distribution and morphology of Lya
and FUV emissions was initially approached by measuring the
centroid in each map (within LMR for Lya, and FUV FEI for
FUV) and determining their difference. Determining the centroid
position of a light distribution in an image is similar to deter-
mining the centre of mass of a distribution of mass of a system.
Without any photon scattering or attenuation, the centroids of the
Lya (Cry,) and FUV (Cryy) emissions would coincide (assum-
ing a symmetric distribution of ionised gas around the massive
star clusters). But with the complex radiative transfer affecting
Lya morphology, the centroids do not necessarily coincide.

Due to the uncertainties on Lya emission level in the cen-
tral parts of the galaxies (where continuum absorption is sig-
nificant (see Sect. 3.2.1)), we determined the Lya centroid as
the non-weighted first image moment (Stobie 1980) within the
region described above. Moreover, to be consistent with the Lya
centroid measurement, we used the non-weighted first image
moment within the FUV FEI region. The first image moment
is generally defined as:

@) = (Zilixi Z,'Ii.l/i)
' il XL
where x;, y;, X, and y are the x, and y coordinates in the image
coordinate system, and the weighted mean in the x and y axis,
respectively. Finally, I; is the flux measured in each pixel. As
mentioned before, in our calculations, we used the non-weighted

method where [; = 1.
We determined the difference between the measured Lya and
FUYV centroid as the centroid shift (AC):

AC = |Crye — Cruvl 4)

This quantity indicates how the general distribution of Ly« pho-
tons has shifted from their main site of production. Table A.1

3

Table 2. List of the galaxies, the kernel sizes used to smooth their
maps, and the Lya SB used for determining the faintest encompassing
isophote in our morphological studies.

ID Kernel size Lya SB
(Physical scale)  (10*° ergs™! kpc™2)
LARSO1-10 0.3kpc 1.5
LARS11-14 0.8 kpc 15
ELARSO01-28 0.3 kpc 1.5
Toll1214 0.3kpc 1.5
Tol1247 0.3 kpc 1.5
J1156 0.8 kpc 5.0

Notes. The kernel sizes are chosen differently based on the redshift of
the galaxies.

contains the measured centroid shift (AC) for each galaxy.
Finally, to have a better understanding of the distribution of the
sum of both young and old stellar populations, we determined
the centroid for the whole stellar populations in the galaxies. To
be consistent with our measurements in both Lya and FUYV, the
centroid was computed as the non-weighted first image moment
within the region selected by the / band FEL.

In Fig. 3, the measured centroid for each band is shown with
a cross with the same colour used to display the contour for each
band. Appendix E contains these results for the full sample.

3.2.3. Position angle and axis ratio

The first image moment collapses all the information on how
the light is distributed in an image into a single value, the cen-
troid position. However, by using the second image moment, the
light distribution can be studied in greater detail (Stobie 1980).
Hence, we expanded our non-parametric morphological studies
utilising the second image moments and determined parameters
that reveal more information on how the light distribution varies
in different wavebands within the regions discussed in Sect. 3.2.1
in Lya, FUV, and I band maps. The quantities studied through
second image moments are axis ratio (b/a)iya, and the position
angle (PA) (also used in other Ly« studies, e.g. Herenz et al.
2020) (difference of the measured position angle between FUV
and Lya), in addition to the FUV ((b/a)ryv) and I band ((b/a),)
axis ratios. Roughly, the axis ratio indicates the elongation, and
the PA reveals the alignments of the light distribution in each
bandpass. For instance, studying the difference in the measured
PA between Lya and FUV may reveal preferred directions of
Lya photon escape from the galaxies. The second-order image
moments are defined as in Eq. (5):

X2 TIxr
RSy A
= _ Iy
2=y = - Q)
—  ZhLyx;
XY = = —
V=751

As for the first moment, we use non-weighted image moments,
hence I; = 1. From the second image moments parameters in
Eq. (5), parameters such as the minor and major axis, and the
position angle of an ellipse can be analytically computed through
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Fig. 3. Regions used to determine all the morphological parameters used in this study (AC, (b/a)ry., (b/a)ruv, (b/a);, and APA) displayed on
the Lya images for the three galaxies. The blue, green, and red contours are corresponding to the regions where the regions are brighter than
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within LMR for Ly, within FUV FEI for FUV, and within / band FEI for band, respectively. The determined PAs in the regions are also displayed
with blue dashed, green dotted, and red dash-dotted lines for Lya, FUV, and I band, respectively. Moreover, the axis ratio (b/a)y, for each region
is printed in the lower left part of the panels with blue, green, and red for Ly, FUV, and [ band, respectively. Finally, the centroid shift (AC, in
kpc) between Lya and FUYV, and the difference between the measured PA of Ly, and FUV are printed on the lower right side of the panels.

Eq. (6), to Eq. (8).

2
(a/2)2=X2;Y2+\/(X2;Y2) vy ©
2
oy = X212 \/(Xz . Y2) vy .
XY
tan(290) = Zm (8)

In Egs. (6) and (7), a, and b are the semi-major, and semi-
minor axis, respectively. By measuring the semi-major (a) and
semi-minor (b) axis, we assess the axis ratio. In general, axis
ratios reveal different elongations or symmetricities of the light
distribution in the regions of interest in the galaxies. The axis
ratios and PAs in different wavebands are measured in the same
regions described in Sect. 3.2.1 in each galaxy; the results are
provided in Table A.1. From here on, we refer to the Lya axis
ratio ((b/a)1y.) simply as the axis ratio unless we explicitly spec-
ify the axis ratios determined in other wavebands.

In Fig. 3, regions used for determining the axis ratios and
PAs are shown with different contours, all displayed on the Lya
maps. The measured PAs within the region determined by Lyc,
FUYV, and I band FEIs are displayed with the blue dashed, green
dotted, and dash-dotted lines, respectively. Appendix E contains
these results for the full sample.

3.3. Isophotal analysis of the extent of the Lya halos

As discussed in Sect. 1, it has already been established that Lya
halos are asymmetric in both local and high redshift universe.
Furthermore, the stellar morphology in most of the galaxies in
our sample is also quite irregular. Hence, circular apertures may
not fully characterise the complicated Lya distribution resulting
from the radiative transfer. To avoid this issue, we also measure
the extent of the Ly halo, by studying the Lya emission within
the faint Lya isophotes. This approach has the advantage that it
explores the light distribution in the halo only. It also avoids the
areas where the absorption becomes more prominent.
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We used four isophotes, which provide us with an isopho-
tal profile of the Lya halo. The faintest encompassing Lya
isophote used in this analysis is SBry, = 1.5 % 10% erg s~ kpc 2
for all galaxies but J1156, where Lya SBiy, 50 x
10¥ erg s~ kpe=2 A~! was selected (Sect. 3.2.1). The isophotes
chosen for this analysis were selected as even multipliers (1, 2,
3, 4) of the faintest limit. Next, the areas covered within these
isophotes were measured, and the equivalent radius (the radius
of a circle with the same area encompassed by a given isophote)
was determined.

Finally, we fit a simple exponential function to the Ly«
isophotal SB profile of the halo to find the Lya isophotal halo
scale length (%) (Eq. (9)).

sC

£() = A exp (r"—r) : ©)

sC

Figure 4, shows the Ly maps and the regions used for deter-
mining the extent of the halo and the exponential fit results. It
is clear from this approach that more than one exponential func-
tion is needed to describe the full Lya SB profiles. Appendix F
contains these panels for the full sample.

3.4. Size and intensity of the star forming regions

So far, we have focused on measuring different quantities that
quantify the Lye morphology of the galaxies. With the high-
resolution HST data available for our sample of galaxies, we
also investigated how star-forming (SF) properties of the galax-
ies relate to the Lya output.

We use two quantities for studying the SF properties, both
based on the FUV, of the galaxies: (i) the size of the area with
SFRD > 0.01 Mg, yr~! kpc™2 represented by the equivalent radius
(the radius of a circle with the same area), and (ii) the average
FUV SB (FUVgp) within these regions. The size of the area rep-
resents how large the SF regions are in each galaxy, while the
(FUVgp) determines how intense the SF is in each galaxy.

For this analysis, we used the unbinned FUV images
smoothed with the kernel sizes listed in Table 2. Figure 5
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region (usually within r = 0.1 kpc from the brightest FUV point).
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shows these regions, and the measured FUVgp for three galaxies.
Appendix G contains these results for the full sample.

4. Results

In this section, we discuss the outcomes of the analysis using the
methods presented in Sect. 3.

4.1. Extent of the Lya halos

To study the extended Lya halos, we decomposed the profiles
into core (inner) and halo (outer) regions. To do so, we stud-

ied the SFRD profiles of the galaxies obtained from the FUV
SB profiles using the SFR calibration from Kennicutt & Evans
(2012) and used a SFRD threshold of 0.01 Mg yr~!kpc™
to distinguish between core and halo. This threshold is
roughly the SFRD in the Kennicutt—Schmidt relation where the
slope changes from the efficient SFR to the inefficient SFR
(Bigiel et al. 2008; Micheva et al. 2018). In Fig. 2, the radius in
which the SFRD falls below the 0.01 M, yr~! kpc=2 is shown by
a green circle on both FUV and Ly« images (middle, and right
panels). This is also shown on the FUV and Lya profiles (left
panels), where the data points with the blue and sky blue in the
Lya profiles, and data points with the green and the light green
represents core and halo, respectively.
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Fig. 6. Lya halo scale length (r2™) versus the FUV halo scale length
(rE9V). The histograms on the top and left show the distributions and the
measured median for the FUV, and Ly« halo scale lengths, respectively.

As discussed in Sect. 3.1.2, we found that a double expo-
nential function (Eq. (2)) describes both the Lya and FUV SB
profiles quite well. The second term (f>(7)) in this fitting func-
tion describes the behaviour of the halo. Based on the results
from the profile fitting analysis, for the rest of the analysis, we
exclude LARS04, LARS06, LARS13, ELARSO1, ELARSO03,
ELARSO7, ELARSI2, ELARSI14, ELARSI15, ELARSI6,
ELARSI1S8, ELARS20, ELARS21, ELARS23, ELARS2S. These
galaxies are faint Lya emitters (the median of their Lya lumi-
nosity is 2.30 x 10* erg s™! which is fainter by almost one order
of magnitude compared to the median of the full sample 1.70 X
1040 ergs™!), and lack sufficient data points (less than 2) in their
Lye halo part of their Lya SB profile with S /N > 2 for fitting the
double exponential function (see Eq. (2)). This criterion makes
us more confident that our extrapolation is based on the observed
Ly emission in the Ly halos. We also exclude LARS10: this
galaxy is also faint Ly emitter (Ly, = 1.10 X 10%ergs™)
and in spite of fulfilling the criterion of having more than two

data points in its Lya SB profiles, the measured fitted Lya halo
Lya

Lya

< 10X is the

scale length has a large error bar where A
rﬂC

fitted scale length in the second term of the double exponen-
tial function defined in Eq. (2), to the Lya SB profiles). Finally,
LARSO09 is excluded since its fitted r2 is huge (due to its Lya
morphology, with bright emission in the north and south of the
centre and little sign of decreasing SB at large radii, see Figs. 2
and 3). The bin size of the circular annuli used for the SB pro-
files will certainly affect the S/N of individual data points, but
using larger bins does not change this selection. Removing all
these galaxies from the initial 45 galaxies in our sample, brings
us to 28 galaxies that are explored in this study.

The range covered by Lya halo scale length is between 1.03
t0 9.05, with a median of 3.15 kpc. As previously stated, because
of the physical processes involved in the Lya RT, the Lya SB
profile usually drops more slowly than the FUV. Thus, we looked

at the measured Lya halo scale length rl“cy“ and how they com-
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pare to the FUV halo scale length £UV. Figure 6 shows ri®
versus UV, and the distribution of these two quantities. We

see that indeed, the distribution of Lya emission is flatter than

the FUV flux (r2 > rFUV). However, we note that when we
compare the Lya and FUV halo scale lengths, despite the differ-
ence in median value, the distributions are still consistent with
each other (see the histograms). The KS test on two samples
returns KS score of 0.21 corresponding to a p-value of 0.49, indi-
cating that the distributions are similar, although this is driven
by a few outliers. We also see that Lya halo scale length cor-
relates with the FUV halo scale length, indicating that more
extended star-forming regions leads to more extended Ly« emis-
sion. Moreover, Bridge et al. (2018) finds that there is a correla-
tion between the size of the Lya halos and the scattering distance
found in their analysis for the original LARS galaxies (LARSO1-
LARS14). We thus interpret the Ly halo scale lengths to give a
measure of the scattering distances of Ly« emission, and, conse-

quently, that large Lya halos (large rl“cy”) indicate large scattering
distances.

4.2. Lya halo fraction

Studying Ly« halos is interesting on its own; however, perhaps
the most important implication of the Ly halo studies is to pin
down the contribution of the halo to the total Lya luminosity, that
is the Lya halo fraction. This quantity indicates what portion of
the Lya photons travels far away from where they were produced
before escaping, and thus provide a clue on how far the ionising
photons travel before ionising an H atom and how much radiative
scattering goes on in each galaxy.

We define the Lya halo fraction as the Ly flux emitted in
the halo divided by the total Lya flux. The limited detector size
of the SBC detector presents a problem for determining halo
fractions. Many of our galaxies are close enough that their Lya
emission fills the detector chip. It is therefore likely that mea-
surements in the images will miss part of the halo flux. Hence,
we determine the halo fraction (HF) as: the measured Ly lumi-
nosity through integrating the second term in our fitting function
(which describes the halo, see Eq. (2)) from where we define
halo (SFRD drops below 0.01 M yr~! kpc=?) to infinity divided
by the sum of this quantity and the observed Lya luminosity in
the core (Eq. (10)).

frsnmzo.m 2nrfa(rdr .
Lyar 00
Leore + erFRDZO_m 2nr fo(r)dr

core

HF =

(10)

The left panel in Fig. 7 shows the distribution of HF for
the galaxies in our sample. The measured HF ranges between
0.12 to 0.95 with a median size of 0.43. We looked at how HF
compares with the observed halo fraction (HFs). The observed
halo fraction is determined by dividing the observed Lya lumi-
nosity in the halo, to the observed Lya luminosity out to the
radius where (S/N)ry, < 1. The right panel in Fig. 7 shows
how the measured Lye HF computed using the results from
the fits compares with HF,,s. Unsurprisingly, we see that the
observed halo fractions are smaller than the profile fitted frac-
tions. Assuming that the exponential nature of the halo holds out
to at least a few scale radii, the fitted halo fractions provide a
much more secure estimate of the actual fraction. Hence, in our
study, we used HF determined from the fits and from here on,
when we speak of HF, we refer to the Lye HF determined from
the fit.
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4.3. Lya morphology of the galaxies
4.3.1. Centroid shift

The centroid shift (AC) is the offset between the measured cen-
troid in Lya, and FUV maps (see Sect. 3.2.2). The top panel in
Fig. 8 shows the distribution of AC. Overall, we see that the Lya
emitting region is displaced from the FUYV, and the measured AC
ranges between 0.08, to 2.25, with the median size of 1.13 kpc.
We discuss the relation between AC and the measured quantities
in this study in addition to some Ly« observables in Sect. 5.

4.3.2. Position angle difference

The difference between the measured Lya and FUV position
angle is another Ly morphological parameter, assessed from
the second image moment (see Sect. 3.2.3). From here on, we
refer to the difference between the measured Lya and FUV posi-
tion angle as the absolute value of the difference in the position

angles (APA). This parameter indicates the difference between
Lya and FUV alignments. The right panel in Fig. 8 shows the
distribution of APA, APA ranges between one, to 82 degrees,
with the median size of 12°. Most of the galaxies have similar
major axis in FUV and Lya (small APA), but we note that this
parameter becomes very uncertain when the axis ratio is close to
one. As an example, in the bottom left panel in Fig. 8§ we show a
scatter plot of APA and AC. We discuss the relation between AC
and the other quantities in Sect. 5.

4.3.3. Axis ratio

Another morphological parameter used in this study is the axis
ratio. This parameter encapsulates more information about the
light distribution than the centroid shift. Because, instead of
collapsing all the information into a single value, it indicates
how the spatial distribution (light distribution) differs in different
directions. Axis ratio (b/a) is the ratio of the semi-minor axis to
the semi-major axis; this parameter varies between zero and one.

The top left panel in Fig. 9 shows the distribution of Ly«
axis ratio ((b/a)ry.), the measured Ly« axis ratio ranges between
0.23, to 0.95, with the median size of 0.66. The top middle and
top right panel show the measured ((b/a)ry,) versus the FUV
((b/a)ruv), and I band ((b/a);) axis ratios, respectively. The
FUYV axis ratio shows the spatial distribution of the young stellar
population, while the I band axis ratio indicate the spatial dis-
tribution of both young and old stellar populations. The bottom
panels show the histograms of FUV (bottom middle panel) and
I band axis ratio (bottom right). We see that the distribution of
the Ly axis ratio is more similar to the FUV axis ratio distribu-
tion compared to the / band axis ratio distribution. The FUV axis
ratio ranges from 0.19 to 0.90 with a median size of 0.64, while
the 7 band axis ratio ranges between 0.24 to 0.89 with a median
size of 0.54. The Ly« emission seems to follow the general FUV
morphology of the galaxy (as measured by an axis ratio), despite
radiative transfer effects.

4.4. Isophotal analysis of the Lya halo

Figure 10 shows the isophotal Lya halo scale length (+5°) ver-
sus the extent derived from circular aperture analysis (ri‘cya).
It should be noted that ELARS06, ELARS09, ELARSI10,
ELARS17, ELARS19, and ELARS26, are not included in this
analysis (only this section and Sect. 5.3). These galaxies are
among the faintest galaxies in our sample, and their Lye emis-
sion level was not high enough to see them in all the four
isophotes discussed in Sect. 3.3.

The majority of the galaxies appear more extended using cir-
cular apertures. This is expected because an isophotal profile is
always narrower than a circular profile (the profiles are equal
for a perfectly circular symmetric source). For example, in the
extreme case of the edge-on galaxy LARS09, where the mea-
sured ri‘cya is too large (~60kpc, due to the morphology of the
galaxy), it has a more reasonable measured r5° (2.8 kpc). The

. SC
measured rg. ranges between 0.62, to 4.25, with the median size

of 1.4 kpc.

4.5. Characteristics of the star forming regions
4.5.1. Size and FUV intensity of the star forming regions

The majority of the Lya photons are produced in the star-
forming (SF) regions. Thus, we also study the star-forming
regions and their properties. First, we investigate the size of
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the SF regions where most of the stars are formed, by mea-
suring the size of the SF regions where the SFRD is higher
than 0.01 My yr~' kpc=2 (see Sect. 3.4). We represent this size
by the equivalent radius (the radius of a circle with the same
area, rsprp>0.01)- Second, we study the FUV intensity within this
region, by measuring the average FUV SB (FUVgg) within the
region where SFRD >0.01 Mg, yr~!' kpc™2. We use this average
FUV surface brightness as a proxy for SFR density.

Figure 11 shows how rsprps001 varies with FUVgg. The
range covered by rsgrps001 1S between 1.14 and 13.41, with a
median of 3.73 kpc, the panel in histogram in right side shows
the distribution of rsprp>001- The average FUV SB within the
star forming region FUVgg ranges between 7.98 x 1037-1.83 x
10% with the median size of 3.02x10% ergs~! kpc=2 A~!, the top
panel in Fig. 11 shows the distribution of this quantity. We dis-
cuss the relation between rsprp>0.01, FUVsp and the other quan-
tities in Sect. 5.

5. Discussion

In this section, we explore the galaxies in our sample to find pos-
sible relation(s) between Lya observables and the quantities used
for studying the Lya morphology. We also study the relation(s)
between the Ly morphological properties and host galaxy prop-
erties, such as stellar mass and 7 band axis ratio. In particular,
we investigate how the Lya morphology varies with the star-
formation properties of the galaxies. Finally, we compare our
results to similar measurements on the high redshift galaxies.
We use the following global observables (from Melinder et
al., in prep.): stellar mass: estimated with the pixel SED fitting
(LaXs), Lya escape fraction (fis.): measured using the Lya and
Hea continuum maps, nebular reddening E(B—V),: the average
dust extinction in HII regions in the host galaxies (computed
from the Balmer decrement), Ly« total luminosity (Liy,, using
the Lya emission map), Ly equivalent width (EW{,: measured
using the Ly and best-fit Ly continuum maps), and FUV total
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Fig. 10. Ly halo scale lengths assessed through the isophotal approach
versus the Lya halo scale lengths derived from fitting the double expo-
nential function to the Ly SB profiles using the circular aperture.

luminosity (Lgyy: using the best-fit Lya continuum maps). The
aperture used for the global observables is a circle centred on
the brightest FUV pixel, and with a radius determined by growth
curve analysis on the Ly« profiles (using the radius where the
S/N of the Lya SB drops below one).

In our investigation, we use the following quantities which
carry information on the Lya halo properties of the galax-
ies: Lya halo scale length, Ly halo fraction; and morpholog-
ical parameters, such as: AC (see Sect. 3.2.2), axis ratio, APA
(see Sect. 3.2.3), and the isophotal Lya halo scale length (see
Sect. 3.3). Moreover, we use the following quantities that give
insights on the star-forming properties of the galaxies: size of
the SF regions, the average FUV SB within these regions, and
the FUV axis ratio. We also look at the / band axis ratio as
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a quantity that characterises the stellar distribution of the host
galaxies.

To quantify possible (anti-)correlations between each two
parameters, we determine the Spearman’s rank correlation coef-
ficient (pg). This parameter varies between —1 to +1 (41 showing
correlation and —1 showing anti-correlation while zero indicates
no correlation at all) and p-value (py) indicating the probability
of an uncorrelated system with the same measured Spearman’s
correlation coefficient having arisen by chance (Ivezié et al.
2014). We use stats.Spearmanr task from the scipy pack-
age in python for assessing the Spearman’s correlation coeffi-
cients and p-values. We require a threshold of py below 0.05
(po < 0.05) for discussing the relation between any two given
parameters (see Fig. 12).

It should be noted that we investigate the relation between
many quantities, and one might be concerned that looking
for correlations between too many parameters would finally
result in spurious correlations exceeding a given significance.
We addressed this issue by (i) noting that some of the quan-
tities investigated in our study are not independent of each
other. For example, Ly, and Lryy, or fec and EWpy, corre-
late (Sobral & Matthee 2019; Melinder et al., in prep.), and are
not independent of each other. (ii) choosing a threshold for the
assessed Spearman’s p-values (py < 0.05). We note that this
threshold is only used as a tool to discuss the relation between
different quantities. We are not claiming any physical relation
between any given quantities based on the assessed pg. Further-
more, we would like to stress that our study is an exploratory
one. We use the pg criterion to select interesting findings in the
data set, which we then discuss further.

It should be noted that the high spatial resolution data avail-
able for the LARS sample offers the opportunity to study the
morphology of the galaxies at gkpc scales. This is a piece of the
puzzle that was missing in previous Ly« studies. Consequently,
there is not much prior information, and, knowing the complexi-
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Fig. 12. Spearman p, value for the Lya observables and the quantities
used for studying Ly morphology.

ties of Ly RT, it is hard to formulate strong hypotheses that can
be tested.

5.1. Lya observables and Lya morphology

Here, we study the relations between global Lya observables:
Lya total luminosity, Lya equivalent width and Ly« escape frac-
tion, and Lya morphological properties: Lya halo scale length,
Lya halo fraction, axis ratio, AC, and APA. In other words, we
investigate the relation between global Lya observables and the
quantities that are connected to how the Lya photons redistribute
within the host galaxies. Figure 12 shows the measured Spear-
man’s p-value between the Lya observables and the quantities
used for studying the Lya morphology. As noted above, we only
discuss cases with a p-value less than 0.05. For the interested
readers, we also show how Lya observables vary with all the
morphological measurements in Appendix H.

5.1.1. Lya luminosity

Our results show that Lya luminosity (L) anti-correlates with
the HF (left panel in Fig. 13), meaning that Ly halo contributes
less to the overall luminosity in galaxies that are bright in Lya
while the majority of Lya luminosity is coming from the Lya
halos in galaxies that are faint in Lya. Thus, faint LAEs have
more Lya emission coming out from their halos, which causes
them to exhibit overall low SB in Lya. Consequently, detect-
ing faint Ly emitters at high redshift is even more challenging
than what their global Ly« fluxes would indicate, and with lim-
ited spectroscopic apertures, this emission could even be missed
completely. However, we note that the trend observed between
HF and Ly, in our sample has not been observed in high-z sur-
veys (Leclercq et al. 2017; Wisotzki et al. 2016), possibly due to
the lack (or absence) of faint LAEs in these surveys. This result
may also suggest that conclusions drawn from studying bright
LAE:s only, may be biased. Keep in mind that, unlike the MUSE
sample that is selected on the Lya emission of galaxies, our sam-
ple selection is agnostic to the Lya properties.

We also observe a correlation between the Lya luminosity
and the axis ratio (right panel in Fig. 13), suggesting that bright
galaxies appear rounder than the faint galaxies in Lya.

5.1.2. Lya escape fraction

We do not see any relation between any of the Ly morphologi-
cal quantities measured in this study and the Ly« escape fraction.
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5.1.3. Lya equivalent width

We see a weak anti-correlation between Lya equivalent width
(EW1y,) and the HF (see Fig. 14). In other words, EWyy, is
lower in halo dominated galaxies (HF ~ 1), indicating either
lower escape fractions or an intrinsically older or higher metal-
licity stellar population (with a lower production efficiency of
ionising photons, &jon, €.g. Matthee et al. 2017). This result is in
line with the high-z findings reported by Steidel et al. (2011),
where they find that galaxies with weak central Lya or central
absorption (e.g. LBGs) still have large halos (larger halo frac-
tions).

5.2. Lya morphology and the stellar properties of the host
galaxies

In this subsection, we study the interdependencies of the Ly«
morphological quantities (Ly halo scale length, Ly« halo frac-
tion, axis ratio, AC, and APA). Moreover, we also investigate
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how global parameters such as the stellar mass, the nebular red-
dening, and star-forming characteristics (size of the SF regions
and the average intensity of the FUV SB) affect the Lya mor-
phology. Figure 15 shows the Spearman’s p values between
these quantities. Once again, we only discuss cases with a p-
value less than 0.05. For the interested reader, all cases are pre-
sented in Appendix I.

5.2.1. Extent of the Ly« halos

Our results show that Lya halo extent (rl“cya) correlates with
the stellar mass, size of the SF regions, and the HF, and anti-
correlates with the average FUV SB within the SF regions, and

the axis ratio (see Fig. 16). The correlation between rl“cy” and
the stellar mass suggests that massive galaxies possess more
extended Ly« halos. Perhaps this also shows that the mass-size
relation observed for normal galaxies at optical wavelengths
(e.g. Fathi et al. 2010; Trujillo et al. 2020) also holds for Ly«
emission.

One may expect that the Ly halo extent should grow with
the size of the SF regions. Since if the ionising photons cover
a larger space in the galaxies, Lya halos can get even more
extended due to scattering. Indeed, we see a strong correlation

between rsprp>0.01 and ri‘cy”. In other words, we see that galaxies
with more extended star-forming regions also have larger Lya
halos. We see an anti-correlation between the Lya halo extent

and FUVgp suggesting that galaxies with high SFR density do
not have very extended Lya emission. We see an anti-correlation

between rsLCy” and the axis ratio suggesting that galaxies with
more elongated Ly morphology are also more extended in Lya.
This is likely driven by the use of circular annuli for the photom-
etry (we do not see any relation between ry° and (b/a)Ly, see
Appendix J).

Finally, our data show a strong correlation between HF and
rsLCya. In other words, we find galaxies that have more extended
Ly halos also have higher HF. This is in contrast with find-
ings in previous studies where they see no trend between the
measured Lya halo scale length and the HF in their sample:

Wisotzki et al. (2016), and Leclercq et al. (2017) (see Fig. 22).
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However, it is important to note that ri‘g“ is used in the 5.2.2. Ly halo fraction

way we define HF (see Eq. (10)), and this correlation might

reflect that these two quantities are implicitly related to each Our results indicate that the Lya halo fraction (HF) anti-
other. correlates with the total FUV luminosity, the average FUV SB
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size of the SF regions. The measured Spearman’s coefficient and p-value

between AC and each quantity are displayed in the corresponding panels.

within the SF regions (FUVgp) (see Fig. 17), and the axis ratio;
and correlates with the Lya halo scale length (see Sect. 5.2.1).

The anti-correlation between the HF and Lpyy implies that
Lya halos contribute more to the total Lya luminosity in galax-
ies that have lower star formation rates (lower FUV luminos-
ity) and therefore also lower intrinsic Lya luminosity. Given the
intrinsic relation between the Lya and FUV luminosities, this
relation re-portrays the anti-correlation between the Ly, and the
HF (see Sect. 5.1.1). We also see an anti-correlation between HF
and FUVgp suggesting that the Ly halos contribute more to the
overall Lya luminosity in SFGs galaxies that have lower SFR
density. Finally, we find an anti-correlation between the HF and
the axis ratio ((b/a)yy.). This indicates that the halos in galaxies
with high HF are on average, more elongated.

5.2.3. Centroid shift
We see that the centroid shift (AC see Eq. (3)) correlates with

the stellar mass, and the size of the SF regions (see Fig. 18).
As discussed in Sect. 5.2.1, both stellar mass and the size of
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the SF regions correlate with the Ly« halo scale length. In other
words, we see that centroid shift correlates with the quantities
that are connected to more extended Ly halos. This suggests

that the centroid shift grows in galaxies with larger -, since
Lya halos do not grow symmetrically, and a larger Lya halo
means a larger difference between the Lya and FUV measured
centroid. However, it should be noted that even though we see
that some galaxies with large 7= possess large centroid shifts

(e.g. LARSI11, ELARS25, and J1156), we do not see a direct
Lya

correlation between AC and rg .

5.2.4. Position angle difference

We see that the difference in position angles (APA) anti-
correlates with stellar mass, nebular reddening (E(B-V),), and
size of the SF regions (see Fig. 19). The anti-correlation between
APA and the stellar mass suggests that Ly and FUV misalign-
ment is more significant in low-mass galaxies. We see an anti-
correlation between APA and the nebular reddening, mainly due
to a lack of dusty galaxies with high APA. Possibly, this is related
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to the paucity of dusty galaxies with high ri‘cya or HF, and that
less Lya scattering takes place in such galaxies. In galaxies that
are dustier, the Lya alignment is closer to the alignment of the
star-forming regions; perhaps this is due to absorption of the Ly«
photons by the dust particles, which results in less scattering of
the Ly« photons, indicating that the Lya photons follow the same
path that the FUV photons take to escape the galaxies. Conse-
quently, the Lya and FUV alignments in these galaxies are more
similar to each other.

The anti-correlation between APA and the size of the SF
regions could be explained by there being more direct channels
available for Lya escape (and thus less scattering) in galaxies
with larger SF regions. The Ly photons are then escaping closer
to where they were produced, and the overall emission is more
similar to the FUV distribution. The anti-correlation between
APA and the size of the SF regions is augmented by a small num-
ber of galaxies with high APA or high rsprp>0.01. A large APA in
a large SF region requires a more coherent change of preferred
direction than in a small one, where the effect could more likely
occur stochastically.

5.2.5. Lya axis ratio

We see that axis ratio ((b/a)ry.) correlates with the FUV axis
ratio ((b/a)ruv), the average FUV SB within the SF regions
(FUVgp), and the difference in the position angles (APA) (see
Fig. 20). The correlation between (b/a)iy, and (b/a)ryy sug-
gests that Lya distribution in the galaxies depends on the FUV
distribution. Given that the majority of the ionising photons are
reprocessed into Lya photons, it is hardly a surprise that the
Lya morphology depends on the distribution of the young stel-
lar population (if there would have not been any scattering or
dust absorption, this correlation would likely be even stronger).
We see that galaxies with high SFR density (high FUVgp)
appear rounder in their Lya morphology (high (b/a)1y.). This

could be the anti-correlation between the ri‘cya and FUVgg (see
Sect. 5.2.1) from another perspective. Then, assuming that less
scattering occurs in galaxies with high SFR density, these galax-
ies would also have less elongated Ly@ morphology as well as
less extended halos.

Finally, the correlation between (b/a)ry, and APA seem to
indicate that in galaxies where Lya photons escape more in off-
axis direction compared to the FUV morphology, the Lya mor-
phology is rounder and more symmetric. However, we note that
APA is unconstrained for high values of (b/a)iyq-

5.3. Isophotal analysis of the Lya halo

In this section, we look at the relation between the measured
isophotal Lya halo scale length (+°) and Ly observables, quan-
tities used for studying the Lya morphology, and also the some
of the global observables (stellar mass, and nebular reddening).
While we only discuss the cases with a p-value less than 0.05,
we provide how ri° varies which each quantity in Appendix J
for the interested readers.

Our analysis indicate that the isophotal Lya scale lengths
(ri°) correlate with stellar mass, total Lya luminosity (Liya)s
total FUV luminosity (Lryv), the size of the star forming regions,
and the centroid shift (AC) (see Fig. 21).

In other words, our data indicate that the size-mass rela-
tion in Lya emission line holds using the isophotal Lya scale
lengths, too. We see that % strongly correlate with Ly, and
Lryy. We note that if a single exponential describes the isopho-
tal Lya halo SB profile well, the halo Lya luminosity and the
total Lya luminosity will be directly proportional to the square of
the scale length (oc(ri3°)?). Hence, the strong correlation between
e and Lyy, might simply reflect that a single exponential is a
good choice for describing the isophotal Lya halo SB profile.
Due to the stellar morphology of the galaxies in our sample and
the asymmetric Ly« halos, this was probably not captured in the
circular aperture analysis. Moreover, given the intrinsic relation
between the Lya photons and FUV photons, and the strong cor-
relation between the Lya luminosity and FUV luminosity, the
correlation between risco and Lpyy is not surprising, at all. It
should be noted that we see the aperture size (where (S/N)ryq
drops below one) used for measuring the global properties of the
galaxies (stellar mass, Liyqe, Lruv, fesc, €tc.) strongly depends
on r%°. Consequently, at least part (or maybe all) of the observed
correlation between r;f:", and the stellar mass, Ly y,, and Lryy can
be because of this aperture effect. Galaxies with more extended
Ly emission in the halo will have a larger area with significant

(S/N > 1) emission and, therefore, a larger global aperture.
Similar to rl“cy” (see Sect. 5.2.1), ri%® correlates with the size
of the SF regions. Finally, we see that i’ correlates with the
centroid shift. This finding suggests Lyae morphology is more
offset from the FUV morphology, and Ly« halos extend further
away from the SF regions in galaxies with a more pronounced
scattering of Lya photons. The correlation with centroid shift
is stronger for the isophotal scale length compared to rSLCya. The
reason for this could be that (i) the difference between stellar and
Lya morphology is better captured in the isophotal analysis, and
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(ii) the isophotal analysis is done on a subset of the galaxies used

for the circular analysis (see Sect. 4.4).

5.4. Comparison with high-z galaxies

By comparing observations of low redshift galaxies with similar
systems at high redshift, it may be possible to constrain changes

to Lya physics due to galaxy evolution.
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The selection criteria used for the galaxies included in our
sample is very similar to a standard LBG selection criterion, tar-
geting UV bright galaxies with ongoing star formation. The Lya
imaging of LBG selected galaxies have mainly been done with
narrow-band observations or stacking (e.g. Steidel et al. 2011;
Momose et al. 2014). In fact, Guaita et al. (2015) compared the
Lye images from the original LARS sample (first 14 galaxies
in our sample) to these two studies. However, the data used in
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these studies are deeper than our study by almost two orders
of magnitudes. In other words, these studies reach fainter SB
levels further out and consequently, the physical scales probed
in these studies are larger than those in our study. For exam-
ple, Steidel et al. (2011) probed a physical scale in the range of
>10kpc. Their data indicate that Lya scale lengths in the inner
halos (<20kpc) are shorter (~10kpc) than those for the outer
halos (220 kpc, rather probing the CGM), but still much longer
than for the continuum (~3 kpc). Therefore, to compare galaxies
on an individual level, we need to turn to Integral Field Spec-
troscopy (IFS) which can provide Lya images of high-z galaxies,
albeit at significantly worse spatial resolution than for the nearby
galaxies in this study. In the IFS Lya surveys performed by
VLT/MUSE (e.g. Bacon et al. 2015), sources are detected based
on their Lya emission rather than UV brightness which means
that the sample selection is somewhat different. Compared to a
pure LBG selection, selection based on the Lya emission will
yield a sample with higher EW1, galaxies. This also applies for
comparing the MUSE Lya results to LARS and should be kept
in mind for the following section, where we discuss some of our
results and how they compare to the z = 3—6 LAEs studied by
Leclercq et al. (2017).

We begin by comparing the Ly core and halo scale lengths
(from fitting a double exponential function to the Lya SB pro-
files, see Sect. 3.1.2) measured from our sample and the results
obtained for LAEs in Leclercq et al. (2017). Figure 22 shows

that similar to the MUSE findings, we see no relation between
the measured Ly halo scale lengths and the measured scale
lengths in the core in our sample (top left panel). The param-
eter space covered by the LARS measurements is not similar
to the MUSE findings (top right panel). We see that, unlike the
core region where the fitted scale lengths coverage in MUSE
and LARS are similar, and the measured medians are close, the
galaxies in the MUSE study possess more extended Lye halo,
due to the larger FoV and possibly different selection criteria.
The median of the Lya core scale length in our sample is slightly
higher than the MUSE sample, 0.47 kpc in our sample compared
to the 0.43 kpc in the MUSE study. However, the median of the
Lya halo scale length in the MUSE sample is higher than our
sample. The assessed median of the Lya halo scale length in
their sample is 4.37 kpc compared to 3.15 kpc in our sample.

Furthermore, we see a difference both in the distribution and
the median of the HF measured in our study compared to the
MUSE study. The HF in our sample follows a bimodal distribu-
tion which is not observed in the LAEs observed in the MUSE
studies (bottom left panel in Fig. 22), and the measured median
of the HF in our sample is 0.43, which is lower than the median
of the HF of the LAEs in the MUSE study (0.66). This could be
due to a selection effect; the galaxies studied in the MUSE study
are generally brighter in Lya compared to the galaxies in our
sample (the median of the Ly luminosity in the MUSE sample
is almost one order of magnitude higher than our sample).
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Finally, the bottom right panel shows a comparison of HF

versus rchya for our data to the same parameters for the MUSE
survey. We find that the space coverage of our data in HF — r;‘cy"
space is within the space coverage of the high-z LAEs studied
in the MUSE study. The correlation between HF and r-2® in our
sample is not seen in the MUSE results. We note that the MUSE
observations follow the Lya much further out than we can in
most LARS galaxies. This may introduce unknown implications
for our measurements. HST imaging of z ~ 0.3-0.5 galaxies
could help bridge this gap and constrain this relation further.

It should also be noted that there are several differences
between how we measure the Lya extent of the core and halo
compared to the MUSE study. We fit a double exponential func-
tion (see Eq. (2)) where each component (core and halo) is
described with a single exponential term. The MUSE study also
uses a double exponential profile model. However, the core Lya
function is held constant and is set to an exponential fit derived
from an HST FUV profile. The summed (core + halo) profile is
also smoothed to match the ground-based spatial resolution.

Moreover, many of the galaxies in our sample shows Ly«
absorption in the centre, which is not seen in the high-z LAEs.
This could be because, in the MUSE study, regions were aver-
aged over much larger distances (MUSE has a lower spatial res-
olution and the galaxies are further away), or a selection effect
associated with their average higher Lya equivalent widths,
indicative of lower destruction of Lya photons in the central
regions.

In our analysis, we tried to limit the effect of absorption, but
it does affect the core characteristics. Moreover, the MUSE sam-
ple is selected on Lya emission, whereas our sample selection is
agnostic to the Lya properties, and this difference likely has an
impact on the comparison.

The high-resolution HST data available for our sample also
provides the opportunity to explore whether the assumption used
in the high-z studies that Lya and FUV continuum scale lengths
in the core are similar is valid or not. In Fig. 23, the Ly core
scale length is plotted against the FUV core scale length. Our
data suggest that even in the core regions of the galaxies, Lya is
more extended than FUV. The measured median of the Ly core
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scale length exceeds the FUV core scale length by more than
70%. In other words, our data suggest that Ly« is more extended
than the FUV not only in the halo, but also in the core regions.
The MUSE study assumed them to be equal (since they can-
not spatially resolve Lya in the core) and have therefore likely
underestimated the size of the Lya core region.

Finally, to investigate how our galaxies would look like
if they were at the same redshift as the MUSE sources (and
observed with MUSE), we smoothed the Ly maps of the LARS
galaxies to match the MUSE seeing and physical scale at z = 3.
In this step, the same method and the same fitting function used
in the MUSE study was used for describing the convolved SB
profiles. This comparison is not trivial because of the limited
FoV of our HST observations. The spatial extent of the Lya
emission in the non-convolved maps is often so large that the
smoothing moves most of the flux outside of the image, making
it impossible to study the Lya light distribution in the same way
as in the MUSE analysis. The detailed information on Ly« in
the core for the LARS galaxies is completely washed out by the
smoothing. Also, smoothing galaxies with substantial absorp-
tion in the core result in profiles that are not comparable to the
observed z ~ 3 profiles. The failure of this test to give any useful
information is due to the enormous disparity of spatial resolution
and FoV size between LARS and the MUSE Ly« observations.
At z ~ 3 and with MUSE spatial resolution, most of the images
of LARS galaxies only cover a few resolution elements. The sit-
uation is better for the galaxies at slightly higher redshift, and
an intermediate redshift sample of HST observed Ly« emitters
might be easier to use for comparison (Runnholm et al., in prep.).

6. Summary

In this article, we presented a study of how Lya emission is spa-
tially distributed in a sample of 45 nearby star-forming galaxies
observed with the HST. We started by examining different ways
to describe the Ly and FUV SB profiles of the galaxies and con-
cluded that a single Sérsic profile could not describe the Lya and
FUV SB profiles of the galaxies in our sample. However, a dou-
ble exponential function (Eq. (2)) describes the majority of Lya,
and FUV SB profiles well, in particular, the outermost part of the
Lya SB profiles, which is the main focus of this study. Following
Bigiel et al. (2008), Micheva et al. (2018) studies, FUV, and Lya
SB profiles were decomposed into core and halo parts by using a
FUV-based SFRD threshold of 0.01 M, yr~! kpc™2, and the Lya
HF was defined based on the fitted results in the Ly halo SB
profile and the observed luminosity in the core (see Eq. (10)).

We studied the light distribution of the galaxies in differ-
ent wavebands such as FUV, Lye, and I band. The first and
the second image moments were used to derive morphological
parameters, such as the centroid shift between Lya and FUYV,
and minor/major axis ratios (b/a) in Lya, FUV and I band and
the difference between the measured position angles in Lya
and FUV (APAs) to study the Lya morphology of the galax-
ies. Moreover, to characterise compactness and areal intensity
of star formation, the size and average FUV SB of the regions
with SFRD > 0.01 M, yr~! kpc~2 were also measured.

We also explored the galaxies in our sample to study the rela-
tions between the global Lya observables: Ly« total luminosity,
Lya equivalent width and Ly« escape fraction; and the Ly« mor-
phological properties: Lya halo scale length, Lya halo fraction,
axis ratio, AC, and APA. We observed a correlation between the
Lya luminosity and the axis ratio, suggesting that bright galax-
ies in Ly appear rounder than the faint one. We also found that
Ly luminosity anti-correlates with the HF, meaning most Ly«
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luminosity is coming from the Lya halos in galaxies that are
faint in Lya. Our findings also suggest that faint LAEs have more
emission coming out from their halos, and potentially put these
objects among the Lya low SB galaxies. Therefore, detecting
and observing faint LAEs at high redshift is more challenging
than what their global LAE fluxes would indicate. Consequently,
conclusions drawn from studying the bright LAEs only, might
be biased. Our data suggest that there is no relation between the
Lya escape fraction and any of the Lya morphological quan-
tities. Finally, We saw a weak anti-correlation between EWpy,
and the HF, indicating either lower escape fractions or an intrin-
sically older stellar population.

We also studied the interdependencies of the Lya morpho-
logical quantities (Lya halo scale length, Ly halo fraction, axis
ratio, AC, and APA). Moreover, we investigated how the global
parameters such as the stellar mass, the nebular reddening, and
star-forming characteristics (size of the SF regions and the aver-
age intensity of the FUV SB) affect the Lya morphology.

We saw that ri‘cy" correlates with the stellar mass, size of
the SF regions, and the HF, and anti-correlates with the aver-
age FUV SB within the SF regions, and the axis ratio. These
findings suggest that massive galaxies possess more extended
Ly halos, and the mass-size relation also holds for the Lya
emission. Moreover, galaxies with more extended star-forming
regions also have larger Ly« halos, probably because the ionising
photons cover larger space in the galaxies, and due to the scatter-
ing, Lye halos get more extended. The anti-correlation between

the r2® and FUVgg indicate that galaxies with high SFR den-

sity do not have very extended Lya emission. Finally, the anti-

correlation between rSLCy” and the axis ratio suggests that galaxies

with more elongated Ly morphology are also more extended in

Lya. The strong correlation between rSLcy” and HF suggest that
galaxies that have more extended Lya halos, have higher HF,
too. However, this could simply be due to the way that we define
HF (see Eq. (10)), and this correlation might reflect that these
two quantities are implicitly related to each other.

Our data show that HF anti-correlates with the total FUV
luminosity, the average FUV SB within the SF regions, and the

axis ratio; and correlates with rchy . These findings imply that
Lya halos contribute more to the total Lya luminosity in galax-
ies with lower star formation rates (lower FUV luminosity) and
therefore also lower intrinsic Lya luminosity. Moreover, Lya
halos contribute more to the overall Lya luminosity in SFGs
galaxies with lower SFR density. Finally, we found that Lya
halos in galaxies with low HF are one average rounder.

We found that the centroid shift correlates with the stel-
lar mass and the size of the SF regions implying that the cen-

troid shift correlates with two quantities which correlate with the

rSLcy“. This may suggest that the centroid shift grows in galaxies

with larger ri“cya, since Lya halo do not grow symmetrically, and
larger Ly halo means a larger difference between the Lya and
FUV measured centroid. However, we did not see a correlation
between AC and rl“cy“ in our sample.

We saw that APA anti-correlates with the stellar mass,
E(B-V),, and the size of the SF regions suggesting that Lya
and FUV misalignment is more significant in massive galaxies.
The anti-correlation between APA and the nebular reddening is
mainly because of a lack of dusty galaxies with high APA. Per-
haps, this is because of the absorption of the Lya photons by
the dust particles resulting in less scattering of the Lya pho-
tons. Consequently, Lya photons follow the same path that the
FUV photons take to escape the galaxies. The anti-correlation
between APA and the size of the SF regions could be illustrated

by more direct channels available for Ly« to escape in galaxies
with larger SF regions. The Lya photons are then escaping closer
to where they were produced, and the overall emission is more
similar to the FUV distribution.

We saw that Ly axis ratio correlates with (b/a)ryy, FUVgp,
and APA. The correlation between (b/a)ry, and (b/a)ruv Sug-
gests that Lya distribution in the galaxies depends on the
FUV distribution. We see that galaxies with high SFR density

(high FUVgg) appear rounder in their Lya morphology (high
(b/a)Lye), assuming that less scattering occurs in galaxies with
high SFR density, these galaxies would also have less elongated
Lya morphology as well as less extended halos. Finally, the
correlation between (b/a)ry, and APA indicates that in galaxies
where Lya photons escape more in off-axis direction compared
to the FUV morphology, the Lya morphology is rounder and
more symmetric.

We also studied the extent of the Lya halos through an
isophotal approach. Since using circular apertures may give a
skewed representation of the halos, because of the asymmetric
nature of Ly halos and the stellar morphology of the galax-
ies in our sample. We fit a simple exponential function to the
Ly isophotal SB profile of the halo to find the Lya isopho-
tal halo scale length (%°). Given that an isophotal profile is
always narrower than a circular profile, the majority of the galax-
ies appear more extended using circular apertures. Furthermore,
we also looked at the relation between the measured isopho-
tal Ly halo scale length (r1%°) and Lya observables, quantities
used for studying the Lya morphology, and also some of the
global observables. We saw that % correlate with stellar mass,
Ly luminosity, FUV luminosity, the size of the star-forming
regions, and the centroid shift. In other words, our data indi-
cate that the size-mass relation in Lya emission line holds using
the isophotal Ly« scale lengths, too. Since we see the aperture
size (where (S/N)ry, drops below one) used for measuring the
global properties of the galaxies strongly depends on ri%°, at least
part (or maybe all) of the observed correlation between 71%°, and
the stellar mass, L1y,, and Lryy can be because of this aperture
effect.

Finally, we compared our results with the high-z LAEs stud-
ied with MUSE (Leclercq et al. 2017). Whereas our sample
selection is agnostic to the presence of Lya emission, the MUSE
sample is selected on Ly« emission, so some differences are to
be expected. The parameter space covered by the core and halo
Lye scale lengths in our sample cover is similar to the LAEs in
the MUSE study. Ly« core regions in our sample (median of the
core scale length 0.47) extend similar to high-z LAEs (median
of the core scale length 0.43). However, Lya halos in the LAEs
are more extended (median of the halo scale length 4.37) com-
pared to our sample (median of the halo scale length 3.15). Fur-
thermore, Lya halos in the LAEs in the MUSE study contribute
more to the total Lya luminosity (median of HF =0.66) com-
pared to the nearby SFGs in our sample (median of HF = 0.43).
Furthermore, the bimodal distribution observed in the HF in our
sample is not observed in their sample. The comparison between
the HF measured for the LAEs in our sample (median of 0.43)
compared to the high-z LAEs in the MUSE study (median of
0.66) indicate the Lya halos in the nearby SFGs contribute less
to the total Lya luminosity compared to high-z LAEs.

Utilising high-resolution data for the nearby galaxies in our
sample, we tested whether the assumption that the FUV and Ly«
scale length in cores are similar. Our results show that even in
the core regions, Lya is more extended, and the median of the
measured core Lya scale length is higher than 150% the median
of the measured FUV scale length.
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Appendix A: Measured quantities in this study for each galaxy

Table A.1. All the quantities measured in this study.

1D FUV Ly(l r!;.UV ré}w HF Lyag B AC (b/a)LW (b/a)]:UV (b/a)1 APA r’f’ ¥S FRD>0.01 FUVS B
core core (kpc) (kpc) (10% (kpc) (deg) (kpc) (kpc) 10%
ry (kpe) 7 (kpe) erg/s/kpc?) erg/s/kpc?/A)
LOI 0167503 0427007 0.90702% 1457004 021700 5.08+1.16 179  0.68 041 042 1466 142011 264 008
L02  0.50%00 081707 1.96%07¢  2.087 0 0487001 258+091 204  0.61 037 040 3200 1.00+0.11 226  0.04
L03 026700 027:000 282709 344709 051700, 3.63£085 0.0  0.70 068 054 599 096+029 385 0.0l
Lo4  021*9%  NA 165108 N/A 000707 1.96£1.06 1.78  0.79 039 038 3368 060013 401  0.04
LO5S  024%)(0 093:0Z  235%-3 1497300 020700 2.09+098 034  0.89 0.68 043 1778 138006 225 0.5
L06 021100 N/A 1.657002 N/A N/A  241+133 104 040 0.57 049 045 N/A 1.87 0.02
LO7 0393000 0.627003  2.017035  1.557008 042001 476+1.08 112 076 027 047 2039 127007 189 0.4
L08  041%( 0447008 165400 191700 0167001 6.02+143 217  0.56 066 071 549 130£021 507 003
L09 0217000 0.92704%  6.947000 603373247 1.00*00 7.37+1.19 334 035 028 026 186 280x+0.13 628 005
L10 07339 0997343  2.81*)8) 453578538 1127007 2.12+1.05 2.04 054 029 049 1545 141014 303 003
L1l 046700 0477003 601700 7.12%030 036700 1.76+£1.08 221 026 021 034 288 405+029 1341 0.2
L12 00870 021700r 40670t 2277007 036700 142+073 089 078 081 069 089 234013 428 0.3
L13 N/A N/A N/A N/A N/A  255+£1.00 074  0.80 071 050 048 200037 1172  0.02
L14 035008 0287082 6.94*60+  7.5972%%  0.37:09¢ 1.97+085 115  0.79 0.86 089 825 397+0.19 558 0.1
ELOI  049%000  N/A  1.85:0% N/A N/A  1.88£1.00 021 074 0.66 088 667 1.02+0.12 457 004
EL02 026%00 02379 2.15%040 244700 0307003 2.00+£0.89 115 0.1 0.85 078 8224 120003 428  0.04
EL0O3 0347000 N/A 2557001 N/A 000700 212+1.10 034 045 047 049 132 343023 884  0.02
ELO4 0.54%00¢ 1.577093  1.257000  3.047000  037+0% 243+121 072 058 0.60 045 554 136014 362 005
ELO5 0.127000 0.14700° 3327005 435048 043701 201+£1.17 217 061 066 066 105 1.68x046 519  0.02
EL06  0.20*000 1.047007  1.967001  3.26*0%%  0.67*070 2.69+1.09 0.89  0.80 0.50 067 331 N/A 344 0.02
ELO7 017400 NA L5137 N/A N/A 167094 151 041 040 042 319 083+025 283 003
ELO8 03070, 1.59707% 2.03%01 5007098 081709 2.06+1.08 176 045 075 074 1280 1.10+£0.16 404 001
EL09 0471000 1.59707%  1.057005  5.63%)75 0.84*0% 197+1.04 056  0.64 082 067 1592  N/A 282 003
EL10 0.15%(0 0327030 3.09%03 4147075 0497000 278+131 1.02 023 019 024 392 N/A 447 001
ELI11 0767000 038702 1597000 29970 079704 1.91£099 061 063 062 072 1321 090012 248  0.03
EL12 03170 N/A 2127000 N/A N/A  219+107 006  0.39 042 038 0.02 N/A 412 001
EL13  0.10%g0 O0.113990  530%175 1107090  0.007037 223+1.13 008  0.89 090 081 878 062007 114 015
EL14 07470 NA  32897%%  NA N/A  1.80£099 004 087 090 093 2273 N/A 243 003
EL15 067950 NA - 859+0¢ N/A N/A  203£096 097 051 062 060 2657 073+0.08  9.06  0.00
EL16 04670 NA 25550 N/A N/A  214£096 063 027 035 048 5.89 N/A 647  0.00
EL17 038: 000 045:057 1.88%02 421708 084'0% 196+1.18 061 032 034 039 1148  NA 327 001
ELI8 0.143000 N/A 1725003 N/A N/A  3.03+£1.10 027 013 025 026 237 N/A 211 001
EL19  0.56%000 1.05705% 080700 147592 0757006 2.05+£095 072 0.64 048 047 6253  NA 167  0.03
EL20 0.66%0% N/A 1468547  N/A 00070} 129£086 0.17  0.66 056 091 292 103+0.10 218  0.02
EL21 036%0 NA 182700 N/A N/A  229+1.12 061 035 021 028 1949 NA 133 0.01
EL22  1.34%)03 0967048 13.02%3%  3.787032 0817093 1.86+095 1.15  0.56 048 045 736 150013 519 003
EL23 02070 N/A 501700 N/A N/A 229+ 111 012 074 083 081 1.62 N/A 9.75 0.0l
EL24  0.80%00 0567002 4078 2277016 012709 152+081 071  0.78 0.85  0.88 1548 147006 338  0.05

EL25 031%000 (g7+041 4 g1+003 g 05+240 (954002 1894104 225 0.63 076 071 17.17 231+0.80 542  0.01

EL26 o.151§f(g]§ 1.03tgf§§ 3.371%%% s.ssjéf% 0‘94j§5§3 1.82£091 1.01  0.51 043 043 1143  NA 467 001
EL27 0.18°0% 100°022  428+001 4794041 954001 3744122 140 072 068 073 280 219x0.60 348  0.02
EL28  0.39*0%0  N/A 2.44+001 N/A NA  222+1.12 124 032 0.82 081 2847  N/A 6.75  0.01
Ti214 0137090 0207001 0.98*00 1037007 033%001 222+084 120 080 049 040 2791 074£006 178  0.03
T1247 0227000 031+000  0.93+000 2484008 025:0%0 785:+106 118 095 085 054 2800 227+0.3 417 0.8
1156 0.29*004 046100 289%012  756+11 033100 3881137 184 0.87 057 042 3675 425023 788 0.04

Notes. ID: The the LARS ID, FUV core r,. (kpc): measured scale length for the core in the FUV SB profiles, Ly core r,. (kpc): measured scale
length for the core in the Lya SB profiles, r'VV (kpc): measured scale length for the halo in the FUV profiles, e scale length for the halo in the
Lya profiles, HF: measured Lya halo fraction (upper error provided for L04, EL03, EL13, and EL20 are based on the observed HF), Lyas: Lya
SB of the faintest (furthest) annulus bin (or upper limit if S/N < 2) measured in the Voronoi tessellated maps,AC: measured centroid shift between
Lya and FUYV, (b/a)1y,: Lya axis ratio, (b/a)pyy: FUV axis ratio, (b/a);: I band axis ratio, APA (deg): difference between measured position angle

for Lya and FUV, r'°: measured Ly« scale length through isophotal approach, rserpsoo: the area where the SFRD > 0.01 M, yr~! kpc=2 presented

scC

by the equivalent radius (the radius of a circle with the same area), FUVgg: the average FUV SB measured within these region with SFRD > 0.01.
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Appendix B: Global quantities characterising the Ly« physics

Table B.1. Global quantities characterising the Ly physics of each galaxy, used from Melinder et al. (in prep.).

ID Mass Liya Lryy fose EB-V), EWy,
(10° Mo) (10¥ erg/s)  (10% erg/s)
LOL 162287391 890.89*387  1947'0%%  014+000 0.16°0% 4576403
L02 57525309 42741493 726:000  030£001 0011001 5884+
+75.22 +7.39 +0.04 +0.01 +1.52
W told  stwdh Dol ooreoo ol s
L05 863228 713907119 25777005 0144000 014700  2770%03!
L07 001621 689.98'43 1702001 0015000 025001  40.54°0%2
LOS  103479°11%  30360°13  23.12%00) 0001000 0957002  17.02%0%
109 58438771 650957253  58.62°015 0024000 035001  11.10-048
LI0 18120748 L0025 1134705 0002000 070°000  097:072
LIl 1505507020 181666972 706705  007£001 048700 20650
L2 408047590 1790037703 8388703  (03+000 064700 20277070
LI3 372507000 1073025007 1215397 0001001 05300 162470
Li4 3828880  S666.14009 112500 0271002 0107001 5037017
ELOI 7754803 5495172 2421708 0012000 052700 257002
ELO2 29801238 35620003 264800 0074000 0007001 1345702
U142 Y1101 © T -0.05 : - Y -0.02 T -041
ELO3  81176°990 1253241833 27454007 0014000 042:000 45608
+2.98 +14.87 +0.06 +0.01 +0.59
Bos  o0oldd s misdl oseool orshh  2ea
ELO6 147257000 13817985 10227007 006+001 029001 13527096
ELO7 16903908 11178°17 1131900 0041000 0.07°00 088130
ELOS 3834970 1260201031 8217080 (011000 072006 153s+i2
BLO9 46772 44607076 §14700 0042001 017700 549908
ELIO 1877702 0847912 5477005 0021000 07000 18.01°13]
ELII 2542578 728080 7319000 0061001 020000 .06
ELIZ 26060330 276913 617°000 0002000 075700 _449°102
ELI3 6781707  262007%  666%00  020£001 022008 3933413
ELI4 502352 sar il s3 000£000  0.14%00  1opri®
ELIS 10895730 73.78°39] 40800 0112002 009700 18,0720
ELI6 620223 5 997650 55700 001 £00L 0277008 1193
ELI7 12019780 7706438 308%00  0.15£005 00200 1934201
ELIS 5431032 20218 20450 0031001 0320006 ggpeaar
ELIO 3275201 31,904 267708 007+001 006700 11947167
EL20 40301723 23077368 27008 003:001 021708  gspridl
EL21 2091719 1223744 124700 0054002 036701 0838
EL22 9603758  22001°8% 525000 006001 00500  41.04°008
BL23  SOLIIS2. 120747233 20270 0031001 000708 540710
EL24 852027100 4g13176% 19710 0001000 1.33°000  2442%08
EL2s 345567000 1871859 1701908 0102001 00400 11001
Y -2349 *T T -20.56 YT -0.11 . - T -0.02 Y -1.17
EL26 447847880 0135441890 40314008 07,001  002:003  20.72+172
+2.49 +17.09 +0.08 +0.03 +1.56
B 123 ma B ooisom 020kl 3esdh
TI24 72460 2423818 201000 0251001 00000 83267508
447 U r-11.07 77 -0.04 . - Y -0.01 Y -12.87
TI1247 1716041361 2637.56*40% 102807019 0.06+0.00 027*09 2566040
JIS6 351419430047 10929 57+61022 188 65+503 0244003 0197003 57.94+443

Notes. ID: ID of the galaxies in our sample, Mass: stellar mass of the galaxies, Ly ,: total Lya luminosity, LyyL total FUV luminosity, fe,.: Lya
escape fraction, E(B — V),: nebular reddening, EWy,: Ly equivalent width.
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Appendix C: Lya and FUV profile and fits in the
circular aperture

In this section, the Ly and FUV profiles and the fitted double
exponential, next to the FUV, and Lye maps of all the galax-
ies in our sample are presented. In each figure, the left panels
show the Lya and FUV profiles and the fitted model to them.
In these panels, blue and green represent Ly, and FUV, respec-
tively. The dark and light colours distinguish the core from the
halo, respectively. For those bins with S/N < 1, the 1o upper

limit are displayed, and the bins with 1 < S/N < 2 (data points
not used in the fits) are displayed with the empty square sym-
bol. In the bottom left of the left panels, the fitted Ly and FUV
halo scale lengths and their corresponding error bars are printed
with sky blue and light green colours, respectively. The middle
and right panels show the FUV and Lya maps of each galaxy,
respectively. The blue rings represent the largest radii where a
circle centred at the FUV brightest pixel fits within each map,
used as the last bin where the photometry was performed on,
and the green ring shows the radius where the SFRD drops below
0.01 Mg yr~' kpc™2.
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Fig. C.1. Same as Fig. 2, but for LARSO1 - LARS04.
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Fig. C.2. Same as Fig. 2, but for LARS05 - LARSO0S.
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Fig. C.3. Same as Fig. 2, but for LARS09 - LARS12.
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Fig. C.4. Same as Fig. 2, but for LARS13, LARS14, ELARSO1, and ELARSO02.
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Fig. C.5. Same as Fig. 2, but for ELARSO03 - LARS06.
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Fig. C.6. Same as Fig. 2, but for ELARS07 - ELARS10.
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Fig. C.7. Same as Fig. 2, but for ELARS11 - ELARS14.
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Fig. C.8. Same as Fig. 2, but for ELARS15 - ELARS1S.
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Fig. C.9. Same as Fig. 2, but for ELARS19 - ELARS22.
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Fig. C.10. Same as Fig. 2, but for ELARS23 - ELARS26.
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Fig. C.12. Same as Fig. 2, but for J1156.

Appendix D: Systematic uncertainties on the halo
exponential fits

In this section, we investigate the systematic uncertainties on
the halo exponential fitting resulting from a possible over-
subtraction of Lya in the maps. Given the uncertainties in the
core regions because of the Lya continuum absorption, back-
ground over-subtraction is likely a negligible effect for the core
profile fitting. As noted in the text, we make two assumptions
to perform this estimate: (i) the halo profile can be fitted with
an exponentially declining function, and (ii) the over-subtracted
background is equal to the background flux subtracted during
data reduction. In practice, the first assumption means that we
cannot estimate this effect for the galaxies excluded from the
sample in Sec. 4.1. As mentioned in the main text, the second

assumption is the worst possible case and thus provides an upper
bound on the uncertainty.

For the halo exponential profile, adding back in the over-
subtracted flux can be written as:

F(r) = fobs(r) + [,

where f(r) is the total surface brightness profile, f,,,(r) is the
exponential profile modelled on the subtracted data, and f3 is
the background level. Assumption (i) above means that fp can-
not be much larger than f,,,(r). Under assumption (ii) above fp
is purely Lya, and should also thus follow the exponential func-
tion, but evaluated at the radius r = r,,,,, Which is always larger
than the maximum radius used to obtain the fit. Hence,

fOf(r) = e Thovs 4 efrmm//lmm,
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Fig. D.1. The effect of over-subtracting Lya on the fitted halo scale lengths. Galaxies marked with a vertical stripe are excluded from the sample
due to low signal-to-noise in the halo (see Sec. 4.1). Crosses show the worst case assumption of all subtracted background flux being Ly, and
hexagons show the ratios when assuming 10% of the background being Lya.
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Table D.1. Background fluxes and systematic uncertainty estimates on Lya total luminosity and profile scale length.

ID SBy, OLryasys» 100%  OLiyasyss 10%  hops/TseLyar 100%  hops/Fselyar 10%
108 erg/s/kpc?

LARSO1 5.47+ 0.097 1.09 1.01 0.989 0.999
LARSO02 2.19+ 0.068 1.11 1.01 0.963 0.996
LARSO3 8.07+ 0.12 1.85 1.09 0.939 0.994
LARS04 2.10+ 0.45 2.43 1.14 0.906 0.991
LARSO5 2.49+ 0.058 1.08 1.01 0.997 1.00
LARS06 2.32+ 0.058 1.13 1.01 NA NA
LARSO7 1.81+ 0.050 1.05 1.00 0.998 1.00
LARSOS8 5.55+ 0.079 1.25 1.02 0.999 1.00
LARSO09 7.59+ 0.10 1.61 1.06 NA NA
LARS10 3.45+ 0.062 4.57 1.36 NA NA
LARSI11 4.73+ 0.082 1.35 1.04 0.967 0.997
LARS12 3.99+ 0.075 1.29 1.03 0.999 1.00
LARSI13 4.16+ 0.080 NA NA NA NA
LARS14 4.05+ 0.084 1.32 1.03 0.991 0.999
ELARSO1 5.78+0.10 1.16 1.02 0.999 1.00
ELARS02 3.42+ 0.069 1.17 1.02 0.997 1.00
ELARSO03 13.6+0.27 4.23 1.32 0.945 0.994
ELARS04 14.0+ 0.23 1.86 1.09 0.923 0.993
ELARSO5 1.85+0.075 1.12 1.01 0.829 0.984
ELARS06 8.55+0.17 2.61 1.16 0.973 0.997
ELARSO7 16.7+0.23 5.98 1.50 1.00 1.00
ELARSO8 15.3+0.23 3.94 1.29 0.766 0.977
ELARS09 42.1+0.52 10.2 1.92 0.828 0.983
ELARS10 5.61+0.11 2.32 1.13 0.970 0.997
ELARS11 39.9+0.27 7.52 1.65 0.973 0.997
ELARS12 37.4+0.23 NA NA NA NA
ELARS13  7.61+0.11 1.10 1.01 1.00 1.00
ELARS14 17.2+0.16 194 2.84 NA NA
ELARS15 6.21+0.096 2.74 1.17 0.999 1.00
ELARS16 2.41+0.048 4.76 1.38 NA NA
ELARS17 7.84+0.11 2.80 1.18 0.927 0.994
ELARS18 7.41+0.094 5.27 1.43 NA NA
ELARS19 13.6+0.12 3.36 1.24 1.00 1.00
ELARS20 5.49+ 0.080 2.07 1.11 0.937 0.994
ELARS21 5.34+ 0.077 2.47 1.15 NA NA
ELARS22 424+ 0.31 7.13 1.61 0.976 0.998
ELARS23 4.58+0.073 2.64 1.16 0.887 0.988
ELARS24 8.95+0.10 1.59 1.06 0.998 1.00
ELARS25 21.7+0.16 6.50 1.55 0.785 0.979
ELARS26 11.0+0.11 3.21 1.22 0.912 0.991
ELARS27 24.1+£0.19 3.45 1.25 0.982 0.998
ELARS28 7.15+0.095 3.95 1.29 NA NA
T1214 4.97+ 0.083 1.22 1.02 1.00 1.00
T1247 4.08+ 0.10 1.05 1.01 0.974 0.997
J1156 1.11+£ 0.022 1.05 1.01 0.999 1.00

where we have normalised the function by the surface bright-
ness at the innermost point of the halo, f(r;). The scale length is
denoted by A,,.. With knowledge of the true scale length we can
calculate the resulting scale length (4,,) for the profile with the
background flux removed.

fobs(r) — f(rl)efr/habs - f(rl) (e*r/h[rud — e*r,uax/hmm) (D3)

The scale lengths are found by fitting an exponential to the halo
data points between the radii r; and r, (where the signal-to-noise
of the Lya surface brightness drops below 2). For this estimate

we calculate the scale length from a simple line “fit” (in loga-
rithmic space) to f,,; between r; and r;:

rp—r

hobs = W BD

T Tman e —|

To get a first order estimate of the effect we use the best-fit halo
scale length, 71y, in place of h;.,, and calculate the Ayps/7sc 1y
ratio. A ratio lower than one indicates that the fitted scale length
has been underestimated due to over-subtraction of the back-
ground. The result for all of the galaxies is shown in Fig. D.1,
where we show the ratios assuming that all of the background
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is Ly (crosses), and with 10% of the background being Lya
(hexagons). We note that for all but 4 galaxies (ELARSOS,
ELARSOS, ELARS09, and ELARS?25), the systematic uncer-
tainties on the scale lengths are less than 10%, even in the
worst case. The worst case assumption puts an absolute upper
bound on the uncertainty and likely over-estimates the system-
atic effects substantially. LARSO09 is here marked as an excluded
galaxy, even though it has a bright enough halo to get a pro-
file fit (see Section 4.1). Because it has an extremely large fitted
scale length, the over-subtraction uncertainty becomes very large
(~70%).

In Table D.1 we show the subtracted background levels in
luminosity units (also shown in Figures 2 and Appendix C) and
the associated statistical uncertainty of this level. The third col-
umn lists the relative systematic (positive) error on the total Lya

luminosities (0Liyqsys = [LL},Q + BGLya] /Liye) assuming that
10/100 % of the background is intrinsic Lya emission. The table
also lists the scale length ratios (fops/7 s Lyo) calculated above.

Appendix E: Lye morphology

In this section, for each galaxy we represent the regions used
to determine the morphological parameters used in this study

A64, page 38 of 62

(AC, (b/a)Lye, (b/a)ruy, (b/a), and APA). These regions are
determined on the non-binned images smoothed with the ker-
nel size corresponding to a certain physical scale specified in
Table 2. The blue contour represent the regions that are either
brighter than SBry, = 1.5 x 10% erg/s/kpc? (except J1156,
SBrye = 5.0 x 10¥ erg/s/kpc?), or the SFRD is higher than
0.1 Mg yr ' kpc™2. The green, and red contours represent the
regions that are brighter than SBryy = 2.5 X 10°” erg/s/kpc? /A,
SBipama = 1.5 x 107 erg/s/kpc?/A (The I band SB thresh-
old used for ELARSOL1 is different and is equal to SBipana =
1. x 10¥ erg/s/kpc?/A) all displayed on the Lya images. The
blue, green, and red crosses represent the measured centroids
(non-weighted first image moment) in the specified regions for
Lye, FUYV, and I band, respectively. The PA determined in each
region is also displayed with blue dashed, green dotted, and red
dash-dotted lines for Lya, FUV, and I band, respectively. The
measured axis ratios determined in each region are given in the
lower left part of the panels with blue, green, and red for Lya,
FUYV, and I band, respectively. Finally, the centroid shift(AC)
between Lya and FUV, and difference between the measured PA
of Ly, and FUV (APA) are given on the lower right side of the
each panel.
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Appendix F: Extent of the halo through isophotal
approach

In this section, we present the faint Lya isophotes used to study
the extent of the Ly halo through the isophotal approach for
each galaxy. In each figure, in the top panels the region within the
isophotal levels of even multipliers (1, 2, 3, 4) of the faintest limit
(1.5 x 10*° erg/s/kpc?, except J1156 5.0 x 10°° erg/s/kpc?). are
denoted by red, orange, green and blue contours, all displayed on

the Ly maps of the galaxies. The bottom panels show the data
points corresponding to these isophotes displayed with the same
colour, and a single exponential fit (Eq. (9)) to the points. The
fitted scale lengths (and the measured error bar determined from
the fit) are given in the lower left corner. The blue diamond rep-
resents the measured Lya SB in the binned images at the inner
most region (usually within r=0.1kpc from the brightest FUV
point).
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Fig. F.3. Same as Fig. 4, but for LARS13, LARS14 and ELARSO1- ELARS04.
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Fig. F.8. Same as Fig. 4, but for TOL1214, TOL1247, and J1156. The Lya FEI used for J1156 is different from the rest of the sample and is equal

to 5.0 x 10*° erg/s/kpc?).

Appendix G: Star forming properties

In this section, we represent the regions where the SFRD >
0.01 Mg yr~'kpc? used for studying the SF properties of the
host galaxies in our sample. We used two parameters for study-
ing the SF properties of the galaxies, the area where the SFRD >

A64, page 50 of 62

0.01 Mg yr‘1 kpc‘2 presented by the equivalent radius rsgrp>0.01
(the radius of a circle with the same area), and the average FUV

SB (FUVggp) by measuring the FUV SB within these regions and
divided by the area. The measured FUVgg are given on the lower
left side of each panel.
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Appendix H: Lya observables versus Lya

morphology

In this section, we present how the Lya observables: Lya lumi-
nosity (Lry.), Lya escape fraction (fec), and Lye equivalent

width (EW,), vary with the quantities used to study the Lya
halo properties or Lya morphology of the galaxies: Lya halo

scale length rl“cya, Lye halo fraction (HF), morphological param-
eters, such as: axis ratio ((b/a)ryq), AC, APA.
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Fig. H.1. How the total observed Lya luminosity (Li,,) varies with the quantities used to study the Ly morphology of the galaxies.
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Fig. H.3. How Lya equivalent width (EWy,) varies with the quantities used to study the Lya morphology of the galaxies.

A64, page 56 of 62




A. Rasekh et al.: The Lyman Alpha Reference Sample. XII.

Appendix I: Lye morphology versus the stellar
properties

troid shift (AC), and the difference in position angles of Lya
and FUV (APA) vary with i) other Lya morphology quantities,

in addition to ii) some of the global quantities: stellar mass,

In this section, we present how the quantities used to study the
Lya morphology and Ly« halo properties: Lya halo scale length

and the nebular reddening, iii) star-forming characteristics: the
size of the SF regions, and the average intensity of the FUV

(™), Ly halo fraction (HF), axis ratio ((b/a)1ye), the cen- SB.
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Fig. I.1. How Ly« halo scale length (r"2") varies with other Lya morphology quantities, and the stellar properties of the galaxies.
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Fig. 1.2. How the Lya halo fraction (HF) varies with other Lya morphology quantities, and the stellar properties of the galaxies.
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Fig. 1.3. How Ly« axis ratio ((b/a)iy,) varies with other Lya morphology quantities, and the stellar properties of the galaxies.
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Fig. 1.4. How the centroid shift (AC) varies with other Lya morphology quantities, and the stellar properties of the galaxies.
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Fig. 1.5. How the difference in position angles of Ly and FUV (APA) varies with other Lya morphology quantities, and the stellar properties of

the galaxies.
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Appendix J: Lya isophotal halo scale length axis ratio ((b/a)iy,), the centroid shift (AC), and the difference

in position angles of Lya and FUV (APA) vary with ii) some of
In this section, we present how the Ly« halo scale length mea- the global quantities: stellar mass, and the nebular reddening, iii)
sured from the isophotal approach (r'°) varies with i) the Lya star-forming characteristics: the size of the SF regions, and the

morphology and Lya halo properties: Lya halo fraction (HF), average intensity of the FUV SB.
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Fig. J.1. How the Lya halo scale length measured from the isophotal approach (1'°) varies with the Lya morphology quantities, and the stellar
properties of the galaxies.
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