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ABSTRACT

Recent detections of extended Lyman-a halos around Ly« emitters (LAEs) have been reported on a regular basis, but their origin is
still under investigation. Simulation studies predict that the outer regions of the extended halos contain a major contribution from the
Lya emission of faint, individually undetected LAEs. To address this matter from an observational angle, we used halo occupation
distribution (HOD) modeling to reproduce the clustering of a spectroscopic sample of 1265 LAEs at 3 < z < 5 from the MUSE-Wide
survey. We integrated the Ly luminosity function to estimate the background surface brightness due to discrete faint LAEs. We then
extended the HOD statistics inwards towards small separations and computed the factor by which the measured Ly« surface brightness
is enhanced by undetected close physical neighbors. We considered various clustering scenarios for the undetected sources and
compared the corresponding radial profiles. This enhancement factor from LAE clustering depends strongly on the spectral bandwidth
Av over which the Lya emission is integrated and this value can amount to ~20-40 for small values of Av (around 200—400 kms™!)
as achieved by recent studies utilizing integral-field spectrographic data. The resulting inferred Lya surface brightness of faint LAEs
ranges between (0.4-2) x 10% ergs™' cm™ arcsec™2, with a very slow radial decline outwards. Our results suggest that the outer
regions of observed Lya halos (R > 50pkpc) could indeed contain a strong component from external (but physically associated)
LAEs, and may even be dominated by them. It is only for a relatively shallow faint-end slope of the Lya luminosity function that
this contribution from clustered LAEs would be rendered insignificant. We also confirm that the observed emission from the inner
regions (R < 20-30pkpc) is too bright to be substantially affected by clustering. We compare our findings with predicted profiles
from simulations and find good overall agreement. We outline possible future measurements to further constrain the impact of discrete

undetected LAEs on observed extended Lya halos.

Key words. galaxies: high-redshift — galaxies: evolution — galaxies: halos — large-scale structure of Universe —

cosmology: observations

1. Introduction

The Lya line is a paramount cosmological feature for probing
early star-forming galaxies and commonly assists in the detec-
tion of high-redshift galaxies, namely, Ly emitters (LAEs). The
ionizing photons produced by their young stars ionize neutral
hydrogen (HI) atoms in the neighbouring interstellar medium
(ISM) and, after recombination, they have a probability of about
65% of being re-emitted as Lya photons (Partridge & Peebles
1967). As a result of the complex radiative transfer that the Ly«
emission undergoes, a fraction of photons escape the ISM by
resonantly scattering with HT throughout the circumgalactic and
intergalactic media (CGM, IGM). In combination with several
other factors, this effect causes the emission to become diffuse,
giving rise to so-called extended Ly« halos.

Statistically relevant detections of extended Lya halos
(LAHs) have employed narrowband imaging observations
(Hayashino et al. 2004; Nilsson et al. 2009; Finkelstein et al.
2011), which restrained the detectable surface brightness (SB)
level to ~10""%ergs™! cm2arcsec™. A significant step for-
ward in terms of limiting SB is demonstrated in the studies
of Steidel et al. (2011), Matsuda et al. (2012), Momose et al.
(2014), Xueetal. (2017), who adopted the image-stacking

approach and extended the SB threshold by an order of magni-
tude, SB ~ 107" ergs~! cm~2 arcsec™2. Recently, another major
sensitivity improvement was made possible by the Multi-Unit
Spectroscopic Explorer (MUSE) instrument at the ESO-VLT
(Bacon et al. 2010), which evened out the limiting SB of indi-
vidual object-by-object measurements to the limits obtained
by the stacking of narrowband data. Wisotzki et al. (2016),
Leclercq et al. (2017), Claeyssens et al. (2022), Kusakabe et al.
(2022) reported the detection of ubiquitous extended LAHs at
3 < z < 6 and found that, on average, the LAHs detected by
MUSE are a factor 4—20 more extended than their corresponding
UV galaxy sizes, presenting median scale lengths of few phys-
ical kpc (pkpc). Combining the added depth of MUSE and the
signal gain through stacking, Wisotzki et al. (2018) ascertained
extended LAHs at much larger scales (~60 pkpc at z = 3) than
previous studies at similar redshifts (=30 pkpc). Recent works
with Hobby-Eberly Telescope Dark Energy Experiment (HET-
DEX; Gebhardt et al. 2021) LAEs at 1.9 < z < 3.5 and Subaru
LAEs at z = 2.2-2.3 again roughly doubled the radii over which
LAHs can be detected (160 pkpc and 200 pkpc, respectively;
Niemeyer et al. 2022; Zhang et al. 2023).

Understanding the characteristics and, in particular, the
nature of these extended LAHs provides information as to
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the spatial distribution and kinematic properties of the CGM
(Zheng et al. 2011) as well as, more fundamentally, to the pro-
cesses of formation and evolution of galaxies (Bahcall & Spitzer
1969). The main mechanisms that are believed to contribute to
the existence of LAHs are (i) resonant scattering of Lya pho-
tons produced in ionized H1I regions of the ISM, (ii) “in situ”
recombination, (iii) fluorescence by photons from the metagalac-
tic UV background, and (iv) collisional excitation from cooling
gas accreted onto galaxies, also denoted as ““gravitational cool-
ing”. Processes (i) and (ii) are consequences of local star for-
mation through Lyman continuum radiation emitted from young
and massive stars in star-forming galaxies: processes (iii) and
(iv) are driven by external influences.

Comparisons between observational constraints and
simulation studies have not yet delivered unique conclu-
sions about the dominant origin of LAHs. Furthermore,
while some simulation studies (e.g., Dijkstra & Kramer
2012; Gronke & Bird 2017) were able to fully explain the
observed extended Lya emission with the processes men-
tioned above, others (Shimizu & Umemura 2010; Lake et al.
2015; Mas-Ribas & Dijkstra 2016; Mas-Ribas etal. 2017;
Mitchell et al. 2021; Byrohl et al. 2021) argued that in addition
to these factors there is a significant contribution from Lya
emission originating in faint satellite galaxies. This emission
would be significant only by its collective effects, as most of
these “satellite LAEs” are too faint to be detected individually
at the sensitivity of current observations. Lake et al. (2015)
assessed that in their simulations the cooling of gas accreted
onto galaxies as well as nebular radiation from satellites
are the major contributors in the outer halo (R > 2 pkpc).
Mitchell et al. (2021) found that scattering is the dominant
mechanism in the inner regions of the SB profile (R < 7 pkpc,
SB of few SB ~ 10 "Yergs™ cm™2), scattering and satel-
lites contribute equally at intermediate scales (R 10 pkpc,
SB ~ 10"Pergs~'cm™), and satellites dominate the large
scales (R > 20 pkpc, SB ~ 102 ergs~! cm™2 arcsec™2). Similar
conclusions were drawn in Byrohl et al. (2021), whereby the
authors identified scattering as the major source of SB and
held photons originating in dark matter halos (DMHs) in the
vicinity of the central galaxy responsible for the flattening of the
observed SB profiles at R > 100 pkpc.

The existence of faint sources around more massive and
brighter galaxies is certainly predicted by the hierarchical cold
dark matter (CDM) model of structure formation. Because this is
closely related to non-linear clustering, Mas-Ribas et al. (2017)
considered several clustering scenarios, coupled to the ana-
Iytic formalism described in Mas-Ribas & Dijkstra (2016), to
investigate the plausibility of faint sources generating LAHs. In
line with the previously mentioned simulations, they found that
faint LAEs are the major contributors to the Lya SB profiles
already at R > 4 pkpc. In contrast, Kakiichi & Dijkstra (2018)
applied a model based on galaxy-Lya forest clustering data to
build Lye SB profiles that could match a multitude of observed
Ly SB profiles even without considering the contribution from
faint LAEs.

Despite the theoretical efforts to distinguish between the
numerous contributions to the extended LAHs, observational
tests and evidence for the “faint LAE” scenario are scant,
mainly because of the extremely low SB of the Lya emission
at large distances from galaxies. Bacon et al. (2021) detected
very extended Lya emission around LAE overdensities in the
MUSE extremely deep field (MXDF), reaching far beyond indi-
vidual LAHs, but from comparing their data with the semi-
analytic model GALICS (Garel et al. 2015) they concluded that

=~
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much (and possibly all) of the apparently diffuse emission can
be accounted for by the collective contribution of discrete faint
LAE:s surrounding more luminous (detected) ones.

A key step that is still missing is an assessment of the mag-
nitude of this contribution based on observations, rather than on
theoretical predictions. In this paper, we address this issue by
employing LAE clustering statistics in combination with halo
occupation distribution (HOD) models to obtain observational
constraints on the contribution of the faint LAEs to the extended
LAHs. We built on our previous study (Herrero Alonso et al.
2023, hereafter HA23), where we used the HOD framework to
interpret the clustering of three MUSE LAE samples at 3 <
z < 6. Each dataset had a different exposure time and thus
covered a distinct range of Lya luminosities within 40.15 <
log(Liya/[ergs™']) < 43.35. We found a strong (8¢ signifi-
cance) clustering dependence on Ly, where more luminous
LAE:s cluster more strongly and reside in more massive DMHs
than faint LAEs.

The paper is structured as follows. In Sect. 2, we briefly
describe the data used for this work. In Sect. 3, we summa-
rize the clustering properties of our galaxy sample. We extrapo-
late the clustering features to estimate the contribution of unde-
tected LAEs to the extended Lya halos in Sect. 4, where we also
compare our estimations to recent observational and simulated
results. We give our conclusions in Sect. 5.

Throughout the paper, co-moving and physical distances
are given in units of 4~' Mpc and pkpc, respectively, where
h = Hy/100 = 0.70. We use a ACDM cosmology and adopt
Qm = 0.3, Qp = 0.7, and og = 0.8 (Hinshaw et al. 2013). All
uncertainties represent 1o (68.3%) confidence intervals.

2. Data

This paper is based on the results from two different spec-
troscopic MUSE samples. We used a sample of LAEs from
the MUSE-Wide survey for the clustering constraints and we
employed the data from two MUSE deep fields for the compari-
son to observed Ly« halos (see Sect. 4.4).

2.1. The MUSE-Wide survey

The main input to the HOD model of Sect. 3 is based on
the clustering constraints of a subset of the LAE MUSE-Wide
survey (Herenz et al. 2017; Urrutia et al. 2019), which is sim-
ilar to the LAE dataset used in Herrero Alonso et al. (2023).
The sample is constructed from 100 fields, each spanning
1 arcmin?, observed with an exposure time of one hour, and cov-
ering regions of CANDELS/GOODS-S, CANDELS/COSMOS
and the Hubble Ultra Deep Field (HUDF) parallel fields. The
survey also incorporates shallow (1.6h) subsets of MUSE-
Deep data (Bacon et al. 2017, 2022) within the HUDF in the
CANDELS/GOODS-S region. We refer to Urrutia et al. (2019)
for further details on survey build-up, reduction, and flux cali-
bration of the MUSE data cubes.

In contrast to the study in HA23, here we focus on LAEs
with redshifts within 3 < z < 5 (and use the same red-
shift interval for the comparison to Lya SB profile measure-
ments in Sect. 4.4). Because Lya peak redshifts are typi-
cally offset by up to several hundreds of kms™' from sys-
temic ones (e.g., Hashimoto et al. 2015; Muzahid et al. 2020;
Schmidt et al. 2021), we corrected the Lya redshifts follow-
ing the relations given in Verhamme et al. (2018), which assure
an accuracy of <100kms™' (Schmidt et al. 2021). We refer to
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Herrero Alonso et al. (2021, hereafter HA21), and references
therein for further details on the LAE sample construction.

Our sample comprises a total of 1265 LAEs with Ly lumi-
nosities in the range 40.84 < log(Lyya/[erg s71]) < 43.30and a
median value of (log(Liya/[erg s™'])) = 42.27. While the Lya
luminosity and redshift distributions of the sample are presented
in Fig. 1, Figs. 1 and B.1 of HA23 show the spatial coverage of
the LAE dataset. Taking into account the field-to-field overlaps,
the actual surveyed area corresponds to 90.2 arcmin? and extends
~43 h~! Mpc at the median redshift of the sample (z) = 3.8. This
implies a LAE density of ~2 x 1073 4* Mpc™3.

2.2. MUSE Deep fields

In Sect. 4.4, we compare our results to Lya radial SB pro-
files, using the same data and measured in a similar way as
by Wisotzki et al. (2018). The parent sample is a combina-
tion of LAEs detected by MUSE in the Hubble Deep Field
South (Bacon et al. 2015) and in the Hubble Ultra-Deep Field
(Bacon et al. 2017), as well as the definition of the final sam-
ple proceeds as in Wisotzki et al. (2018), with the exception that
here we are only considering a single set of objects with redshifts
of3<z<5.

To further facilitate a comparison to the clustering predic-
tions, we also modified the construction of the resulting Lya SB
profile as follows: instead of the individually optimized spec-
tral extraction windows for each LAE used by Wisotzki et al.
(2018), we adopted a fixed velocity bandwidth of 600kms~!
centered on the peak of the Lya emission of each galaxy. This
bandwidth not only provides a good compromise between noise
suppression and flux loss avoidance in the stacking approach, it
also facilitates the redshift-space distortion modeling (described
in Sect. 3). We denote the individually extracted Ly« images as
“pseudo-narrowband” in order to distinguish then from genuine
filter-based narrowband (NB) imaging data, which encompass
much wider bandwidths of typically ~12000-25000kms~".
Unlike Wisotzki et al. (2018), we also skipped the artificial trun-
cation of the used pseudo-NB data at a radius of 6’ (=40kpc),
and we now used the mean instead of the median to stack the
images, to make the resulting profiles as similar as possible to
the clustering calculations in their construction logic.

3. Clustering framework

In HA23 we measured the clustering of three LAE samples,
including a subset of the MUSE-Wide survey, with the K-
estimator of Adelberger et al. (2005). The K-estimator measures
the radial clustering along line of sight distance, Z, by counting
galaxy pairs in redshift space at fixed transverse separations, R.
The K-estimator is directly related to the average underlying cor-
relation function (see Eq. (2) in HA21). We refer to Sect. 3.1 in
HAZ21 for further details.

We then fitted the K-estimator measurements with HOD mod-
eling performed at the median redshift of the galaxy pairs of the
sample. The HOD model we used is a simplified version of the
five parameter model by Zheng et al. (2007). Because of sam-
ple size limitations, the halo mass at which the satellite occu-
pation becomes zero and the scatter in the central halo occupa-
tion lower mass cutoff were fixed to My = 0 and ojogm = O,
respectively. The three free parameters are then the minimum halo
mass required to host a central galaxy, My, the halo mass thresh-
old to host (on average) one satellite galaxy, M, and the high-
mass power-law slope of the satellite galaxy mean occupation
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Fig. 1. Distribution in Lye luminosity-redshift space of the 3 < z < 5
LAE:s selected from the spectroscopic MUSE-Wide survey. The dashed
line corresponds to the median log Ly« of the sample. The normalized
redshift and log Ly« distributions are shown in the top and right panels,
respectively.

function, « (see Sect. 3.3 in HA23). Although we included red-
shift space distortions (RSDs) in the two-halo term using linear
theory (Kaiser infall, Kaiser 1987; van den Bosch et al. 2013), we
ignored the effect of RSDs in the one-halo term given its negligi-
ble effect at the scales there considered.

The most relevant finding of HA23 for this work is the
strong clustering dependence on Lya luminosity. Luminous
(log(Lrya/[erg s7']) = 42.53) LAEs cluster significantly (8c)
more strongly and reside in 25 times more massive DMHs than
less luminous (log(Lyya/[erg s~ =~ 40.97) LAEs. Hence, any
fainter dataset is assumed to be less strongly clustered than those
considered here or in HA23.

In Appendix A, we demonstrate that the clustering strengths
of the MUSE-Wide LAE subset considered in HA23 and our
current sample are nearly identical. We convert the best-fit HOD
model of the K-estimator found in HA23 to the traditional
real-space two-point correlation function (2pcf) using Eq. (2)
in HA21. In the left panel of Fig. 2 we represent the real-
space 2pcf, &(r), where r = VRZ? +Z2, and where the con-
tours show the expected circular symmetry. The model param-
eters correspond to a minimum DMH mass for central LAEs of
log(Myin/[h~' My]) = 10.7, a threshold DMH mass for satel-
lite LAEs of log(M,/[h~' My]) = 12.4 and a power-law slope
of the number of satellites @ = 2.8. The corresponding satellite
fraction, typical DMH mass, and virial radius are fi,; = 0.012,
log(My/[h™' Mo]) = 11.09f8'(1)8, and Ry, = 363 kpc, respec-
tively (HA23). 4

Given the small bandwidths of the extracted pseudo-NB Ly«
images from MUSE data (a few hundred kms~! or few comov-
ing Mpc), we then included RSDs in the one-halo term (the so-
called Fingers of God effect, FoG), following Tinker (2007).
We convolved the line of sight component of the real-space
2pcf with the probability distribution function of galaxy pair-
wise velocities, P(v). For each DMH mass, M;, we assume
a Gaussian distribution P(v, M) with velocity dispersion
of central-satellite pairs determined by the streaming model
namely, 02 ~ GMy/(2R;;), where Ry is the virial radius. A
Gaussian P(v, My) is supported by hydrodynamic simulations
and observational analysis of rich SDSS clusters (see Tinker
2007 and references therein). We also included the extra contri-
bution corresponding to the uncertainty in the Lya-to-systemic
redshift relation, oy gy ~ 100km s~!. However, we ignore the

A125, page 3 of 12



Herrero Alonso, Y., et al.: A&A 677, A125 (2023)

20

['— £0=01030512 5 60

15

%)

g 40

s —
= 10t o)
| 30 5
=

N

5

)

0 1I0 1I5 20
R [h~Mpc]

20

[— &9=01,03051,25 60

15

U .....

g 40

= 5

—

[ 10 30 i
s

N

. é - 1IO - 15 20
R [h~*Mpc]

Fig. 2. Best-fit HOD modeled real- and redshift-space 2pcf. Left: real-space 2pcf, &(r), for the sample of MUSE-Wide LAEs at 3 < z < 5. Note:
the circular symmetry of the color-coded contours. Right: redshift-space 2pcf, £(s). The dotted blue contours show the real-space 2pcf from the
left panel. Note: the elongation of the 2pcf contours along the line-of-sight direction, Z, at small scales (FoG effect) and the flattening at larger
transverse separations, R, (Kaiser infall). The contour levels are indicated in the legend.

contribution from satellite-satellite pairs given the negligible
satellite fraction of the sample. The convolution kernel is then
a superposition of weighted Gaussians with dispersion o2 =~
GMy/(2Ry;r) + o-&sys. We weight the Gaussians with the relative
number of satellite galaxies, Ny, hosted by each DMH, which
involves an integral over the halo mass function ¢(My,) dM,, (see

Eq. (5) in Tinker 2007) as follows
[ PO, My) (NS(M)) ¢(My) dM,
J(NJ(My)) p(My)dM,

In the right panel of Fig. 2, we present the redshift-space 2pcf
i.e., £(s) = /R? + Z2, where Z; is the line of sight comoving dis-
tance in redshift-space. The deviations from circular symmetry
are clear. At large scales (s > 5h~! Mpc), the coherent gravita-
tional infall of galaxies onto forming structures (Kaiser infall,
Kaiser 1987; van den Bosch et al. 2013) flattens the &(s) con-
tours. At small scales (Z, < 5/h~! Mpc), the stretching of the £(s)
contours for line of sight separations is caused by the peculiar
velocities of galaxies when galaxy redshifts are used as proxies
for distances. Because the distribution of LAEs at 3 < z < 5
is affected by the FoG effect only at Z, < 5h~! Mpc (peculiar
motions of <500kms~") and is negligible at larger separations,
we only include the FoG effect when considering velocity widths
<500kms~! (see Sect. 4.2).

P(v) ey

4. Contribution of faint LAEs to extended Ly« halos

Taking advantage of the clustering constraints, we now seek to
assess the contribution of undetected LAEs to the extended Ly«
halos. Those objects are much fainter than those considered here
or in HA23, and given the overall tendency of galaxies to cluster,
they are expected to be found around our more luminous LAE:s.
Hence, some fraction of the measured extended Lya flux must
come from those undetected galaxies. While photons included
in the central part of the Ly halo are well distinguished from
sky noise, the outskirts of the halo typically have such low SB
values that they are close to the noise level. It is on these regions
that we focus our attention.

The spatial distribution of these sources enhances the Lya
SB values measured within a given (pseudo-)NB width at any
projected distance, R, from the observed LAE. This boost
is quantified with the clustering enhancement factor, {(R).
The contribution of these faint LAEs to the apparent Lye SB
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profiles also depends on the number of undetected LAEs, which
is obtained from the Lya luminosity function (LF; ¢(L)dL).
The projected Lya SB profile of undetected LAEs from a given
pseudo-narrow band (NB) is:

Laer(2)
SB(R) = {(R) - f Lx¢(L)dL, @)
Linin
where Lge((z) is the detection limit for individual LAEs and Ly,
is the adopted lower limit for integrating the LF.
We go on to discuss the two ingredients of Eq. (2) in turn,
first the luminosity function and then the enhancement factor.

4.1. Lya luminosity function

We quantify the number density of LAEs as a Schechter function
(Schechter 1976):

*
oL = &

LA™
=) WL
o \I* ’

3)
where L* denotes the characteristic luminosity, ¢* the normal-
ization density, and o the faint-end slope of the LF.

The matter of greatest importance with respect to our cur-
rent study is the value of arr because it largely governs
the luminosity density ratio of undetected to detected LAEs.
While earlier determinations of the Lya LF were not able
to constrain this parameter very well, this is now improv-
ing because of deeper LAE samples, particularly those of dif-
ferent MUSE surveys (Drake et al. 2017; Herenz et al. 2019;
de La Vieuville et al. 2019). The emerging trend is that the faint
end of the LF is quite steep, with @ approaching uncomfort-
ably close to —2, which is the limiting value for which the lumi-
nosity density would diverge when integrating the LF to L = 0.
Yet even with slightly less extreme slopes, the adopted lower
integration limit has a significant impact on the resulting num-
bers. This probably indicates that the Schechter function approx-
imation breaks down at very low luminosities. Here, we simply
bypass this uncertainty by considering different lower integra-
tion limits, as discussed below.

We also assumed that ayr is constant within our current red-
shift range. While Drake et al. (2017) found a tentative indication
for a steepening of the faint-end slope towards high z, most other
studies concluded that the Lya LF shows little or no significant
evolution with redshift for 3 < z < 6 (Ouchietal. 2008;
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Fig. 3. Clustering enhancement factor as a function of comoving trans-
verse separation between LAE pairs. Each color corresponds to a dif-
ferent (FWHM) pseudo-NB width. For reference, we include typical
NB widths of 12000 and 25000 km s~ (or 50 and 100 A) and a broad-
band filter width of 250000kms™' (or 1000 A). We assume that both
resolved and undetected sources tend to cluster similarly to the MUSE-
Wide LAE sample and include RSDs.

Sobral et al. 2018; Konnoetal. 2018; Herenzetal. 2019;
de La Vieuville et al. 2019). As our baseline LF prescription,
we adopted the best-fit parameters of Herenzetal. (2019),
with log(¢* /[Mpc™3]) = —2.71, log(L*/[ergs™']) = 42.6, and
dLF = —1.84.

The upper integration limit in Eq. (2) depends on the details
of the specific LAE survey under consideration. Since below we
compare our calculations with the observed Lya SB profile con-
structed from MUSE deep field data, we adopted a flux- and
redshift-dependent selection function constructed to characterise
this sample.

For the lower limit we use log(Lyn/[erg s71]) = 38.5 as our
baseline value, but we also consider higher and lower values.
As an extreme lower limit, we adopted log(Lyi,/[ergs™']) = 37,
which could be generated by the H1I region around a single O-
type star with an absolute UV magnitude of Myy ~ —6. More
likely candidates for the smallest units that have to be considered
are star clusters or dwarf galaxies with several tens or hundreds
of such stars. We bracket the expected range by also adopting a
“high” value of log(Liya/[erg s™1]) = 40.

Since our comparison Ly« profile is a mean of LAEs in the
redshift range 3 < z < 5, we have to average the luminosity
density also over this redshift range. In addition to a straight
unweighted average, we also calculated a weighted mean that
takes the actual redshift distribution of the sample into account.
However, these two numbers differ by only a few percent.

4.2. Clustering enhancement factor

The enhancement factor represents the boost in Lya SB due
to the spatial distribution of undetected LAEs around our
more luminous LAEs. This is computed from the cross-
correlation function (CCF) between detected and undetected
LAEs, &é(R,Z)ccr- We derived {(R) from the 2pcf definition
(Peebles 1980) in Appendix B and give the outcome here:

+ZNB
{R) = f [€(R, Z)ccr + 11+ dZ/AZ, 4
—ZnB

where AZ = +Zng — (—Zng)- The radial comoving separations
in redshift space, Zyg, that is, by including the RSD effect, over

—— MUSE-Wide clustering
—— MXDF clustering

109(Lmin / [erg s711) = 40.0 clustering
—— log(Lmin / [erg s™]) = 38.5 clustering
109(Lmin / [erg s7]) = 37.0 clustering

NB width = 600 km/s

1.0

0.1 1.0
R [h~*Mpc]

Fig. 4. As in Fig. 3 but for a fixed (FWHM) pseudo-NB width of
600kms™' and for different assumed clustering strengths for unde-
tected sources, depending on their Ly luminosity. The red and
blue enhancement factors assume that undetected LAEs cluster sim-
ilarly to MUSE-Wide and MXDF LAEs, respectively. The orange,
gray, and green factors assume an extrapolated HOD 2pcf for LAEs
with log(Liya/[ergs™']) =~ 40.0, log(Liya/[ergs™']) ~ 38.5, and
log(Liya/lerg s7') = 37.0, respectively. In all cases, detected LAEs
cluster similarly to what is seen for the MUSE-Wide sample.

10.0

which the integral is performed correspond to typical half-widths
at half maximum of the (pseudo-)NBs applied in the measure-
ment of Lya SB profiles (~100—400km s~!: see, for instance,
Wisotzki et al. 2018). In particular, because of the narrowness of
ZxB. it is imperative to model the RSD effects properly to esti-
mate &(R, Z)ccr from the HOD models.

Figure 3 shows the variation of the enhancement factor for
various velocity widths (full width at half maximum, FWHM)
applied in stacking experiments of (pseudo-)NB images of
LAEs. As discussed below, we initially assume that detected
and undetected LAEs share the same clustering properties. We
thus employ the best-fit HOD modeled 2pcf of the right panel of
Fig. 2, which corresponds to our sample of 3 < z < 5 MUSE-
Wide LAEs.

While typical pseudo-NB widths of 200-800kms~' (or
0.5-4 A) result in substantial enhancement factors of ~10—40
at R = 0.1 h~! Mpc, the effective SB values measured with com-
mon NB filters FWHM ~ 50-100 A or 12000-25 000 kms™!
are enhanced by only {(R) = 1.5-2 and thus barely boosted by
clustering. Unsurprisingly, measurements through broad-band
filters with FWHM ~ 1000 A (250000kms™") remain entirely
unaffected ({(R) =~ 1). Thus, only for the narrow bandwidths
achieved by IFU-based Lya images is there a significant con-
tribution of clustered LAEs to any underlying truly diffuse Lya
emission.

Unless explicitly specified, in the following we fix the band-
width to Zyg = 3k 'Mpc (intermediate FWHM of Z =
6h~' Mpc or 600kms™': see Sect. 2), corresponding to a win-
dow spanning 2.5 A in the rest frame around Ayya =~ 1216 A.

We also have to make assumptions about the clustering
behaviour of the undetected sources to calculate the corre-
sponding enhancement factor. Because the FoG effect is neg-
ligible at Z > 5h~'Mpc (see Fig. 2), we did not include
RSDs in the HOD modeling. The modeling process is described
below.

As a first step, we assumed that detected and undetected
LAEs present the same clustering properties. We show the
corresponding boost factor in red in Fig. 4 (same as the red
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Fig. 5. Contribution to the Lya SB profiles from clustered and unde-
tected LAEs with log(Lyn/[erg s71]) = 38.5. Differently colored lines
correspond to a different assumption for the clustering of undetected
LAEs. Detected galaxies are assumed to cluster like those in the MUSE-
Wide sample. The data points correspond to the modified stacking
experiment of individual LAEs of Wisotzki et al. (2018; see Sects. 2
and 4.4). The triangle denotes an upper limit. We employ a pseudo-NB
width of 600 km s~! and the Lya LF of Herenz et al. (2019). The shaded
gray region shows the typical virial radius of MUSE-Wide LAEs.

curve in Fig. 3 but without including RSDs; see the negligible
difference between the two curves). However, this is likely to
be an overestimate: as demonstrated in HA23, the clustering
strength depends significantly on Lya luminosity (80 in HA23)
and, therefore, the even fainter undetected sources probably clus-
ter less strongly than the MUSE-Wide LAE:s. Since the enhance-
ment factor depends directly on the clustering strength, this
option only produces an upper limit on {(R).

Next, we modified the assumptions and allowed the unde-
tected sources to have a clustering strength similar to the fainter
LAEs detected at 3 < z < 5 in the MXDF (HA23), which
are approximately one order of magnitude less luminous than
the MUSE-Wide sample. As shown in Appendix A for MUSE-
Wide, the HOD model derived in HA23 for 3 < z < 6 is also
able to describe the clustering of the current MXDF dataset. The
resulting boost factor is shown in blue in Fig. 4. Although it
is fainter than MUSE-Wide LAEs, the MXDF LAEs are still
considerably more luminous than the hidden undetected ones.
Hence, this boost factor is also an upper limit.

Finally, to obtain our best estimate of the actual enhance-
ment factor of the undetected LAEs, we utilize the MUSE-
Wide and MXDF HOD clustering probability contours of
Sect. 4 of HA23 and extrapolate them to fainter luminosi-
ties. We first assumed that undetected LAEs have luminosities
of logLiya ~ 10*ergs™ and obtained a HOD model with
log(Miin/[h~" Mo]) = 9.9, log(M /M) = 1.1 and a = 0.1. We
plot the resulting boost factor in orange in Fig. 4. We followed
the same procedure for the other two lower integration limits
(the resulting HOD models have log(M i,/ [ Mg]) = 94,
log(M; /Mpin) = 0.7, @ = —1.6, and log(Muyin/[h~' Mo]) =
8.8, log(M/Mpin) = 0.3, @« = -3.3, respectively), plotting
their enhancement factors in gray and green. While the three
last enhancement factors are based on extrapolations thereby
unstestable at present, we presume that these are probably closer
to the truth than the one resulting from the assumption that
faint LAEs cluster in the same way as much more luminous
objects.

To build the Lya SB profiles, we have to extrapolate the
CCF models down to R = Okpc, since our clustering mea-
surements do not reach the smallest scales of the Lya SB pro-
files (R < 30pkpc). We also convert the comoving radii to
physical kpc.

A125, page 6 of 12

10-20 T

log(Lmin / [erg s™'])=38.5 [
clustering

10g(Lmin / [erg s711) = 37.0

—— 10g(Lmin / [erg s71]) = 38.5
=== log(Lmin / [erg s71]) = 40.0

6x 10721

4x10°%

3x107%

2x10°%

Lya SB [erg s~ cm~2 arcsec™2]

10—21

0 20 40 60 80

R [pkpc]
Fig. 6. Ly SB variation for plausible luminosities of the undetected
LAEs. We assume that undetected sources cluster like the extrapolated
HOD model for log(Luy/[erg s7'7) = 38.5. Resolved sources clus-

ter like those in the MUSE-Wide sample and the pseudo-NB width is
600km s~'. We use the Lya LF from Herenz et al. (2019).

4.3. Lya surface brightness profile from undetected LAEs

In Fig. 5, we build the expected Lya SB profile from undetected
LAEs with log(Lpyi,/[ergs™']) = 38.5 for a velocity width of
the pseudo-NB of 600kms~'. The colors show the clustering
scenarios considered in Sect. 4.2. For comparison, we overplot
the mean Lya SB profile based on the stacking of LAEs in the
MUSE Deep Fields (Sect. 2). We also indicate the typical virial
radius of MUSE-Wide LAEs for guidance.

Before comparing the observed profile with the expected
contribution from clustered faint LAEs (see Sect. 4.4 below),
we have to evaluate the uncertainties and dependencies of our
calculations with respect to the assumed input parameters.

We start by considering the different adopted clustering sce-
narios. By design, the maximum contribution is reached for the
MUSE-Wide clustering assumption (x2.5 X 10720 cgs), whereas
the lowest extrapolated HOD model delivers SB levels lower by
one order of magnitude (x4 x 1072 cgs). Nevertheless, all ver-
sions of our estimates exceed the measurements at R > 60 kpc.

The impact of using different lower integration limits for
the LF is evaluated in Fig. 6. Here we assume that the clus-
tering of faint LAEs follows the extrapolated HOD model for
log(Lmin/[erg s™']) = 38.5 LAEs. The three curves show the
variation in the SB contribution for various L., choices. As
expected, the inclusion of fainter sources produces higher Lya
SB levels, although the difference is only a factor of ~2 for the
adopted range of L.

In Fig. 7, we vary the value of the faint-end LF slope af in
steps of Aa = 0.1, recomputing the SB profiles each time. The
changes are substantial and demonstrate that the biggest single
uncertainty in this estimate is still the faint-end shape of the Lya
LF. We also explored modifying the other LF parameters ¢* and
L*, but these have a negligible effect on the predicted Lya SB
profiles.

4.4. Comparison with observed surface brightness profile

It is clear from Fig. 5 that at R < 20 pkpc the stacked Lya SB is
much higher than the level expected from undetected LAE:s, irre-
spective of the clustering scenario, whereas for radii of >50 pkpc,
the observed SB level is always comparable to or lower than the
contribution estimated from clustering. We note that even where
the data points are formally below our calculations, for instance,
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R = 90kpc, the combination of error bars in the data with sys-
tematic uncertainties in the clustering and luminosity function
evaluation imply that these two are not in contradiction.

When interpreting Fig. 5, we have to keep in mind that the
two upper (red and blue) curves are upper limits in the sense
that for these curves, the clustering of the undetected LAEs is
assumed to be as strong as for (different sets of) detected LAEs.
Allowing for a weaker clustering of the undetected objects shifts
the radius of approximate equality outwards to at least ~40 pkpc.

Figure 7 shows the inferred SB ratios (clustering/observed)
instead of measured or calculated SB levels. For the fiducial
baseline faint-end LF slope of ajp = —1.84, the Lya emis-
sion from undetected LAEs can account for all of the measured
Lya SB profile at R > 50 pkpc, but only a fraction of 20% at
R ~ 30 pkpc. At these smaller distances to the central galaxy we
presumably see genuine diffuse emission, powered by the above
mentioned mechanisms.

These fractions (and the associated radii) are contingent on
the uncertainties in the Lya LF, especially its faint-end, which
we here encapsulate by two parameters, the slope arr, and the
low-luminosity cutoff of Ly;,. The effects of modifying any of
these two are displayed in Fig. 7 by varying the symbols (a1 r)
and colors (Lpy). It is evident that varying L, has a much
weaker effect than adopting a different LF slope. An only slightly
shallower LF would reduce the expected SB contribution of faint
LAE:s drastically to *20—-40% at R ~ 50 pkpc, whereas a steeper
slope would imply that extended Lya emission could be domi-
nated by discrete objects already from distances of 20—30 pkpc
outwards. It is worth mentioning that if undetected LAEs cluster
similarly to the extrapolated HOD models, the minimum lumi-
nosity choices of 1og(Lmin/[ergs™']) = 37, 40 deliver indistin-
guishable SB ratios as those of Fig. 7. If undetected LAESs cluster
like the LAEs in MUSE-Wide or MXDF, these ratios increase by
(on average) ~70% and ~30%, respectively. In Appendix C, we
show how the SB ratio varies for different pseudo-NB widths.

These are very rough estimates. A sharp cut of the Lya
LF below a certain Lya luminosity is, of course, implausible.
A more realistic shape would probably involve some smooth
turnover towards fainter luminosities. Such subtleties are how-
ever beyond the scope of this paper. Clearly more work is needed
to study the faint parts of the Lya luminosity function and its
possible (non-)evolution with redshift. Nevertheless, our find-
ings strongly support a scenario in which discrete but individ-
ually undetected LAEs are an important component of observed
Ly halos at R > 30—50 pkpc.

4.5. Comparison with the simulations

Our results are in good agreement with the fundamental predic-
tion from a number of simulation or modeling studies positing
that faint LAEs in the vicinity of Lya halos contribute to the
observed extended emission and beyond some radii, they may
even dominate (e.g., Lake etal. 2015; Mas-Ribas & Dijkstra
2016; Mas-Ribas et al. 2017; Mitchell et al. 2021; Byrohl et al.
2021). Nevertheless, the models and also the predicted Lya SB
profiles due to “satellite” LAEs vary significantly between dif-
ferent studies. It is also worth mentioning that some of our unde-
tected LAEs are, in principle, at the DMH center.

In the following we compare our Lya SB profiles calculated
from clustering with simulation studies that separate the satellite
SB contribution from other powering mechanisms. We give the
main differences below.

First, we consider the study of Lakeetal. (2015, here-
after L15), where an adaptive mesh refinement hydrodynami-

h g
102[ '09(Lmin / [erg s~']) =38.5 N
clustering v +ly
Y Y ,.;r_ ;A X
§ 10} Y »Y ": :+I *§§
kg ¥ >y sy tur xﬁ; <<%
@ »Y +ir atr ;A A
N 100— --------- -’-’----"l "X‘Q’ --:§;——‘-‘—_‘(‘- -----
= Y +1 XX XX 3%
o Y As LAR X <
£ -1 +r f)f =2
:‘:’ 10 A:E <<
%]
3 2l v :fif @ log(Lmin/[erg s71])=37.0 X ar=-174
?} 10 »Y @ l0g(Lmin/[ergs™t])=38.5 A ar=-184
_3 :: X @ 09(Lmin/[erg s71]) = 40.0 + o= -194
10 XX; < aF=—-154 - aip= —2.04
3% L o= -1.64 v oop=-2.14
10—4 L L n n T - ,
0 15 30 45 60 75 90
R [pkpc]

Fig. 7. SB ratio of the Ly SB profile from undetected LAEs and the
redone stacked profile from Wisotzki et al. (2018) at 3 < z < 5. The
ratios at R = 90 pkpc are lower limits. Undetected LAEs are assumed
to cluster like the extrapolated HOD model for L, = 1038 ergs~! and
resolved sources like those in the MUSE-Wide sample. The colors rep-
resent different minimum Ly luminosities for the undetected sources.
The symbols display various faint-end slopes of the Ly« LF. The dashed
line shows a scenario in which the undetected LAEs alone fully explain
the apparent Lya SB profile. A pseudo-NB width of 600kms™' is
assumed.

cal simulation of galaxy formation was used (Bryan & Norman
2000; Joung et al. 2009). These authors modeled most poten-
tial sources of Lya photons and powering mechanisms namely,
star formation from central and satellite galaxies, photon scatter-
ing, fluorescence from the UV background, supernova feedback
(outflows), and gravitational cooling at Zgmm = 3.1. The Ly«
emission was modeled using the Monte Carlo radiative transfer
code of Zheng & Miralda-Escudé (2002). The dark matter parti-
cle mass is 1.3x 107 My, the simulation box size is 120 h1~' Mpc,
and the spatial resolution ~111 pc. Although the derived total
Lya SB profiles match those measured in Matsuda et al. (2012),
Xue et al. (2017) found that the simulated profile that included
star formation from satellites considerably overpredicted the
measured SB curves. To extract the SB profile, they employed
a projection depth of 224 pkpc to include all scattered photons
around the LAEs.

Next, Mitchell etal. (2021, hereafter M21), employed
an adaptive mesh refinement zoom-in cosmological radi-
ation hydrodynamics simulation of a single galaxy using
the RAMSES-RT code (Rosdahl et al. 2013; Rosdahl & Teyssier
2015). The stellar and DMH masses are M, = 10°° M, and
M, = 10'"! M, respectively. These authors modeled the same
Lya powering mechanisms at 3 < z < 4 as L15. They also per-
formed Monte Carlo radiative transfer to assess the Lya emis-
sion, tracing the emergent radiation along several different lines
of sight and at different cosmic times. The simulation box is
a sphere of 150kpc radius and achieved a spatial resolution of
14 pc, with a characteristic dark matter particle mass of 10* M,
The simulated total Lya SB profile matched the one measured in
Wisotzki et al. (2018), for which they used a projection depth of
+150 pkpc at Zgmu = 3.5 around the LAE.

Finally, Byrohl et al. (2021, hereafter B21), utilized the out-
come of the TNGS50 (Nelson et al. 2019; Pillepich et al. 2019)
from the IllustrisTNG simulations (Pillepich et al. 2018), cou-
pled to their Lye full radiative transfer code VOROILTIS. They
modeled the same Lya emission sources and powering mech-
anisms at 2 < z < 5 as L15 and M21 and further included a
treatment for active galactic nuclei. TNG50 has a box size of
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Fig. 8. Comparison of our Lya SB profiles from undetected LAEs of log(L,,/[ergs™']) = 38.5 (solid lines) and the satellite radial profiles predicted
from simulations (dashed lines). The different colors of the solid curves correspond to the different clustering assumptions for the undetected LAEs
displayed in the legend. Resolved LAEs are assumed to cluster in the same way as those in the MUSE-Wide sample. We adjusted our pseudo-NB
width of Eq. (4) to the projection depth of the simulations. Left panel: comparison to L15, whose applied projection depth is equivalent to a
pseudo-NB width of 66 kms™! at Zgmy = 3.1. Middle panel: comparison to M21 with a pseudo-NB width of 94 kms™' at zg,, = 3.5. Right panel:

comparison to B21 with a pseudo-NB width of 56 km s™! at zgmu = 3.

50 Mpc, attains a spatial resolution of ~100 pc and a dark matter
particle mass of 4.5 x 10° M. These authors were able to repro-
duce the Lya SB profiles measured in Leclercq et al. (2017), for
which they included all scattered photons from within +100 pkpc
along the line of sight at zgm, = 3 around the LAE.

Although most simulations deliver similar conclusions and
their total Ly SB profiles match a range of observations, the
predicted contribution from satellites to the observed radial pro-
files at various scales varies significantly. We compare in Fig. 8
our clustering-based Lya SB profiles (with log(Ly,/[ergs™']) =
38.5, but considering all clustering scenarios) to simulated satel-
lite radial profiles. For this purpose, we recalculate our enhance-
ment factors and SB profiles in order to approximately match
our selected pseudo-NB width (i.e., Zxg in Eq. (4)) to the pro-
jection depth applied in the simulations. We note that while the
pseudo-NB width in observed spectral stacks cannot be narrower
than the common linewidth, the typical bandwidths formally
converted to real space depths are much greater than simula-
tion boxes. To enable at least a rough comparison we used
the simulated depths, which correspond to velocity intervals of
~60-100kms~'. We also multiplied the simulated profiles by
(1 + Zgma)*/(1 + (2))* to account for surface brightness dim-
ming. The simulated contribution is due to the Lya emission
from satellites in L15 (dashed magenta) and M21 (dashed light
blue), and to this plus a genuinely diffuse emission powered by
these “other halos” in B21 (dashed light gray).

The profile from L15 is clearly flatter than those from M21
and B21 and is in this respect similar to our clustering-based SB
profiles. This also agrees with the generally observed trend that
the radial profiles tend to flatten at larger radii (Matsuda et al.
2012; Momose et al. 2014; Wisotzki et al. 2018; Niemeyer et al.
2022). On the other hand, the SB level predicted by L15 is much
higher than ours, already by an order of magnitude than our
two upper limit scenarios. The SB levels predicted by M21 and
B21 are in better agreement with our upper limit SB estimates,
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although still higher than our extrapolated “low clustering” sce-
narios. This may reflect the fact that simulated galaxies in L15
present higher stellar and DMH masses (M, = 2.9x 10'° M,
and My, = 10'' M,) than those of MUSE LAEs or those con-
sidered in M21 and B21. At small scales, the M21 and B21 sim-
ulated radial profiles are slightly steeper than the high clustering
scenario curves of MUSE-Wide and MXDF.

The differences between our clustering-based and the sim-
ulated SB profiles could be attributed to several factors. An
overprediction of the simulated number of satellites would nat-
urally lead to an overestimated contribution of discrete LAEs to
the Lya halos. This issue seems to be common to simulations
and semi-analytical models, including the IllustrisTNG project
and EAGLE simulations (e.g., Okamoto et al. 2010; Simha et al.
2012; Geha et al. 2017; Shuntov et al. 2022). In this context it is
interesting to note that our upper limit clustering scenarios give
results closer to the simulations than the extrapolations deemed
to be more realistic.

Alternatively, there could also be a problem related to low
number statistics, since the models by M21 and L15 are based
on only one and nine galaxies, respectively. This is probably not
an issue for B21, as they did not account for Lya destruction
by dust, which would otherwise lead to overestimated luminosi-
ties, and possibly influence the resulting LAH shapes as well.
Finally, it is certainly possible that the differences may be par-
tially driven by our assumptions. Our estimated fraction of unde-
tected LAEs might be lower than the actual one, either because
of a steeper luminosity function or because of a lower faint-end
cutoff.

4.6. How to measure the faint LAE SB contribution

While it seems safe to state that a significant contribution
of faint LAEs to the apparent Lya SB profiles must be
expected, at least in qualitative agreement between our empirical
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framework and the predictions by cosmological simulations, it
would be very desirable to further constrain their contribution
directly from observations. Here, we embark on a few (partly
speculative) considerations of how that might be achieved in the
future.

One avenue of investigation could be a comparison between
the behaviour of individual and stacked Lya SB maps at large
scales. In principle, this should contain essential information
about the faint LAE SB contribution: Stacking at random angles
invariably contains some degree of azimuthal averaging which
smears out the contributions of individual neighboring LAEs,
while individual LAEs have neighbors only in certain directions.
Using the deepest existing data, it might be possible to estimate
the incidence of clear asymmetries or other external disturbances
in individual Ly halos and use this to constrain the frequency
of marginally detectable close neighbours.

Another approach could be to compare the outcomes of dif-
ferent stacking methods, since these differ in terms of the sen-
sitivity to asymmetries in the outskirts: a profile derived from
a median-stack of Lya images should show a different contribu-
tion from faint external LAEs than a profile obtained as the mean
of several azimuthally averaged individual profiles.

What is also relevant is the bandwidth chosen to extract the
LAE pseudo-NB images from the original IFU data, as this influ-
ences the contrast between the “background” contribution of
unrelated and (with respect to the central galaxy) unclustered
LAE:s as well as the enhancement due to physical neighbor LAEs
at similar redshifts. Varying this bandwidth will provide insights
about the relative balance between these two.

Observations seem to show that on average, LAH profiles are
remarkably self-similar over a wide range of Lya luminosities.
However, if at some radius the contribution from external LAEs
prevails, then the self-similarity should break down around that
radius, and profiles obtained at different luminosity levels should
converge towards the same behaviour.

At fixed limiting sensitivity, the contribution of faint LAEs
to the combined LAH profiles should also decrease rapidly with
redshift, simply because of (1 + z)* dimming together with a
(roughly) unevolving luminosity function. While Leclercq et al.
(2017) did not find any significant Lya halo size evolution with
redshift, their sizes clearly refer to the “inner” LAHs and leave
the outer regions still unconstrained. A slightly stronger bound-
ary condition is the similarity of stacked Ly« profiles at z ~ 3.5,
4.5, and 5.5 in Wisotzki et al. (2018), which could suggest that at
least at high redshifts there is indeed a genuinely diffuse compo-
nent also in outer regions of LAHs. On the other hand, the same
phenomenon could arise from a steepening Lya LF, and/or an
increasing clustering strength of LAEs towards higher redshifts,
which would then counteract the cosmological dimming.

We can evaluate whether this scenario is actually realistic.
We note that while in Ouchi et al. (2017), HA21, and HA23
no significant clustering dependence on redshift was found,
Durkalec et al. (2014) and Khostovan et al. (2019) found a clear
increase of clustering strength with cosmic time. To calculate
the increase of clustering strength needed to counteract the SB
dimming (i.e., (1 + 2)™*) in redshift bins of Az = 1, we would
need a factor ~1.25 increase in the large-scale bias factor, from
b=265for3<z<4tob=330ford <z<5andb = 4.15 for
5 < z < 6. These values are in broad agreement with the
clustering growth found in Durkalecetal. (2014) and
Khostovan et al. (2019).

Ultimately, building on these suggested analyses and exper-
iments will require more and better data than currently avail-
able. Large LAE samples such as that from the Hobby-Eberly
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Telescope Dark Energy Experiment (HETDEX; Gebhardt et al.
2021) or future LAE integral field spectrographs such as Blue-
MUSE (Richard et al. 2019) may deliver the data quantity and
quality to discern between genuinely diffuse Lya emission in
the circum- and intergalactic medium, on the one hand, and
“fake diffuse” contributions from faint undetected LAEs, on the
other hand.

5. Conclusions

In this paper, we turn the observed clustering properties of a sam-
ple of 1265 Lya emitting galaxies (LAEs) at 3 < z < 5 from the
MUSE-Wide survey into implications for the spatially extended
Lya emission in the circumgalactic medium (CGM) of LAE:s.
All sources have spectroscopic redshifts and their median Lya
luminosity is log(Lyy,/[ergs™']) ~ 42.27.

We used halo occupation distribution (HOD) modeling to
represent the clustering of our LAE set. Because the extended
Lye emission around LAEs is commonly measured using
(pseudo-)narrow-band (NB) filters centered on the Lya wave-
length, we included redshift-space distortions both at large
(Kaiser infall) and small (Finger of God effect) scales.

We then extrapolated the HOD statistics inwards towards
smaller radii and combined them with assumptions about the
Ly emitter luminosity function (LF). We only considered the
emission from undetected LAEs, which are less luminous than
the ones in our current dataset. Together, these two ingredi-
ents are transformed into a (upper-limit) Lye surface bright-
ness (SB) profile, which belongs to individually undetected
close neighbors that cluster like those in the MUSE-Wide
sample. We derived a maximum SB values of SB 2.5 x
1072 ergs™! cm™ =2, assuming a luminosity of the unde-

=~

arcsec
tected LAEs of log(Lyy./[erg s71) =38.5.

We considered various alternative clustering scenarios for
the undetected sources. We first assumed that these follow the
same clustering properties as the LAEs in the MUSE-Extremely
Deep Field (MXDF; one order of magnitude fainter than those
in MUSE-Wide but still more luminous than undetected LAEs)
and compute the corresponding (upper limit) radial profile (SB =~
2 x 1072V cgs). We then extrapolated the clustering properties of
MUSE-Wide and MXDF LAEs down to log(Liya/[erg s &
37.0, 38.5, 40.0 and used the resulting HOD models to estimate
the actual Lya SB profiles from undetected LAEs. We obtained
a maximum SB of SB ~ 4 x 107! cgs.

We compared our log(Liya/[erg s7']) = 38.5 undetected
Lya SB profile to the LAE stacking experiment performed in
Wisotzki et al. (2018) to address the question of whether unde-
tected LAEs play a pivotal role in the formation of the extended
Lye halos. Assuming a simple Schechter LF with a reason-
able intermediate faint-end slope (—1.94 < a g < —1.84) and
a lower limit for Lye luminosities of the undetected LAEs
(log(Lrya/lerg s7!]) = 38.5), we find that the stellar irradia-
tion from those undetected LAEs can dominate the excess sur-
face brightness at large scales (R > 50pkpc). On the other
hand, the Lya SB profile at small scales (R < 20pkpc) can-
not be explained by undetected sources and may be better
explained by a genuinely diffuse origin. More luminous LAEs
(log(Lpya/lerg s7']) =~ 40) reproduce at best 4%, 40%, and
100% of the extended emission at R 15, 40, 65 pkpc,
respectively.

We also compared our estimated Lya SB profiles with sim-
ulation studies. Although we agree that faint LAEs dominate
the SB of the Lya halos at large scales, the shape of the radial
profiles and the contribution to the total Lya SB profiles differ.
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While the simulated faint LAE SB profiles generally decrease
rapidly with distance, our derived radial profiles have shallow
slopes, likely leading to the flattening at R > 30pkpc seen
in observed Lya SB profiles Overall, most simulated profiles,
together with our estimations, infer a faint LAE contribution of
the same order of magnitude.

Although these faint LAEs are likely the most significant
source of luminosity for the outer parts of observed Lya halos,
beyond the scales probed by most observations of single objects
(R > 50 pkpc), the actual point at which this contribution starts
to become important depends crucially on the shape of the Lya
luminosity function, in particular, its faint end. We also suggest
a few experiments to directly constrain the faint LAE SB contri-
bution from observations.
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Appendix A: Clustering comparison from LAE
subsets of the MUSE-Wide survey
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Fig. A.l. Clustering strength as measured by the K-estimator
(Adelberger et al. 2005) for the LAE dataset considered in HA23 at
3 < z < 6 (blue) and that of the LAE sample at 3 < z < 5 used in
this work (red). The black baseline represents the expected value for
an unclustered sample. The error bars are Poissonian. The red measure-
ments have been shifted along the x-axis for visual purposes.

In this work, we utilized the clustering constraints derived in
HAZ23 for a subset of 1030 MUSE-Wide LAEs at 3 < z < 6
to estimate the contribution of undetected LAEs to the apparent
Lya halos observed at 3 < z < 5. To be consistent with the Lya
halo measurements, we focused on a subsample of 1265 LAEs
at 3 < z < 5 from the MUSE-Wide survey. In the following,
we demonstrate that the LAEs in these two datasets have nearly
identical clustering strengths.

In Fig. A.1, we represent in blue the K-estimator measure-
ments obtained in HA23 for the 3 < z < 6 LAE subsample and
in red the corresponding measurement for the 3 < z < 5 LAE
subset of this work. The clustering strengths are in excellent
agreement. The clustering uncertainties for the former sample
are (on average) 2% larger than for the latter dataset. The best-
fit HOD model and, thus, the large-scale bias factor and typical
DMH masses are indistinguishable.

Appendix B: Clustering enhancement factor
derivation

The surface brightness (SB) at cosmological distances is defined
as

SB =fe(Z)
z

where €(Z) is the comoving volume emissivity as a function of
radial comoving separation, Z, and Dy, Da = Dp /(1 +2)? are the
luminosity and angular size distances at redshift, z, respectively.
The radial comoving separation Z corresponds to the (pseudo-
)NB width employed to stack LAE images in the measurement
of Lya SB profiles. This definition considers the shape and
expansion history of the universe and assumes that objects are
randomly distributed.

[DAG)(1 + 2)]? . eAZ
47Dy (z)? T 4n(l + 2>

(B.1)
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To account for the clustering of galaxies, we include the
excess probability dP of finding a galaxy, i, in a volume element

dV at a separation R = /Rfj + Zizj from another galaxy, j, that

is, the two-point correlation function (£(R); Peebles 1980)

dP=n-[14+£&R)] -dV o« [1 +£&R)] - i—fdz, (B.2)
where n is the mean number density of the galaxy sample and
R;;j is the transverse separation between the galaxy pair. The
two-point correlation function of interest is, in fact, a cross-
correlation function between detected and undetected LAEs.
This is because Lya SB profiles represent SB as function of
distance from the central LAE outwards, not as function of
observed LAE—observed LAE separation. Hence, the SB that
accounts for galaxy clustering is:

SB:fi
Z

4n(1 + 2)?

€
mL[I +E&(R)] - dZ.

We derive the clustering enhancement factor {(R) from the
comparison between Egs. B.1 and B.3 as:

dz
Zdz ~
4

L+ 8RR

(B.3)

dz
(R)=1+ fzf(R) VA (B.4)

Appendix C: Effect of the velocity bandwidth on the
faint LAE contribution to the extended LAHs

To compute the faint LAE SB profiles (colored lines in Fig. 5)
and to modify the stacking analysis of Wisotzki et al. (2018)
(data points in Fig. 5), we adopted a fixed velocity bandwidth
of 600 km s~!. The selected pseudo-NB width influences the
Ly SB values of the stacked radial profile, the background Ly«
SB level due to discrete faint LAEs, and the clustering enhance-
ment factor (Eq. 4). The general trend is that, for broader velocity
widths, the stacked SB profile notably rises in the outer regions
(R > 20 pkpc), the background SB slightly increases, and the
clustering enhancement factor significantly declines (see Fig. 3).
The interplay between these three factors is thus reflected in the
SB ratio of Fig. 7.

In Fig. C.1, we recompute the ratio between the faint LAE
SB profile and the stacked one for a pseudo-NB width of
400 km s~ (left panel) and 800 km s~! (right panel). For broader
bandwidths, the SB ratios decrease because the corresponding
decline of the clustering enhancement factor exceeds the smaller
rises in the stacked radial profile and the background SB level.
While a broadening of the pseudo-NB width from 400 km s~!
to 600 km s~! causes a maximum 40% drop of the SB ratios,
an increase from 600 km s~ to 800 km s~! further decreases
the SB ratios in at most 20%. We note that for a velocity off-
set of 600 km s~! or 800 km s, the stacked Lya SB value at
R = 90 pkpc is an upper limit (see e.g., Fig. 5). For 400 km s,
on the other hand, there is no detection.
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Fig. C.1. SB ratio of the Lya SB profile from undetected LAEs and the modified stacked profile from Wisotzki et al. (2018). Left: Same as Fig. 7
but for a pseudo-NB width of 400 km s~'. Right: Same for a pseudo-NB width of 800 km s'.
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