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ABSTRACT

The extended Ly« haloes (LAHs) have been found to be prevalent around high-redshift star-forming galaxies. However, the origin of
the LAHs is still a subject of debate. The spatially resolved analysis of Lya profiles provides an important diagnostic. We analyse the
average spatial extent and spectral variation of the circumgalactic LAHs by stacking a sample of 155 Lya emitters (LAEs) at redshifts
of 3 < z < 4 in the MUSE Extremely Deep Field. Our analysis reveals that, with respect to the Ly line of the target LAE, the peak of
the Lya line at large distances becomes increasingly more blueshifted up to a projected distance of 60 kpc (=3 virial radius), with a
velocity offset of ~250 km/s. This trend is evident in both the mean and median stacks, suggesting that it is a general property of our
LAE sample, which typically has a Lya luminosity of ~10*"! erg s~!. However, due to the absence of systemic redshift data, it remains
unclear whether the Lya line peak at large projected distances is less redshifted compared to the inner regions or truly blueshifted
with respect to the systemic velocity. We explore various scenarios to explain the large-scale kinematics of the Ly« line.
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1. Introduction

The exchange of mass, momentum, and energy between a
galaxy and the intergalactic medium (IGM) plays a crucial
role in regulating galaxy evolution. The circumgalactic medium
(CGM), which forms the transition region between the galaxy
and the IGM, offers a detailed record of the relevant phys-
ical processes at play (e.g. Tumlinson et al. 2017). Through-
out the epoch of galaxy evolution, the CGM is continuously
enriched and depleted by galactic outflows, inflows, and merg-
ers. Investigating the different components of the CGM and
understanding their connection to the galaxy’s star formation
activity and interstellar medium (ISM) are of critical importance
for understanding galaxy evolution (e.g. Hopkins et al. 2018;
Thompson & Heckman 2024).

The hydrogen Lya line is a powerful tool for tracing the
galaxies at high redshift and mapping their CGM and IGM.
Large samples of star-forming galaxies at z > 2 characterised

* Corresponding author; yucheng.guo@univ-lyonl. fr

by strong Lya emission, known as Lya emitters (LAEs), have
been efficiently identified in deep narrow-band (NB) imag-
ing (e.g. Gronwall et al. 2007; Ouchi et al. 2008; Shibuya et al.
2012; Kikuta et al. 2023) and spectroscopic observations (e.g.
Rauch et al. 2008; Guo et al. 2020a; Richard et al. 2021). The
spatially integrated Lya emission line is almost always red-
shifted relative to the systemic velocity (e.g. Yamada et al. 2012;
Chonis et al. 2013), which is thought to be due to the scat-
tering of Lya photons in a galactic outflow (e.g. Ahn etal.
2003; Erbetal. 2014; Shibuyaetal. 2014). The Lya emis-
sion extended at the circumgalactic scale, known as Ly«
haloes (LAHs), is detected individually (e.g. Rauch et al. 2008;
Wisotzki et al. 2016) and through stacking (e.g. Hayashino et al.
2004; Momose et al. 2014; Wisotzki et al. 2018). The inte-
gral field unit (IFU) facilities, such as the ESO-VLT instru-
ment Multi Unit Spectroscopic Explorer (MUSE, Bacon et al.
2010) and the Keck Cosmic Web Imager (KCWI, Martin et al.
2010; Morrissey et al. 2012) have enhanced the efficiency of
detecting LAHs around galaxies at 2 < z < 6. We now
know that the star-forming galaxies are ubiquitously surrounded
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by LAHs that are observed to be several to tens of times
larger than the stellar continuum, indicating the presence of a
significant amount of neutral hydrogen in the circumgalactic
gas (e.g. Steidel et al. 2011; Ouchi et al. 2020; Kusakabe et al.
2022). Recent deep observations and stacking analyses have
detected extended Lya emission around LAEs out to hun-
dreds of kiloparsecs (kpc), achieving a surface brightness level
of ~107ergs™' cm~2arcsec™? (e.g. Kikuchihara et al. 2022;
Lujan Niemeyer et al. 2022; Guo et al. 2024).

Despite the fact that most studies of LAHs focus on map-
ping the surface brightness of the extended Lya emission, the
spatially resolved spectral variation is still poorly constrained.
Observing the spectral variation of the LAHs is of vital impor-
tance in understanding their physical nature, because it is related
to physical properties of the CGM, such as geometry, gas col-
umn density, covering fraction, kinematics, and dust content
(e.g. Verhamme et al. 2006; Dijkstra 2014; Chang et al. 2023).
IFU observations of LAHs have so far only been performed on a
few gravitationally lensed (Patricio et al. 2016; Claeyssens et al.
2019; Solimano et al. 2022) and unlensed (Erb et al. 2018, 2023;
Leclercq et al. 2020) LAHs, which, restricted by S/N, can only
be used to study the luminous outliers at small impact parame-
ters (10-30kpc). In terms of how the Lya profile varies with dis-
tance, Claeyssens et al. (2019) and Leclercq et al. (2020) found a
trend whereby the peak of the Lye line is shifted to redder wave-
lengths at large distances (=20 kpc) from the central galaxy, and
that there is a strong correlation between this peak velocity shift
and line width, which can be explained by models of Ly« reso-
nant scattering in outflows. However, several other observations
give contradictory results. For example, in a single case study of
an LAE with a particular double-peaked Lya profile, Erb et al.
(2018) found higher blue-to-red peak ratios and narrower separa-
tions of the two peaks at larger radii (<30 kpc). Erb et al. (2023)
extended the study by analysing a sample of 12 double-peaked
LAEs, and found similar trends in peak ratios and separations to
Erb et al. (2018). Models have been used to reproduce the spa-
tially resolved Lya profiles (e.g. Zheng & Miralda-Escudé 2002;
Song et al. 2020). From the simulation point of view, the vari-
ety of the Lya line shapes depends not only on the complicated
radiative transfer effect in the galaxy’s ISM and CGM, but also
on the galaxy’s evolutionary phase and the positional angle look-
ing at the galaxy (Blaizot et al. 2023).

Despite previous spectroscopic observations of bright LAHs,
the characteristic pattern in the spatial variations of the Lya
line profile across the LAH population remains unclear. Eluci-
dating this problem requires a large sample of LAEs in order
to average out the variation between individual LAEs and deep
observations to detect the very low-surface-brightness emission,
which is difficult and expensive for current observing facilities.
We thus have to rely on data stacking. The pioneering MUSE
stacking analysis (Gallego et al. 2021) suggests that the peak of
the Ly emission is bluer at large radii, although with high noise
in the spectra. More representative samples of LAEs are needed
to investigate the faint LAE population. Higher S/N spectra are
also needed to precisely understand the average Ly« line profile
and its velocity shift.

In this work, we aim to obtain a comprehensive understand-
ing of the average spectral variations of LAHsS, particularly for
the collective population of MUSE-detected LAEs, the major-
ity of which have low Lye luminosity and a single redshifted
Lya peak. We make use of the dataset of MUSE eXtremely
Deep Field survey (MXDF, Bacon et al. 2023), which is the
deepest spectroscopic datacube ever obtained. The MXDF is
at least three to ten times deeper than the datasets used in
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Gallego et al. (2021), allowing the identification of a population
of much fainter LAEs and the detection of diffuse Lya emis-
sion at an unprecedentedly low surface-brightness limit. In our
previous work (Guo et al. 2024, hereafter Paper I), we measured
the median Lya surface brightness profiles out to 270 kpc. In
this paper, we focus on the evolution of the Ly« spectral profiles
with distance. We adolpt the standard ACDM cosmology with
Hy = 70km s Mpc™, Qn = 0.3, and Q, = 0.7. All distances
are proper, unless noted otherwise.

2. Data description and analysis

The MXDF (Bacon et al. 2023) has a field of view of 1’ in
diameter, with the longest exposure time being approximately
140 hours, and the shortest exposure time being several hours,
reaching an unresolved emission line median 1o surface bright-
ness limit of <107 erg s™' cm™2 arcsec™2. The very deep expo-
sure of the MXDF enables studies of extremely low-surface-
brightness emission, such as the detection of a cosmic web
in Lya emission on scales of several comoving megaparsecs
(cMpc) shown in Bacon et al. (2021). The survey design, sky
coverage, and data reduction of the MXDF are described in
Bacon et al. (2023). These authors also provide redshifts, multi-
band photometry, morphological and spectral properties, and
measurements of the stellar mass and star formation rate of all
the galaxies discovered by the deep MUSE observations in the
Hubble ultradeep field (HUDF).

A total of 420 LAEs have been detected in the MXDF at
3 < z < 6.5. In this study, we focus on LAEs in the redshift
range of 3 < z < 4, where the cosmological surface brightness
dimming is relatively weak, the IGM absorption is low, the effi-
ciency of MUSE is high, and there is no strong atmospheric OH
emission. There are 155 LAEs in this redshift range. The distri-
bution of redshift, Lya luminosity, Lya line rest-frame FWHM,
and S/N of Lya line of the LAE sample can be found in Fig. 1 of
Paper 1. The median redshift is 3.41. The median Ly« luminosity
(Liya) of these LAEs is approximately 10*!! ergs™", with a 90th
percentile of 1043 ergs™! and a 10th percentile of 1006 erg s~
The median stellar mass (M,) is approximately 107® M. These
characteristics make our sample representative of the fainter and
lower mass populations of LAEs compared to previous studies
(e.g. Leclercq et al. 2020; Gallego et al. 2021; Erb et al. 2023).
More details of this LAE sample are presented in Bacon et al.
(2023) and Paper I. In Paper I, we estimate the typical virial
radius (r;,) of this LAE sample based on the r,;,, — UV magni-
tude relation predicted by the semi-analytic model of Garel et al.
(2015). The typical virial radius r,;, of the sample is approx-
imately 20kpc. The median M, of the LAE sample also cor-
responds to a similar estimation of r,;, ~ 23 kpc based on the
stellar-to-halo mass relation given in Girelli et al. (2020). In the
wavelength range corresponding to 3 < z < 4, the spectral reso-
lution of MUSE is approximately 150 km/s.

We produce a 21" x 21”7 MUSE mini-datacube centred on
each LAE. We mask all areas with an exposure time of less than
110 hours to achieve a high S/N. We remove the continuum by
performing spectral median filtering using a wide spectral win-
dow of 200 A. This approach provides a fast and efficient way to
remove continuum sources in the search for extended line emis-
sion, as presented in previous studies (e.g. Wisotzki et al. 2016;
Guo et al. 2020b; Borisova et al. 2016). We note that the major
conclusions of this paper do not change if we change the spectral
window of median filtering from 100 A to 300 A. We also mask
all the emission and absorption lines from neighbouring objects
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Fig. 1. Surface brightness maps of the median-stacked Lya emission. Each panel shows the Ly« pseudo-NB in a velocity interval of 200 km/s. The
zero velocity corresponds to the peak of the Lya line. The NBs have been smoothed using a Gaussian kernel of width of 2.3”. The grey contours
correspond to Lye significance levels of 2, 4, and 60" (dotted, dashed, and solid, respectively).

based on the line catalogue and segmentation maps provided by
Bacon et al. (2023).

To study the average spatially resolved spectra of the LAHs,
we adopt a full 3D stacking procedure. We shift individual mini-
datacubes and rebin them to a common (rest-frame) wavelength
frame based on the peak wavelength of the Lya line. For LAEs
with double-peaked Lya lines, we use the wavelength of the
red peak. We produce stacked datacubes using both mean and
median stacking.

3. Results
3.1. The large-scale kinematics of Lya line

In Figure 1 we present the Lya pseudo-NBs in a series of
velocity bins of 200 kmy/s, with the full velocity coverage from
—700km/s to 700km/s. These Lye maps are extracted from
the median-stacked datacube. The width of the pseudo-NBs
(200 km/s) corresponds to approximately 0.8 A at rest frame, and
about 2—4 wavelength layers in the original MUSE datacubes.
The middle velocity bin is centred on the Ly line peak of the
central galaxy. To improve the visualization of large-scale fea-
tures, we spatially smoothed the NBs with a Gaussian filter with
a FWHM of 2.3”.

In Figure 1 we clearly see that the Lya emission extends to
several tens of kpc. The most extended Lya emission does not
reside at the peak of the Ly« line, but in the velocity range of
[-300 km/s, —100 km/s], suggesting that the extended Ly« emis-
sion at large radii becomes bluer relative to the peak of the cen-
tral Ly« line.

To confirm this blueshift trend of the extended Lye emis-
sion (with respect to the Ly« red peak of the central galaxy), we
measured the azimuthally averaged profiles of the Ly« line. The
stacked spectra are shown in Figure 2. Different rows show dif-
ferent radial distances. In both mean (left) and median (right),
the Lya line shifts from approximately 0kmy/s in the centre to
approximately —250 km/s at ~60kpc. We note that the typical
virial radius of the LAE sample is about 20 kpc, and so we are
observing the large-scale Ly« kinematics out to approximately
3r vir-

This blueshift trend of the Lya line (with respect to the
Lya peak of the central galaxy) naturally produces different
behaviours of the Ly« surface brightness profiles on the red and
blue sides of the Lya line peak. As is presented in Figure A.1,
at large distances (tens of kpc), the bulk of the Lya emission is
bluer than the Ly peak of the central galaxy, producing a flat-
tening trend in the Ly surface brightness profile. This flatten-
ing trend would be easily erased if the width of the pseudo-NB
were too small. In Paper I, we measured the Ly« surface bright-
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Fig. 2. Ly« line profiles at different distances from the central galaxy.
The spectra in the left and right columns are derived from the mean-
and median-stacked datacubes. Different rows show different radial bins
ranging from 1" (7 kpc) to 8” (59 kpc). The vertical dashed lines denote
the peak of the central Ly« line. The horizontal grey shaded regions
show the 1o error range.

ness profile using reasonably wide pseudo NBs (with a width
of 920 kmy/s at z = 3), thus including most of the extended Lya
emission.

3.2. Error estimation

In Figure 2, we derive the noise of the spectra using the velocity
range of +£1000—1500 kmy/s. In the largest radial bin (29-59 kpc),
the peak S/N of the Lya line is 3.2, and the accumulated S/N is
~7.2. For the spectrum in each radial bin, we reproduced 200
mock spectra based on the noise distribution. We used these
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Fig. 3. As Figure 2, except that here all the mini-datacubes are realigned
by the estimated z,, instead of z;,,.

mock spectra to estimate the error of the Lya peak velocity. The
values are shown in each panel of Figure 2.

When we discuss the velocity shift, we must take into
account the spectral resolution of MUSE, which is approxi-
mately 150 km/s in the wavelength range corresponding to 3 <
z < 4, which is smaller than the measured Lya line shift. While
the low spectral resolution may limit the measurement accu-
racy of the peak velocity, it cannot produce the smooth trend
of Lya peak shift we see from 0 kpc to 60 kpc. To further elim-
inate its influence, in Appendix B we perform the stacking for
LAEs at 4 < z < 5 following the same procedures as in
Section 2. In this wavelength range, the spectral resolution of
MUSE is slightly higher (approximately 110 km/s; see Fig. 15 of
Bacon et al. 2017). We see very similar trends as in Figure B.1,
but with lower S/N.

Another source of uncertainty comes from the measurement
of the Lya peak wavelength of the central galaxy. Bacon et al.
(2023) provides the measurement errors for the Ly« peak wave-
length. The median value of this error over the LAE sample is
approximately 165.1km/s. When considering the average over
155 LAE:s, the stacked error should be approximately 14 km/s,
which is evidently smaller than the velocity shift observed for
the largest radial bin.

We also ensured that the stacking is not dominated by a
few outliers, performing the following analysis. We randomly
removed 15% of objects in the sample, and repeated the data
stacking procedure. This process was iterated 100 times, and for
each stack, we measured the Lya peak velocity at 29-59 kpc.
The resulting median velocity and its standard error are approx-
imately —259 km/s and 18 km/s, respectively.

In summary, we detect a ~#250km/s blueshift of the Ly«
line (compared to the Ly« red peak of the central galaxy) from
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the galaxy out to 60kpc (3 r;). This blueshift trend is clearly
observed in both mean and median stacks, and is not dominated
by a few outliers. Hence, it is a common phenomenon for the
population of LAEs.

3.3. Where is the systemic velocity?

In our previous analysis, we used the Lya peak redshift (z7,q)
of the target LAE as a reference for spectral realignment and
data stacking. Due to the resonant nature of Lya photons,
the Lya line usually deviates from the systemic redshift (zs;
e.g. McLinden et al. 2011; Erb et al. 2014; Shibuya et al. 2014,
Muzahid et al. 2020). It is crucial to understand how the Lya
line profile evolves radially with respect to the systemic veloc-
ity. However, in our sample, we lack direct measurements of z,.

We used the estimated z,,, provided by Bacon et al. (2023).
This estimate is based on the empirical relation established by
Verhamme et al. (2018), which uses the Lya peak separation (if
two peaks of the Lya line are detected) or the FWHM of the
Lye line (if only one peak is detected) to estimate the veloc-
ity offset between z;,, and zy,,. We then realigned the mini-
datacubes to the systemic velocity, and repeated the mean and
median data stacking. The Ly spectra in different radial bins
are shown in Figure 3. In the inner ~10kpc, Lya is redshifted
by about 170 km/s relative to zy,,. With increasing distance, the
Lye line shifts to shorter wavelengths. For the final radial bin
(29-59 kpc), the peak of the Ly« line is slightly bluer than z,,
with a value of ~~70km/s. This trend can be seen in both the
mean and median stacks.

The scatter of the z,, estimate of Verhamme et al. (2018) is
about 72 km/s. For a stack of 155 LAE:s, the final error attributed
to the zy,, estimate should be only a few km/s. However, due to
the noise level and the resolution of the spectra, the Lya peak
velocity in the final radial bin has a large uncertainty. We can-
not confirm whether or not the Ly peak at large distances (29—
59 kpc) is more blueshifted than the systemic velocity.

4. Discussion
4.1. Average spectral morphology of the LAHs

Characterising the spatially resolved spectroscopic features of
the LAHs is important for understanding the physical nature of
these systems. Due to the faintness of the emission, previous
work has mainly focused on a few bright or unique systems (e.g.
Claeyssens et al. 2019; Leclercq et al. 2020; Erb et al. 2018,
2023). These latter authors found that the spectral morphology of
the extended Lya emission varies significantly between different
LAHs, and even between different regions of an extended halo.
However, a statistically robust general trend across the LAH pop-
ulation is still largely unknown.

In this study, we stacked a sample of LAEs at 3 < z < 4
observed by MUSE to study the typical spatial and spectral prop-
erties of the LAHs. We detect extended Lya emission out to
the largest radius of ~60 kpc (approximately 3 r,;), and find an
increasing blueshift trend of the Ly« line with respect to the cen-
tral Ly peak (Figures 2 and 3).

In Figure 4, we plot the Lya peak velocity (with respect to the
central Lya peak) as a function of radial distance. The open cir-
cles and squares with error bars represent the mean and median
stacks in Figure 2. The small symbols connected by dotted lines
show the same trend, but with smaller radial bins. Although such
a gradual trend of the Lye line shifting blueward with increasing
radius is robust, we cannot confirm whether the Lya line at the
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Fig. 4. Radial evolution of the Lya peak velocity with respect to the
Lya line of the central LAE. The open circles and squares show the Ly«
peak velocity shift in the mean and median stacks (Figure 2). The small
symbols connected by dotted lines show the same results extracted with
smaller radial bins. The grey horizontal shadow shows the median sys-
temic redshift of the central LAE, as is shown in Figure 3, based on the
empirical relations established by Verhamme et al. (2018). The orange
and maroon vertical shadows show the maximum radii of the LAHs
from previous MUSE (Leclercq et al. 2020; Claeyssens et al. 2019) and
KCWTI (Erb et al. 2018, 2023) analysis.

largest radius (29-59 kpc) is truly bluer than the z,; because of
the noise and the spectral resolution in the spectra, as discussed
in Section 3.3.

In Figure 4, we also plot the maximum detection radii
of the LAHs from the literature (Erbetal. 2018, 2023;
Claeyssens et al. 2019; Leclercq et al. 2020). Before comparing
our results with the literature, we note that we detect Lya line
profiles at much larger scales, not only in physical distance,
but also with respect to the r,, of the system. The LAEs in
these latter studies have much larger r,;, than our LAE sam-
ple, because they are based on more luminous or more massive
systems. For example, the LAE sample of Leclercq et al. (2020)
has a median UV magnitude of approximately —19.2 mag, which,
based on the r,;,—UV magnitude relation given in Leclercq et al.
(2017) and Garel et al. (2015), corresponds to r,, ~ S50kpc.
The LAE sample of Erb et al. (2018, 2023) has a median stel-
lar mass of 10>!'3 M, corresponding to r,;, ~ 70kpc based on
the stellar-to-halo mass relation given in Girelli et al. (2020).
Although this estimate of r,; is subject to large uncertainties,
it does provide an indication of the different physical scales we
are discussing: The maximum detection radii of the LAHs in
Leclercq et al. (2020) and Erb et al. (2023) are approximately
19kpc and 27 kpc, respectively, which means that they observe
the Ly« lines within 50% of the r,;,, namely the inner CGM.
Our stack, however, reaches a much larger scale with respect
to the typical virial radius of the system (60 kpc, or approxi-
mately 3 r,,), and thus we are analysing the physical processes
that occur far beyond the inner CGM.

This large-scale velocity shift of the Lya line shown in
Figure 4 does not agree well with several previous analyses of
individual LAHs, such as those of Claeyssens et al. (2019) and
Leclercq et al. (2020). These authors find a trend that the Lya
line in the halo is redder compared to the Ly« line in the cen-
tre, although the trend has a large scatter. Limited by the S/N,
the maximum radii of the LAHs in Claeyssens et al. (2019) and
Leclercq et al. (2020) are about 9-19 kpc. As shown in Figure 4,
the average Lya peak shift within this radius is not obvious. This

weak signal is difficult to distinguish because of the poor S/N
and the intrinsic variation of the small sample.

The KCWI observations of Erb et al. (2018, 2023) on 13
double-peaked LAEs at z ~ 2.3 reveal a similar trend to our
work, in that the Lya line becomes more blue-dominated with
increasing radius, up to a maximum distance of ~18-26 kpc. An
advantage of Erb et al. (2018, 2023) is that they have a secure
measurement of z,,, from rest-frame optical emission lines, and
so they find that the blue component (with respect to the sys-
temic velocity) becomes more prominent at larger radii. The
LAEs in Erb et al. (2018, 2023) are specifically selected to have
low metallicity and high ionisation by extreme nebular emission
line ratios, or to have very strong Lya emission. It is therefore
unclear whether we can generalise their conclusions to the LAE
population. There are clear differences between our LAE sam-
ple and the LAEs in Erb et al. (2018, 2023). Their LAEs have
a 2 dex higher median Ly, and a 1.5 dex higher median stellar
mass than our sample. These differences in turn imply that at
they are probing the inner CGM (0.5 r,;), while we are prob-
ing the very extended CGM out to approximately 3 r,;. This is
likely the main origin of the difference between our results.

All the LAEs in Erb et al. (2018, 2023) have double peaked
Ly lines. Within the distance range of 11-26 kpc, the LAHSs in
Erb et al. (2018, 2023) always have two individual Lya peaks on
either side of the systemic velocity, while the relative strength of
the two peaks changes with distance. Similarly, at the distance
of <0.5 ry;, our stack finds a broad Lya component bluer than
the systemic velocity (top two rows of Figure 3), which results
from the stacking of many blue Ly« lines at different velocities.
However, at distances of greater than 14 kpc, we observe only
a single Lye peak. This single peak cannot solely be attributed
to the lower spectral resolution of MUSE: The peak separation
of Erb et al. (2018, 2023) at their largest radial bin ranges from
approximately 300—-800 kmy/s. If the MXDF LAEs have a similar
peak separation to Erb et al. (2018, 2023), the two peaks could
be resolved by MUSE.

The IGM absorption could remove the flux bluer than the
systemic velocity, leading to underestimation of the Lya blue
peak flux. This systematic suppression of the Lya blue peak
with increasing redshift has been well analysed in previous work
(e.g. Hayes et al. 2021). At the median redshift of z ~ 3.4 of
our LAE sample, the typical IGM transmission of Lya is ~60%
(Laursen et al. 2011; Inoue et al. 2014). The poorly constrained
Zsys complicates our analysis: At large distances (29-59 kpc in
Figure 3), if the Ly line were still redder than the systemic
velocity, the Lya flux would not be strongly affected by the IGM
transfer. However, if the opposite were true, the part of the Lya
flux that is bluer than the systemic velocity would be suppressed
by IGM absorption by an average factor of 0.6.

4.2. Physical nature of the LAHs

Several physical mechanisms have been proposed to explain
the production and propagation of Lya photons in LAHs.
Their relative importance may vary with radial distance (e.g.
Mitchell et al. 2021; Byrohl et al. 2021). Here we explore sev-
eral speculative considerations regarding the underlying physics
responsible for the observed spectral shift of the Lya line out to
a distance of 60kpc (approximately 3 r,;,). Notably, a success-
ful physical model should also account for the observed Lya
surface brightness profile, which shows a power-law decrease
within 20 kpc and a tentative flat trend at 30—50 kpc (paper I).
The strongest peak of the Lya line in most LAEs is
observed to be redshifted relative to the systemic velocity

A66, page 5 of 9



Guo, Y., et al.: A&A, 691, A66 (2024)

(e.g. Yamada et al. 2012; Erb et al. 2014), which is commonly
attributed to the complicated radiative transfer in outflows (e.g.
Verhamme et al. 2006; Dijkstra & Kramer 2012; Blaizot et al.
2023). Models of Lya photons scattering from a central source
into an outflowing medium have successfully reproduced a large
number of spatially integrated Lya spectra (e.g. Hashimoto et al.
2015; Gronke 2017; Chang et al. 2023). Several previous works
have attempted to explain the spatially resolved features of
LAHs (e.g. Zheng & Miralda-Escudé 2002; Song et al. 2020).
To account for the observed large-scale blueshift trend of the
Lya line with respect to the central LAE, one possibility is a
gradually decelerating outflow, which is expected because of
the increasing importance of gravitational deceleration towards
larger radii. The decelerating outflow is expected to produce a
Lye line with a less-redshifted velocity offset with respect to the
systemic velocity (e.g. Song et al. 2020; Garel et al., in prep.),
but is unlikely to be able to produce a Lya line bluer than sys-
temic velocity. Radiative transfer modelling of Erb et al. (2023)
finds a gradual deceleration or constant-velocity phase of the
outflow at large radii, which can recover the increase in Lya
blue peak flux with distance. The LAEs of Erb et al. (2023) are
double-peaked; most of their Lya blue peaks at large radii are
fainter than the red ones.

The simulations of Blaizot et al. (2023) suggest an alter-
native scenario where the strongest resonant scattering effects
(broadening and redshifting of the line) occur in the inner CGM,
where gas densities are high. Instead, the more extended CGM
(between 0.2 and 3 r,;,) is often dominated in volume by a hot
and highly ionised outflow, which acts as a screen that intercepts
blue Lya photons from the galaxy and re-emits them approxi-
mately isotropically. This process is expected to produce a pro-
file that increasingly moves blueward towards larger distances
with respect to the central Ly« line.

Another scenario considers the role of inflows. Chung et al.
(2019) simulate an LAH around a galaxy with a stellar mass
of 101> My (r,;, = 95kpc based on Girelli et al. 2020) and
suggest that galactic outflows primarily affect the Lya prop-
erties within ~50kpc, while cold accretion flows dominate at
larger radii. Based on the observation of an enormous Ly« blob,
Li et al. (2022) provide a model in which the Lya photons are
produced by star formation in the galaxy and propagate outwards
within multi-phase clumpy outflows. Near the blob outskirts,
infalling cool gas shapes the observed blue-dominated Ly« line,
albeit with a very small contribution to the total Lya luminosity.
This combination of outflows and inflows is also inferred from
the H I absorption by Chen et al. (2020). These latter authors
observe an asymmetry in the Lya absorption line and explain
it as infilling by blueshifted Lya emission relative to z,,. They
also claim a transition between outflow-dominated (r < 50kpc)
and accretion-dominated flows (r > 100kpc) for galaxies with
z ~ 22 and M, = 10'°M, by comparing their observations
with models. If we assume that the Lya line at large distances
(Figure 3) is indeed blueshifted with respect to the systemic
velocity, then a scenario of large-scale gas inflows becomes rea-
sonable, in which a non-negligible fraction of Lya photons is
propagated in gas inflows, and the gradual transition of the Ly«
line from redshift to blueshift out to tens of kpc indicates a tran-
sition in the dominance of gas outflows to inflows.

From the perspective of the Lya flux budget, scattering
models in which all Lya photons are scattered from a central
source inherently predict a monotonically decreasing Lya sur-
face brightness profile, while our observations (Appendix A and
Paper 1) find a flattening trend at large distances. Paper I sug-
gests that this trend requires additional sources of Lya photons
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instead of scattering from the central galaxy; for example, in situ
production of Lya photons at large distances. The power source
could be cooling radiation that converts gravitational energy into
kinetic and thermal energy through collision (e.g. Haiman et al.
2000; Dijkstra et al. 2006; Rosdahl & Blaizot 2012). Fluores-
cence from the nearby galaxies or from the UV background can
also produce Lya photons at large radii (e.g. Gould & Weinberg
1996; Cantalupo et al. 2005; Mas-Ribas & Dijkstra 2016). If the
in situ-produced Ly« photons are emitted from a static medium
and escape directly without scattering, the Lye line should be at
exactly the systemic velocity. However, if the bulk of the locally
produced Lya photons are scattered in the CGM, the kinemat-
ics of the CGM gas would strongly influence the Lya line pro-
files, with the gas inflows and outflows producing blue- and red-
skewed Lya profiles with respect to the systemic velocity.

Neighbouring galaxies could also contribute to the observed
properties of LAHs, whether they are unresolved satel-
lite galaxies (e.g. Momose et al. 2016; Mas-Ribas et al. 2017;
Mitchell et al. 2021) or more massive nearby systems (e.g.
Byrohl et al. 2021). Considering that the Lya emission from the
neighbouring galaxies is also regulated by similar mechanism(s)
to the target galaxy, the Lya emission escaping from these galax-
ies should also be redshifted on average relative to the systemic
velocity. Assuming either radial infalling or virialised motions
of the satellite galaxies, it is difficult to find a physical model
that would systematically produce a radial blueshift (or less-
redshift) trend in the stack. However, under the assumption that
the unresolved satellites have lower star-formation rates and pos-
sibly drive weaker winds, we could expect smaller Lya velocity
offsets from satellite galaxies (Muzahid et al. 2020).

Overall, our observed Ly« peak shift appears to be a generic
property of LAHs according to the MXDF data. A possible sce-
nario would be that the Ly line emerging at small projected
radii results from the propagation of centrally emitted photons
in outflowing gas, whereas the signal at the outskirts is more
likely due to radiative transfer effects in infalling gas or decel-
erating outflows. Distinguishing between the two kinematic pat-
terns requires a more robust measurement of zy,,, which is not
available at the time of this work. The Lya photons in the out-
skirts are likely to be produced in situ by collision, fluorescent
emission, or satellites. To investigate the physical nature of the
LAHs, a better understanding of both the flux budget and the
kinematic behaviour of the LAHs is required.

5. Summary

The main focus of this paper is to report a large-scale blueshift
of diffuse Lya emission (with respect to the Ly line of the
central LAE). This paper is based on a statistical analysis of
a representative galaxy sample with a typical Lya luminosity
of 10! ergs™'. Our results represent a common phenomenon
across the LAE population down to its faint end. Thanks to the
extremely deep MXDF survey and data stacking, we are able to
detect the Lya line profile out to 60 kpc (approximately 3 r,;,),
which is much further than any previous analyses based on a
few bright LAEs (e.g. Leclercq et al. 2020; Erb et al. 2023). Our
main results can be summarised as follows:

From the galaxy out to ~60kpc, we detect a ~250km/s
blueshift of the Lya emission line with respect to the Lya peak
of the target LAE. However, we cannot determine the relative
velocity offset between the Lya line at the large distance and
the systemic velocity, and so we are unable to tell whether it
is bluer or redder than z,,,. We demonstrate that the stacking
of the LAE sample is not dominated by outliers. The blueshift
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trend with respect to the central Ly red peak is thus ubiquitous
among LAEs at 3 < z < 4 with a median Lya luminosity of
Liye = 10%-1 erg s7L.

We discuss the mechanisms that might explain the blueshift
of the Lya emission. Our observations favour a scenario in which
the inner part of the LAH is dominated by resonant-scattered
Ly photons from the outflowing gas, while at large distances the
outflows become gradually decelerated or inflows start to emerge
out to ~60 kpc. However, at large distances, we cannot rule out
the contribution from other scenarios, such as fluorescent emis-
sion or satellites.

This work is clearly limited by the absence of z,,,. The key
to tackling this problem is to obtain the rest-frame optical spec-
tra. Spatially and spectrally resolved analytical models and sim-
ulations would also allow a more informed interpretation of the
observational data.
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Appendix A: The Lya surface brightness profile

In Figure A.1, we present the Ly« surface brightness profile mea-
sured from the median-stacked datacube. We use a pseudo-NB
of [-600, 600] km/s with the centroid at the central Ly« line peak.
In the left panel of Figure A.1, we also compare this work with
the previous analysis and the PSF of MUSE. The Lya surface
brightness profile agrees well with Paper I, which is based on the
same data sample but adopt a different stacking strategy: Paper |
stack the Ly« surface brightness profiles of individual galaxies
extracted from pseudo-NB images, while this work stacks the
datacube directly. The Ly« surface brightness profile has similar
shape to that of Wisotzki et al. (2018) but with different scaling.
Wisotzki et al. (2018) is based on a brighter LAE sample. The
interpretation of the shape of the Ly« surface brightness profile
is beyond the scope of this paper. We refer the readers to Paper I
and Wisotzki et al. (2018) for a detailed analysis and comparison
with other literature results.

In the right panel of Figure A.1, we present the Lya surface
brightness profiles from the bluer and redder wavelengths rela-
tive to the central Lya line peak. The profiles are extracted by
pseudo-NB with width of 600 km/s, and multiplied by a fac-
tor of 2 for better visualization. The blueshift of Ly line with
respect to the central Ly« line peak naturally produce different
behaviour of Lya surface brightness profiles: the blue surface
brightness profile dominates the large distances, and produces a
flattening trend.

Appendix B: The spectral morphology of the LAHs
at4<z<5$S

In Figure B.1, we present the stack of 128 MXDF LAEs at 4 <
7 < 5. The stack shows a similar large-scale pattern as in 3 < z <
4 (Figure 2), but with a lower S/N.
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Fig. A.1. The Ly« surface brightness profile. Left: The black symbols show the Ly« surface brightness profile extracted within a pseudo-NB of
[-600, 600] km/s, with the centroid of the pseudo-NB at the Lya peak of the target LAE. The grey shadow indicates the error range. The open
squares show the Ly« surface brightness profile in Paper I. The dashed line shows the Ly surface brightness profile in Wisotzki et al. (2018). The
grey dashed line shows the PSF profile. Right: The black curve corresponds to the black symbols in the left panel. The red and blue dots with error
ranges present the Ly surface brightness profile extracted by pseudo-NB [0, 600] km/s and [-600, 0] km/s, respectively. These two profiles are
multiplied by a factor of 2 for better visualisation.
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Fig. B.1. Same as Figure 2, but for LAEs at4 <z < 5.
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