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ABSTRACT

We report the detection of extended Ly haloes around 145 individual star-forming galaxies at redshifts 3 < z < 6 in the Hubble
Ultra Deep Field observed with the Multi-Unit Spectroscopic Explorer (MUSE) at ESO-VLT. Our sample consists of continuum-faint
(=15 > Myy > -22) Ly« emitters (LAEs). Using a 2D, two-component (continuum-like and halo) decomposition of Lya emission
assuming circular exponential distributions, we measure scale lengths and luminosities of Ly« haloes. We find that 80% of our objects
having reliable Lya halo measurements show Lya emission that is significantly more extended than the UV continuum detected by
HST (by a factor ~4 to >20). The median exponential scale length of the Ly haloes in our sample is =4.5 kpc with a few haloes
exceeding 10 kpc. By comparing the maximal detected extent of the Lya emission with the predicted dark matter halo virial radii of
simulated galaxies, we show that the detected Lya emission of our selected sample of Ly emitters probes a significant portion of
the cold circum-galactic medium of these galaxies (>50% in average). This result therefore shows that there must be significant HI
reservoirs in the circum-galactic medium and reinforces the idea that Ly haloes are ubiquitous around high-redshift Lya emitting
galaxies. Our characterization of the Ly« haloes indicates that the majority of the Ly flux comes from the halo (265%) and that their
scale lengths seem to be linked to the UV properties of the galaxies (sizes and magnitudes). We do not observe a significant Ly« halo
size evolution with redshift, although our sample for z > 5 is very small. We also explore the diversity of the Ly« line profiles in our
sample and we find that the Lya lines cover a large range of full width at half maximum (FWHM) from 118 to 512 kms~!. While the
FWHM does not seem to be correlated to the Ly« scale length, most compact Ly haloes and those that are not detected with high
significance tend to have narrower Ly« profiles (<350 km s™"). Finally, we investigate the origin of the extended Ly emission but we
conclude that our data do not allow us to disentangle the possible processes, i.e. scattering from star-forming regions, fluorescence,

cooling radiation from cold gas accretion, and emission from satellite galaxies.

Key words. galaxies: high-redshift — galaxies: formation — galaxies: evolution — cosmology: observations

1. Introduction

Observing the circum-galactic medium (CGM) represents an
important challenge for understanding how galaxies form and
evolve. Galaxy evolution is driven primarily by the flows of
gas that surround galaxies. Moreover, the CGM contains a large
amount of the baryonic matter in galaxies and as such ob-
servations of this gas provide crucial information. A powerful
tracer of this gas is Lyman alpha (Lya) emission, which al-
lows circum-galactic gas to be observed around high-redshift

* MUSE Ultra Deep Field Ly« haloes catalog (Table B.1) is also
available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/608/A8

Article published by EDP Sciences

galaxies as a Lya halo. A number of physical mechanisms can
contribute to spatially extended Lya emission, including fluo-
rescence, cooling radiation, or the scattering of Lya photons
produced in star-forming HII regions (Gould & Weinberg 1996;
Katz et al. 1996; Haiman et al. 2000; Haiman & Rees 2001;
Cantalupo et al. 2005; Dijkstraetal. 2006; Kollmeier et al.
2010; Barnes & Haehnelt 2010; Lake et al. 2015).

Such extended Lya emission has been detected around
nearby galaxies (e.g. Kunth et al. 2003; Hayes et al. 2005; Hayes
2015). By selecting 14 nearby galaxies that cover the same range
of far-UV luminosities as high-z galaxies, the Lya Reference
Sample (LARS; Ostlin et al. 2014) collaboration constructed a
sample that is comparable to high-z samples. Most of their galax-
ies show Ly« emission that is more extended than both the stellar
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UV continuum and the Ha emission showing the rich gas con-
tent of the CGM (Hayes et al. 2013, 2014; Herenz et al. 2016).

At high redshift, the mapping of the extended Lya haloes
around galaxies (non-AGN) is however a lot more difficult be-
cause of sensitivity and resolution limitations. Detections of ex-
tended Lyman alpha emission at high redshift have been ob-
tained in the past. While some large Lya blobs have been
observed (e.g. Steidel et al. 2000; Matsuda et al. 2004, 2011),
most of these studies were forced to employ stacking analyses
because of sensitivity limitations. The first tentative detections
of Lya haloes around normal star-forming galaxies emitting
Lya emission using narrowband (NB) imaging methods were
reported by Mgller & Warren (1998) and Fynbo et al. (2001).
Later, Hayashino et al. (2004) observed 22 Lyman break galax-
ies (LBG) and detected extended Lya emission by stacking the
NB images. These authors were followed six years later by
Ono et al. (2010) who detected Lya haloes in their composite
NB images of 401 Lya emitters (LAEs) at z = 5.7 and 207 at
z = 6.6. Matsuda et al. (2012) and Momose et al. (2014) sig-
nificantly increased the size of LAEs samples used by stacking
~2000 and =4500 LAEs at redshift z ~ 3 and 2.2 < 7z < 6.6,
respectively. Momose et al. (2014) found typical Lya halo expo-
nential scale lengths of 5-10 physical kpc. Matsuda et al. (2012)
found that Ly« halo sizes are dependent on environmental den-
sity; these halo sizes extend from 9 to up to 30 physical kpc to-
wards overdense regions. More recently, Xue et al. (2017) stud-
ied #1500 galaxies in two overdense regions at z ~ 3 and 4.
Using stacking methods these authors reported Lya halo expo-
nential scale lengths of 5—6 physical kpc and found that Ly« halo
sizes correlate with the UV continuum and Ly« luminosities, but
not with overdensity. Steidel et al. (2011) stacked 92 brighter
(Rap = 24.5) and more massive LBGs at z = 2.3-3, finding
large Ly« extents of ~80 physical kpc beyond the mean UV con-
tinuum size at a surface brightness level of ~107!% ergs™' cm™2
arcsec™2. Put together, all these studies showed that Lyman al-
pha emission is on average more spatially extended than the UV
stellar continuum emission from galaxy counterparts.

Meanwhile, other studies have found conflicting results.
Feldmeier et al. (2013) argued that the observed extended emis-
sion is artificially created by an underestimation of the stacking
procedure systematics. After carrying out an error budget analy-
sis, they did not find evidence for significant extended Ly« emis-
sion. Bond et al. (2010) also reported compact Lya emission in
their stack of eight star-forming galaxies at z = 3.

Over a similar period and using a different approach,
Rauch et al. (2008) performed an ultra-deep (92h) long-slit ob-
servation and identified 27 faint LAEs (few x10~'3 erg s™! cm™2)
at redshift 2.67 < z < 3.75. This observation enabled the individ-
ual detections of extended Lya emission along the slit for most
of their objects although with large uncertainties owing to slit
losses and the high errors on the continuum size measurements.
Some other detections of extended Ly« emission around high-
redshift star-forming galaxies were obtained using the magnifi-
cation power of gravitational lensing (e.g. Swinbank et al. 2007;
Patricio et al. 2016).

Recently, a significant step forward has been taken thanks to
the substantial increase in sensitivity provided by the Multi-Unit
Spectroscopic Explorer (MUSE) at the ESO-VLT (Bacon et al.
2010). Wisotzki et al. (2016; hereafter W16) reported the detec-
tion of 21 Ly« haloes around relatively continuum-faint (mag >
27) star-forming galaxies at redshift 3 < z < 6 within the
Hubble Deep Field South (HDFS) observed with MUSE. Their
data reach an unprecedented limiting surface brightness (SB)
of ~107"%erg s7! cm™2 arcsec™ (10) enabling the study of the
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CGM on a galaxy-by-galaxy basis. The Lya haloes from the
W16 study have exponential scale lengths ranging from ~1 kpc
to ~7 kpc and appear to be on average 10 times larger than their
corresponding UV galaxy sizes. These new observational data
also enable the direct comparison of the Lya halo properties with
the stellar properties of the host galaxies and the investigation of
the origin of the Lya haloes. This pioneering study was however
limited to a small sample and therefore the results need to be
confirmed with better statistics.

Here, we extend the W16 LAE sample by one order of mag-
nitude using the Hubble Ultra Deep Field (UDF) data obtained
with MUSE (Bacon et al. 2015). The significant effort on the
data reduction of this data set improves the limiting SB sen-
sitivity by one order of magnitude over previous narrowband
studies. First, we follow a similar approach as W16 to quantita-
tively characterize the spatial extent of the Lya emission around
high-redshift galaxies in the UDF (-15 > Myy > -22). We
then analyse the sizes and Lye luminosities of our Ly haloes
as a function of the UV properties of their HST counterparts and
compare our results to W16. In addition to its spatial distribution,
the Lye line profile encodes crucial information that can help
shed light on the origin of the Lya emission and constrain the gas
opacity and kinematics (Haiman et al. 2000; Dijkstra et al. 2006;
Verhamme et al. 2006; Kollmeier et al. 2010; Gronke & Dijkstra
2016). Taking advantage of the spectral information of MUSE
data cubes, we also investigate how Lya emission relates to var-
ious line properties, such as the line width and equivalent width.

The paper is organized as follows: we describe our data and
our sample construction in Sect. 2. Section 3 presents our proce-
dure for the extraction of the images and construction of radial
SB profiles needed for the detection of extended Lya emission.
Section 4 explains the Ly« spatial distribution modelled that we
use to determine the characteristics of the Lya haloes that are
presented in Sect. 5. Section 5 also includes the analysis of the
Lye line profile. In Sect. 6 we investigate the relation between
the Lya haloes and their host galaxies. Finally, we discuss our
results in Sect. 7 and present our summary and conclusions in
Sect. 8. Appendix A gives a comparison of the Lya haloes de-
tected around galaxies, which are both in the deep udf-10 data
cube and in the shallower mosaic data cube.

For this paper, we use AB magnitudes, physical distances,
and assume a ACDM cosmology with Q,, = 0.3, Q5 = 0.7, and
Hy =70 kms™' Mpc'.

2. Data and sample definition
2.1. Observations and data reduction

The UDF data were taken using the MUSE instrument between
September 2014 and February 2016 under the MUSE consor-
tium Guarantee Time Observations. A number of 1’ X 1’ point-
ings (corresponding to the MUSE field of view) were completed
at two levels of depth. The medium-deep data consist of a mo-
saic of 9 deep, 10 h pointings denoted udf-0[1-9]. The ultra-deep
data, denoted udf-10, consist of a single ~20 h pointing that
overlaps with the mosaic reaching a total of 30 h depth. During
the observations the sky was clear with good seeing conditions
(full width at half maximum (FWHM) of 076 at 7750 A). More
details about the data acquisition can be found in Bacon et al.
(2017; hereafter B17).

The data reduction of both the udf-10 and mosaic data cubes
is described in B17. The two resulting data cubes contain 323 X
322 and 945 x 947 spatial pixels for the udf-10 and mosaic field,
respectively. The number of spectra match the number of spatial
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pixels in each data cube with a wavelength range of 4750 A to
9350 A (3681 spectral pixels) with medium spectral resolution
R ~ 3000. The spatial sampling is 0”72 x 0”72 per spaxel and
the spectral sampling is 1.25 A per pixel. The data cubes also
contain the estimated variance for each pixel. The data reach a
limiting SB sensitivity (1o7) of 2.8 and 5.5 x 107 ergs™' cm™
A~"arcsec™2 for an aperture of 1”x1” in the 7000-8500 A range
for the udf-10 and mosaic data cubes, respectively (see B17 for
more details).

Based on these reduced data cubes we constructed two cata-
logues corresponding to each data cube. The source detection
and extraction were performed using HST priors, imposing a
magnitude cut at 27 in the F775W band for the mosaic field
only, and the ORIGIN (Mary et al., in prep.) detection software.
A complete description of the strategy used for the catalogue
construction can be found in Inami et al. (2017; hereafter 117).
The ORIGIN software (see B17 for technical details) is designed
to detect emission lines in 3D data sets. This software enables
the discovery of a large number of LAEs that are barely seen or
even undetectable in the HST images. Photometric magnitudes
for these new objects were calculated following the method de-
scribed in B17.

2.2. Lyman alpha emitters sample

Our parent sample was constructed from UDF catalogues (see
I17) and according to the following criteria:

1. We selected the LAEs (“TYPE = 6” in the catalogues) with
a reliable redshift (“CONFID = 2 and 3”). This yields a
sample of 155 and 620 objects for the udf-10 and mosaic,
respectively.

2. Our primary objective being the study of individual galax-
ies, we removed galaxies in pairs closer than 50 kpc in pro-
jected transverse separation and with velocity differences of
less than 1000 kms™! , which was estimated using the peak
of the Lya line or the red peak if the line was double peaked.
We found 28 and 64 such objects in the udf-10 and mosaic,
respectively. The study of the Ly haloes of such LAE pairs
will be part of another study. The analysis of merger rates
from the MUSE UDF data is detailed in Ventou et al. (2017).

3. We also excluded 20 and 25 objects that are closer than 3”
and 4” to the edges of the udf-10 and mosaic data cubes,
respectively. This is necessary to ensure we can analyse ex-
tended Lya emission over a large spatial window for our en-
tire sample. Objects from the udf-10 data cube are allowed
to be closer to the edges because of the higher quality of the
data given that the udf-10 data cube is combined with the
wider mosaic data cube.

4. Among the remaining objects, we manually removed 7 and
29 objects in the udf-10 and mosaic fields, respectively,
which are contaminated by emission lines from foreground
sources, skyline residuals, or by continuum remnants visible
in the NB image (see Sect. 3.1.1 for the continuum subtrac-
tion method).

5. Finally, following the procedure described in Sect. 3.1.1, we
created NB images around the Lye emission line and im-
posed a minimal signal-to-noise ratio (S/N) of 6 in a fixed
and large aperture set using a curve of growth (CoG) method
(see Sect. 5.3.2). The S/N is defined as the Lya flux di-
vided by the standard deviation from the data cube. This cut
is motivated by our detection limit estimation described in
Sect. 4.3.1. It eliminates 43 LAEs in the udf-10 field and 282
in the mosaic field. The S/N cut introduces a selection bias
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Fig. 1. Redshift distribution (upper panel) and total Ly« flux (measured
using a CoG method, see Sect. 5.3.2 — lower panel) histograms of our
udf-10 (dark purple) and mosaic (light purple) samples. The grey his-
tograms show the distributions of the total sample (udf-10 and mosaic)
without applying the S/N cut.

towards brighter haloes. This bias is noticeable in the lower
panel of Fig. 1, where the total Lya flux distribution before
and after the S/N cut is shown.

In total 26 galaxies are in both udf-10 and mosaic fields. For
these objects, we only show results from the udf-10 data cube be-
cause of the higher S/N; a comparison of the results from the two
data cubes is given in Appendix A. Our final sample consists of
252 galaxies: 57 in the udf-10 field and 195 that are uniquely in
the mosaic field. The sample spans a redshift range from 2.93 to
6.04 and a total Lya flux ranging from ~1.6x 1078 erg s! cm™2
to ~1.1 x 107! erg s™' cm™2. Ly« fluxes are measured using a
CoG method (see Sect. 5.3.2). The redshift and flux distributions
of our sample (purple) and the sample without the S/N cut (grey)
are shown in Fig. 1. The flux distribution shows the selection bias
towards the brighter LAEs.

3. Detection of diffuse Ly emission

Our detection of extended Lya emission employs a circu-
larly symmetric analysis, following a similar approach to W16.
The method uses the radial SB profiles of both the Lya and
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UV continuum emission. In this section we first describe the
methods used to create the Lya NB and UV continuum images,
then we explain how the radial surface brightness profiles are
constructed, and finally we present some LAE radial SB profiles
as examples.

3.1. Image construction
3.1.1. Lya narrowband images

We constructed a 10” X 10” Lya NB image for each object from
the MUSE data cube. We used a wide, fixed spatial aperture
to ensure that we included all of the detectable Lya emission
around our galaxies. In order to remove the continuum, we first
performed a spectral median filtering on the MUSE data cube
in a wide spectral window of 200 spectral pixels, in effect re-
moving any emission lines (see Herenz & Wisotzki 2017 for the
validation of this continuum subtraction method on MUSE data
cubes). A continuum-free data cube was then computed by sub-
tracting the filtered data cube from the original. In some cases
the continuum of very bright objects was not well subtracted. As
specified in Sect. 2.2, the 21 affected objects were removed from
the sample.

The spectral bandwidths of the Lya NB images were defined
to maximize the S/N in a fixed spatial aperture (radius of 2”).
Following this procedure, we obtained NB images with spec-
tral bandwidths ranging from 2.5 to 20 A (i.e. 2 and 16 MUSE
pixels, respectively). The largest spectral bandwidths correspond
to double-peaked lines (some examples can be seen in Figs. 2
and 3). The average spectral width is 6.25 A.

3.1.2. Ultraviolet continuum images

We constructed UV continuum images for our sample using one
of three different HST images of the UDF (Illingworth et al.
2013), depending on the redshift of the object. The F8I14W
ACS/WFC, FIOSW WFC3/IR, and FI125W WFC3/IR HST im-
ages are used for objects at z < 4,4 < z < 5,and z > 5,
respectively. We chose these filters because they are not con-
taminated by the Lya emission or by intergalactic medium
(IGM) absorption. These filters also probe UV continuum over
similar rest-frame wavelength ranges, which are approximately
1400-2300 A, 1500-2400 A, and 1570-2300 A for the F8I4W
ACS/WFC, FI05W WFC3/IR, and F125W WFC3/IR HST filters,
respectively.

For each object in our sample, we constructed UV continuum
images with the HST counterparts from the 117 catalogue. After
masking the pixels outside the segmentation map for each HST
counterpart, we resampled the masked HST images to MUSE
resolution and convolved them with the MUSE PSE. The HST
PSF is not taken into account here because, first, the HST PSF
(FWHM of 0.09” for the F814W band and 0.19” for the F105W
and FI125W bands — Rafelski et al. 2015) is much smaller than
the MUSE PSF (~0.7"") and, second, the constructed UV con-
tinuum images are only used to compare visually Lya and UV
spatial extents. Our UV continuum modelled based on the HST
data (see Sect. 4.1) considers the HST PSF.

The method used to estimate the wavelength-dependent PSF
of the udf-10 and mosaic data cubes is detailed in B17. It is best
described as a two-dimensional Moffat distribution with a fixed
beta parameter of 2.8 and a wavelength-dependent FWHM that
we evaluate at the wavelength of each Lya line.
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Twenty-one of our objects are not in the Rafelski et al.
(2015) HST catalogue and instead were discovered by ORIGIN;
however, these 21 objects are visible in the HST image. Magni-
tudes and segmentation maps for these galaxies were calculated
using NoiseChisel (Akhlaghi & Ichikawa 2015) and added to
the MUSE UDF catalogues (see B17 and 117). Thirteen other
Ly emitters of our sample discovered by MUSE do not show
any HST counterpart (e.g. object #6498 in Fig. 2). When com-
paring to the corresponding Ly« radial SB profiles, we treat these
galaxies as point-like sources convolved with the MUSE PSF.

We could have constructed continuum images directly from
the MUSE data cubes. However, this is only possible for the
brightest objects as most of our objects have poor continuum
S/N in the MUSE data cubes. In addition, source blending is im-
portant at the MUSE spatial resolution while at HST resolution
most of our sources are well separated.

3.2. Surface brightness radial profiles

To visually compare the spatial extents of the UV and Lya emis-
sion, we constructed radial SB profiles. We performed aperture
photometry on the Lye NB images and UV continuum images by
averaging the flux in successive, concentric, one-pixel-wide an-
nuli centred on the Lya emission centroid. For the objects in our
sample without HST counterparts, we compared Lya radial SB
profiles to the MUSE PSF radial SB profiles. The Lya centroid
was measured by fitting a simple 2D Gaussian to the Lye NB im-
age. In some cases, the centroid measured from the MUSE data
is offset from the coordinates from the HST catalogue. The off-
sets are relatively small: less than 0.3” for x95% of our sample
(median value <0.1”"). We therefore ignored these offsets when
constructing SB profiles and assumed the UV and Lya emission
to be concentric. Errors on Lya radial SB profiles were measured
in each annulus using the estimated variance from the MUSE
data cubes.

Figures 2 and 3 show a representative subsample of 14 ob-
jects from the mosaic and udf-10 fields. These objects were cho-
sen to exhibit the diversity of the LAEs in terms of luminosity,
line profile, and spatial extent. For each object we show the cor-
responding HST image we used for the study (see Sect. 3.1.2);
the MUSE white light image, summed over the full MUSE data
cube spectral range; the Lya line, which is integrated in the
HST counterparts mask convolved with the MUSE PSF (see the
white contours on the white light image); the Lya NB image (see
Sect. 3.1.1); and the radial SB profiles. The UV continuum and
PSF profiles have been re-scaled to the Lya emission profile to
aid the visual comparison.

Most of the objects show Lya emission that is more spa-
tially extended than the UV continuum. Some objects display a
clear Ly halo (e.g. objects #1185, #82, #1087, #53, and #6297)
but for other objects the extended Lya emission is not as ob-
vious (objects #6498, #6534, or #218). Further analysis of the
statistical significance of the detected Lya haloes is presented in
Sect. 5.1.

4. Lya halo modelling
4.1. Two-dimensional two-component fits

Here, we describe how we characterize the spatial distribution
of extended Lya emission. Following W16, we fit Lya emis-
sion with a two-dimensional, two-component exponential distri-
bution using the Python/photutils package (Bradley et al. 2016).
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Specifically, we decomposed the observed 2D Lya distribu-

tion into central and extended exponential components using

the HST morphological information as prior. The W16 work

demonstrated that this decomposition is appropriate for char-

acterizing Lya haloes for a similar LAE sample. Adopting the

same approach allows us to compare to their results directly.
The modelling is performed in two distinct steps:

1. First, the UV continuum is fit with a circular, 2D exponential
distribution. We directly fit the HST image, chosen depend-
ing on the redshift of the object, (see Sect. 3.1.2) taking into
account the corresponding PSF (Rafelski et al. 2015, Table
1). The HST counterpart of a given object was isolated by
masking its surroundings using the HST segmentation mask.
This first fit yields the continuum spatial scale length of each
host galaxy. The Rafelski et al. (2015) HST segmentation
mask was created by combining the detection maps of the
object in several HST bands. It is therefore supposed to de-
limit the galaxy in a rather large area and thus include most of
the UV flux. If the object is located in a crowded region, the
mask can be smaller to allow the separation of the sources.
This is however very rare because of the high resolution of
the HST images. Moreover, we find that the extent of the
HST segmentation mask has a small impact on the resulting
scale length. This is because the fit is mainly driven by the
central emission of the galaxy. Consequently, even if there
are potential faint UV counterparts surrounding the galaxy,
the scale lengths are not drastically different.

2. Second, the Ly NB image is fit by a sum of two circular,
2D exponential distributions, fixing the scale length of the
first component to the continuum distribution value. Hence,
the first component corresponds to central, core emission and
the second to emission from an extended halo. The fit takes
into account the MUSE PSF by convolving the model with
the PSF and the variance of each pixel in the image.

We thus have three parameters in total to fit the Ly distribution:
the halo scale length and fluxes of both the Ly core and halo.

Figure 4 shows the best-fit model radial SB profiles, decom-
posed into core emission (green line), extended halo emission
(blue line), and with the total emission shown in red. We over-
plot the Lya SB radial profiles (black dots with error bars). For
most of our objects, the modelled radial SB profiles are a good
representation of the observed profiles. The 2D, two-component
decomposition model therefore appears to be a good descrip-
tion of the Lya distribution around LAEs. The W16 authors also
found this decomposition to be consistent with their observed
data.

4.2. Error estimation

We estimated errors on the best-fit halo scale length measure-
ments. First, we generated 100 realizations of each best-fit model
Lya image by combining the noise-free model image with real-
izations of the estimated noise. The noise was assumed to follow
a normal distribution with the variance at each pixel set equal to
the variance of the corresponding pixel in the MUSE data cube.
Each realization of a given object was then fit and the final er-
ror on the halo scale length was given by the standard deviation
across the recovered scale lengths.

To estimate the error on the core scale length (which is in-
stead fit to the HST image) we followed a similar procedure us-
ing 100 empty regions of the HST image as artificial noise.

4.3. Detection limit
4.3.1. Signal-to-noise limit

To estimate the limitations of our 2D decomposition, we fit a
range of simulated Ly« distributions combined with random re-
alizations of the noise again using the variance from the MUSE
data cubes. The variance used here was estimated around 6000 A
in a 6 A spectral window corresponding to the median NB im-
age spectral bandwidth of our sample. This allows us to assess
the S/N needed to measure Ly« halo properties reliably from our
observed sample.

We considered simulated Lya distributions with a fixed core
scale length, rscon, a fixed core flux, Feon, a range of 5 halo
scale lengths, rshy, and a broad range of halo fluxes, Fpgo-
The fixed core values were set to the averages of our sample,
Feont = 4.0 x 1078 ergs™' em™ and rseone = 0.06” (ie. 0.3
MUSE pixel). We considered halo fluxes ranging from 1 x 1072
to2 x 10718 erg s~! cm™2 and a set of halo sizes, rspo = [0.2”,
047,0.6”7,1.07,1.4”7,1.87,22"] (i.e.[1,2,3,5,7,9, 1 1] MUSE
pixels). For each model Lya distribution we generated 100 noise
realizations and assessed the success rate for reliably recovering
the halo size.

We find that halo sizes are reliably recovered above a S /N =
6. The S/N is measured inside an aperture corresponding to the
CoG radius rcog, Which represents the radius for which the aver-
aged flux in a concentric 1-pixel annulus reaches the noise value
(see Sect. 5.3.2). The smaller Ly haloes are therefore less pe-
nalized by a S/N cut estimated within this aperture than if we
had used a wide aperture that is identical for every object.

We also considered a range of core values (7Scont, Fecont, NOt
shown here) and find that this value of the S/N limit is still appro-
priate. This S/N cut was thus adopted for the sample construction
(see Sect. 2.2).

4.3.2. Size and flux limit

In addition to being limited in sensitivity by S/N, we are also
limited in our ability to measure the sizes of very compact Lya
haloes by the MUSE PSF. To estimate the Ly« halo scale length
below which we cannot trust our measurements, we again ran
our modelled routine on several model Ly distributions (with
artificial noise based on the variance data cube). For each model
object, we incrementally decreased the Ly halo scale length
until we could no longer recover the input value. We find that
the resulting scale length limit corresponds to one quarter of the
MUSE PSF FWHM. In practice, the halo scale length limit is
a function of wavelength due to the PSF dependence on wave-
length and thus on redshift. As such, we calculated the limit sep-
arately for each object in our observed sample, yielding values
ranging from 0.85 kpc to 1.48 kpc. If the best-fit Lya scale length
was below the scale length limit, we considered the limit value
as an upper limit.

We also tested our ability to detect the faint Lya haloes reli-
ably. We performed the same exercise as our S/N limit procedure
(see previous subsection) and find as expected that our halo flux
limit increases with the halo scale length. This is because the sur-
face brightness shrinks as the total Lya flux is preserved. Fixing
the core component to the averages of our sample, we deduced
that the halo flux limit corresponds to 9 x 10~1? erg s™! cm~2 and
5% 107" erg s™! cm~2 times the halo scale length for the mosaic
and udf-10, respectively.

Lye halo measurements and fitting results are given in
Table B.1.
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Fig. 4. Radial SB profiles of the modelled Ly« distribution decomposed into central (green lines) and extended (blue lines) exponential components.
These are the same objects as in Figs. 2 and 3. The total radial SB profiles of the modelled Lya emission are shown in red. For comparison, the
observed radial SB profiles are overplotted as black points. The fit is performed on the 2D Lya NB image and not on the 1D radial SB profiles
shown. The best-fit scale lengths are indicated in physical kpc. Upper limits and detection limits are also indicated (see Sect. 4.3.2).

5. Lya halo characteristics

In this section, we present the characteristics of our sample of
Ly haloes in terms of sizes, fluxes, spatial, and spectral shapes.

5.1. Statistical significance of the detected Lya haloes

Of the 252 galaxies, 87 objects either have Ly halo fluxes (62
objects), scale lengths (19 objects), or both (6 objects) below the
detection limits (see Sect. 4.3.2). For the 19 objects with only
the Lya halo scale length below the detection limit, we use this
value as an upper bound. The objects with Ly« halo fluxes below
the detection limit are ignored in the rest of this section. This
leaves us with a sample of 184 LAE:s at this stage.

Following W16, in order to evaluate the statistical signifi-
cance of the detected extended Lya emission, we calculated the
probability pg of the two scale lengths (galaxy and Lya halo) to
be identical by considering normal distribution. We consider a
Lya halo as detected if pg < 0.05. Figure 5 shows pg as a func-
tion of Lya luminosity. Out of the 184 objects for which we have
a Lya halo scale length measurement, 20 do not show statistical
evidence for extended Ly« emission, mainly due to the large er-
rors on their size measurements. Interestingly, some of these are
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relatively bright in Lya (e.g. #218 in Fig. 3). Thirty objects have
a Lya halo with a very high significance (py < 107).

Finally, out of the objects for which we have reliable Ly«
halo measurements and excluding the objects with only upper
limits to their Lya halo scale length, 145 galaxies have a sta-
tistically significant Ly halo (116 and 29 from the mosaic and
udf-10 field, respectively), which represents ~80% of the sample
(145 out of 184 objects).

5.2. Halo sizes

Figure 6 shows the distribution of Ly« halo scale lengths for the
145 haloes that are considered to be statistically significant. This
distribution contains scale lengths ranging from 1.0 to 18.7 kpc
with a median value of 4.5 kpc. For reference, Xue et al. (2017,
hereafter X17) measured similar halo scale lengths as our me-
dian scale length value; i.e. 5-6 kpc from their median stacking
images of all LAEs. The W16 authors measured slightly smaller
scale lengths, with a median value of 3.4 kpc, but still in good
agreement with our results.

Figure 6 also shows an extended tail of large halo scale
lengths (>7 kpc). These large haloes represent less than 12%
(29 galaxies) of our total sample, plausibly explaining why they
are not present in the smaller W16 sample.
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Fig. 6. Histogram of halo scale lengths resulting from the two-
component model (see Sect. 4.1). The dashed line indicates the median
values (4.5 kpc) of the total distribution. The star-filled area shows the
detection limit range (see Sect. 4.3.2).

5.3. Fluxes and equivalent widths
5.3.1. Lya flux and equivalent width fractions

Our 2D, two-component decomposition of the Lya spatial dis-
tribution provides estimates of the decomposed flux from the
core, Feont, and from the halo, Fj,,. The median halo flux
is *5.4x 1078 erg s™' cm™? and ~9.4x 107'® erg s™! ecm™2 for
the udf-10 and mosaic data cubes, respectively. Following the
same approach as W16, we defined the Lya halo flux fraction,
Xiyahalo> 88 Fhalo/(Fhalo + Feont), quantifying the contribution of
the halo to the total Ly« flux. For galaxies with a UV continuum
detection and with reliable Ly« halo scale length measurements,

we find halo flux fractions ranging from ~17 to *99% (with an
average of 65%). Our results are in very good agreement with
W16 (they find a mean value of 70%), although we find more
haloes with small Lye halo flux fractions than W16. This dif-
ference is likely due to our larger sample and to the improved
quality of the UDF data cubes with respect to the HDFS (see
Figs. 8 of B17).

Figure 7 shows the Lya halo flux fraction as a function of
the core and halo scale lengths and as a function of the total Lya
luminosity measured by the CoG method (see Sect. 5.3.2). In
order to test for correlations, we calculated the Spearman rank
correlation coefficients ps (e.g. Wall 1996) and the correspond-
ing p-values pg, which correspond to the probability of the null
hypothesis that no monotonic relation exists between the two
variables. The value ps varies between —1 and +1, with O im-
plying no correlation. The test does not take the error bars into
account. We obtained (os = —0.05, po = 0.52), (os = 0.03,
po = 0.69), and (p; = —0.15, pg = 0.05) for the Xy yq halo = "Shalo>
Xiyahalo =7 Scont> AN Xiya halo — Liya, respectively. We find no cor-
relation between the fraction of Ly« emission in the halo and (i)
the Lya halo scale lengths (second panel); (ii) the UV continuum
scale lengths (third panel); and (iii) the total Lya luminosities
(right panel).

Figure 8 shows the Ly flux in the halo as a function of its
halo scale length. Our limiting Lyo halo flux and scale length
(see Sect. 4.3.2) are indicated. We find a clear correlation be-
tween these two properties (o = 0.4, py < 107%). While this
correlation is partially created by our halo flux limit (red lines),
the correlation is still readily apparent for brighter haloes. The
correlation is positive, such that Lya haloes with larger scale
lengths have higher halo fluxes.

5.3.2. Total Lya flux and equivalent width

The Lya flux was computed by integrating inside the circular
aperture corresponding to the CoG radius. This radius (rcog) was
determined by averaging the flux in successive annuli of 1 pixel
thickness around the Lya emission centre until a certain annulus
for which the averaged flux reaches the noise value. The centre
of this last annulus corresponds to rcog. From this aperture, we
extracted a spectrum and integrated the flux corresponding to
the Ly line width; the borders of the line are set when the flux
goes under zero. These spectral bandwidths are indicated by the
vertical black dotted lines in the third panel of Figs. 2 and 3.

This method ensures that most of the Lya flux is encom-
passed for each object, which is not the case if we use a sin-
gle fixed aperture for all of the objects. Figure 1 (lower panel)
shows the distribution of total Ly« fluxes for our sample, which
spans 2 orders of magnitude from 1.74 x 107'8 erg s™! cm™ to
1.12x 10 erg s~! em™2.

Rest-frame Lya equivalent widths (EWs) were calculated
using the UV continuum measured by Hashimoto et al. (2017,
hereafter H17). The H17 authors performed careful UV con-
tinuum measurements using several HST bands (2 or 3 bands
depending on the object). After cross-matching the respective
catalogues, we obtained Lya EW measurements for 155 of the
184 galaxies for which we have a halo scale length measurement.

! The spectra shown here were extracted using the HST segmentation

map (for display purposes because of the higher S/N), whereas the band-
width (indicated by dotted black lines) to measure the total Lya flux
were measured in spectra extracted in an aperture of radius rc.g. This
explains why the dotted black lines do not cross zero exactly when the
spectra do.
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Fig. 7. Lya halo flux fraction Xy, haio as a function of Lya halo and UV continuum scale lengths (second and third panel, respectively) and against
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halo scale length are not included). The median value (0.65) is indicated by the black dashed line. Upper limits on the scale lengths are indicated
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Figure 9 shows the distribution of Lya halo scale lengths as
a function of total Ly luminosity and rest-frame Lya EW. With
respect to previous studies that employed stacking, our sample
goes much deeper and we probe much smaller Ly haloes. The
Spearman rank correlation test provides ps = 0.222 (py = 0.002)
for the rshao — LLya relation and ps = 0.09 (pg = 0.29) for the
FShalo — E W) relation.

We find a suggestion of a correlation between the Ly« scale
length and total Lye luminosity, albeit with very large scat-
ter. In particular the bright LAEs tend to have large haloes
(rShalo = 3 kpc), whereas there is more dispersion at lower Lya
luminosities. The X17 authors found a clear correlation in their
stacks corresponding to our bright LAEs whereas W16 found
no such correlation. By computing the Spearman rank correla-
tion coeflicients for our objects in their luminosity range (41.6 <
log(Liye) < 42.7), we find no correlation either (o, = 0.07,
po = 0.59).

We also do not find a correlation between halo sizes and rest-
frame EWs. Both W16 and X17 found a similar result. As an
aside, it is worth noting that some objects have very large EWs
(exceeding 200 A). The H17 work provides for a detailed analy-
sis of these objects.

5.4. Lya line profiles

Next, we explore the connection between the spectral and spatial
properties of the Lya emission. The diversity of Ly« line profiles
can be appreciated by looking at Figs. 2 and 3. While most of
the lines are asymmetric and single peaked, others appear to be
double peaked (see objects #1087 and #106 of Figs. 2 and 3, re-
spectively). This diversity is directly reflected in the Lye FWHM
measurements, which span a large range from 118 to 512 kms™!.
We performed the measurement of the Ly FWHM only on
the single-peaked Ly« lines so that objects with doubled-peaked
profiles are excluded. If the blue peak is comparable in flux to
the red peak, the Lya line is referred to as a Lya doublet (see ob-
ject #106 in Fig. 3), whereas if the blue peak is much fainter, the
feature is referred as a blue bump (see object #1087 in Fig. 2).
We carried out an inventory of the various line profiles encoun-
tered in our sample. Out of our 252 galaxies, 15 objects show a
Lya line with a blue bump and 8 objects have a Lya doublet.
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for our results and those of W16 (excluding upper limits) are shown in
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Put together, the double-peaked profiles therefore represent a
small fraction (<10%) of our sample. The halo properties of such
double-peaked line objects are not significantly different from
those of the rest of the sample.

We connect the FWHM of single-peaked Ly« lines with Lya
halo sizes in Fig. 10. The smallest Lya haloes, for which we
only have an upper limit on their scale length or halo flux (see
Sect. 4.3.2) and the Ly« haloes with low statistical significance
(see Sect. 5.1) appear to have a narrower Lya line (<350 kms™"),
whereas the galaxies with significant extended Lya emission
span a wider range of FWHM values.
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Fig. 9. Halo scale length plotted as a function of total Lya luminosi-
ties (upper panel) and total rest-frame Lya EW (lower panel). Only
the 121 LAEs with the EWs from the H17 sample are included for the
lower panel. Our results are shown by the purple dots while W16 re-
sults correspond to the black dots. Arrows show upper limits. Values
from studies using stacking methods are indicated by coloured symbols:
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genta), and Steidel et al. (2011, green). Spearman rank correlation coef-
ficients p and corresponding p, values for our results and those of W16
(without upper and lower limits) are shown in each panel.

Figure 11 shows the Lya EW plotted against the FWHM,
colour coded by the Lya halo flux fraction. We show in this
figure only the 121 objects with a statistically significant Ly«
halo (see Sect. 5.1) and an EW measurement (see Sect. 5.3.2).
It is also apparent that we do not find evidence for a significant
anti-correlation between the EWs and the FWHMs of the Lya
lines (o5 = —0.21, pg = 0.02).

The objects that have less than 30% of their total Lya flux
in the halo appear to have narrower Lya lines than the rest of
the sample (<300 kms™'). Certainly, the objects with a large
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Fig. 10. Lya halo scale length plotted as a function of rest-frame
FWHM of the Ly line. The purple dots correspond to the objects that
have a high significant Lya halo (py < 0.05). Most of the objects with-
out a significant Ly halo (py > 0.05, see Sect. 5.1, red circles) or with
upper limits on their halo properties (green triangles for scale lengths,
black crosses for halo fluxes — see Sect. 4.3.2) show a Lye line narrower
than 350 kms~' (black dashed line).
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Fig. 11. Ly« equivalent width as a function of rest-frame FWHM of the
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We only show the objects with a statistically significant Ly« halo (py <
0.05, see Sect. 5.1).

Lya line width (>400 kms™') have small EW (<100 A) and
>50% of the Lya flux is in the halo.

6. Connecting host galaxies to Lya haloes

In this section, we investigate the connection between Lya
properties and the properties of the host galaxies. First we
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The W16 measurements are shown in black, Steidel et al. (2011) by
green dots, Feldmeier et al. (2013) by magenta triangles, Momose et al.
(2016) by orange stars, and X17 by red points (LAEs from a protoclus-
ter field “PCF”) and blue squares (LAEs around a Lya blob “LAB”).
Spearman rank correlation coefficients ps and corresponding p, values
for our results and those of W16 (without upper limits) are shown in
each panel.

consider the general UV properties. We then compare galaxy
and Lya halo sizes. Finally, we explore the coevolution of UV
and Lye halo sizes with redshift.

6.1. UV properties

The upper panel of Fig. 12 shows the expected correlation (og =
0.35, po ~ 107%) between the UV sizes and UV magnitudes of
galaxies (Shibuya et al. 2015). The lower panel shows Ly« halo
scale length as a function of absolute far-UV magnitude. Accord-
ing to the Spearman test coefficient (o, = 0.19, py = 0.02), there
is a suggestion of a positive correlation between the Lya halo
size and UV magnitude for our selected sample of LAEs albeit
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the scatter is large. If the correlation is real, it would agree with
the results of X17 who found that Lya halo sizes are positively
correlated with UV luminosities. Similarly, W16 found that UV-
luminous galaxies (Myy < —19) tend to have Lya haloes with
larger scale lengths (rsha0 2 3 kpc). This result is also observed
in our larger sample.

6.2. Comparison of sizes

Next we compare the UV continuum and Lye emission scale
lengths resulting from our 2D two-component model. Figure 13
shows the Lya halo scale lengths plotted as a function of UV
continuum scale length. First, according to the Spearman corre-
lation test, Lya scale lengths are positively correlated (o = 0.32,
po ~ 107°) with galaxy UV sizes (albeit with large scatter).
Indeed, the Lya scale lengths are always between ~4 and >20
times larger than the continuum scale length with a median size
ratio of 10.8 (the lower quartile at 6.0 and the upper percentile
at 19.1). This results is in very good agreement with W16, al-
beit this scatter in the ratio of scale lengths exceeds the range
from their sample. This plot also shows that we do not detect any
LAEs without a Ly halo. This is valid for 145 galaxies (80%) of
our sample given that the remaining 39 galaxies (20%) only have
either upper limits (grey area) or large error bars on their halo
scale lengths (empty circles in Fig. 13 upper panel). As such,
we can only confirm the absence of a Lya halo around a galaxy
larger than this size limit (i.e. rscone = 1 kpc; see Sect. 4.3.2).
This condition is shown as the green area in Fig. 13. The dashed
areas show the range of our wavelength-dependent detection size
limit (see Sect. 4.3.2).

6.3. Size evolution

The evolution of both the UV and Ly« halo sizes is shown in
Fig. 14. While the UV size of galaxies decreases with redshift
as expected (Shibuya et al. 2015), we do not find that Lya halo
sizes show significant evolution between redshifts 3 and 6. The
W16 authors found that Lya halo sizes decrease with increas-
ing redshift. However, their sample at z > 5 consists only of
five galaxies and the dispersion is large. Because we do not have
enough objects in the higher redshift bin, we conclude that there
is currently no clear evidence supporting an evolution of Lya
halo sizes with redshift above z = 3. Momose et al. (2014) also
investigated the size evolution of their stacked LAEs, finding
no evidence for evolution of Lya halo sizes from z = 2.2 to
z = 5.7 and a possible but very uncertain increase from z = 5.7
to z = 6.6. This result implies a higher Lya/UV scale length ra-
tio at high redshift and hence suggests that the fraction of CGM
probed by the Lya emission is actually increasing with redshift
as the galaxies are known to be more compact and less massive
as high redshift (Shibuya et al. 2015).

‘We now compare our scale length measurements with 12 lo-
cal starburst galaxies (0.028 < z < 0.18) from the LARS sam-
ple (Hayes et al. 2013; Guaita et al. 2015). These authors mea-
sured the spatial extent of the Lya emission using the Petrosian
20 percent radius Rpyo (Petrosian 1976) and compared to the
corresponding radius measured from Ha. Similar to the high-
redshift galaxies, some local galaxies show extended Ly emis-
sion (seven galaxies according Hayes et al. 2014). Their result-
ing Lya/Ha size ratios range from 1 to 3.6, with an average of
2. For comparison, we also calculate the Petrosian radii of our
galaxies. As in W16 (see their Fig. 12), our galaxies at z > 3
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Fig. 13. Lya halo scale length as a function of UV continuum scale length. The grey area corresponds to the Lya halo range for which we cannot
reliably measure the Ly halo size (see Sect. 4.3.2). This wavelength-dependent size limit spans from 0.85 kpc to 1.48 kpc and is represented by
the grey hatched area (see Sect. 4.3.2). The green area shows the objects for which we would be able to detect the absence of a Lya halo with
our data. This limit also depends on the wavelength and is shown by the green dashed area. The black dashed line corresponds to a size ratio of 1
(meaning no halo). The two dotted lines indicate ratios of 10 and 100 as indicated in the figure. Upper limit scale lengths are indicated by arrows
and objects without a statistically significant Lya halo are shown by empty symbols. The W16 results are shown with black points. Spearman rank
correlation coefficients ps and corresponding py values for our results and those of W16 (without upper limits) are shown in each panel.

appear to have Ly haloes with larger Petrosian radii as well as
higher Lya/UV size ratios than local galaxies.

7. Discussion
7.1. Probing the CGM
7.1.1. Ubiquity of Lya haloes around LAEs

The high fraction of LAEs with a significant Ly halo (=80%)
demonstrates that Lya haloes are a common property of LAEs
at high redshift. As such, this also suggests that the CGM has a
rich “cold” gas content. Theoretical analyses and numerical sim-
ulations indeed predict that neutral hydrogen should be present
around high-redshift star-forming galaxies (e.g. Keres et al.
2005; Fumagalli et al. 2011; Faucher-Giguere et al. 2015). Our
results therefore appear consistent with the canonical vision of
the galaxy formation at high-z. For the remaining 20% we have
only upper limits or very uncertain Ly« halo size measurements,
which prevents us from drawing firm conclusions.

That such a result is not seen for local galaxies (cf. LARS
sample; Ostlin et al. 2014; Hayes et al. 2013, see Sect. 6.3) un-
derlines that there is a clear evolution of the CGM across cos-
mic time. In the LARS sample, Lya haloes are only detected in
50% of cases (Hayes et al. 2014). Moreover, Hayes et al. (2013)
found the Ly emission to be more extended than the UV contin-
uum by a factor of 2.4 on average (interstellar medium scales),
whereas we find a factor of ~10 for our sample (CGM scales).
This difference could be due to an evolution of the Lya escape
fraction with redshift, possibly due to dust content evolution
(Hayes et al. 2011; Dijkstra & Jeeson-Daniel 2013) or because
of sensitivity limitations. This can also suggest that the contri-
bution of the mechanisms powering the Lya haloes evolves with
cosmic time.

This study is limited to Lya emitters. In future work, we
intend to search for extended Lya emission around individual
galaxies that were not detected based on their Lya line (i.e.
LBGs). For example, Steidel et al. (2011) detected extended
Lya emission around a stacked Lya absorber galaxies sample
and around massive LBGs. This promising result motivates us
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Fig. 14. Lya halo (purple dots) and UV continuum (grey dots) scale
lengths as a function of redshift. The median scale lengths in 3 redshift
bins (z < 4,4 <z <5,z >15) of both Lya and UV continuum emission
are indicated by the star symbols (error bars correspond to the median
absolute deviation). The corresponding numerical values are given at
the top and bottom of the figure for the Ly and UV continuum emis-
sion, respectively. The objects with scale length upper limits are not
taking into account for the median calculations.

to search for Ly haloes around all high-redshift galaxies with
MUSE.

7.1.2. Lya halo size — host galaxy correlations

Supposing Lya haloes are a general property of star-forming
galaxies, it is interesting to know how the halo sizes correlate
with other properties of the host galaxies. We searched for such
correlations in Sect. 6. Both the Ly halo flux and scale length
seem to correlate with both UV magnitude and scale length, sug-
gesting that the Lya halo properties are actually linked to the
UV properties of the host galaxy. Consequently, this may sug-
gest that the star formation rate directly influences the powering
of the Lya haloes. Also, if the trends are real, the correlations
suggest that the UV-brighter objects are associated with different
physical conditions, such as kinematics, gas content, and distri-
bution, which favour the production of Ly« haloes compared to
the fainter objects from our sample.

7.1.3. Lya spatial extent versus virial radius of DM haloes

We now attempt to assess the maximum CGM scales that are
traced by Lya emission as a function of UV magnitude. To do
s0, we compare the maximum detected extent of the Ly« haloes
(measured using the CoG method) with the virial radius of the
dark matter (DM) haloes of galaxies predicted by the semi-
analytic model of Garel et al. (2015; see contours in the upper
panels of Fig. 15). We compare those two extents for four differ-
ent redshift bins (z = [3,4, 5, 6]). In the lower panel, the purple
dotted lines indicate the median value of the ratio of CoG radii
over the mean virial radii rcog/ {rvir) in each redshift bin. This
ratio appears to increase with redshift (ratio median values of
[57%, 64%, 69%, 87%] for median redshift bins of [3.2, 3.8,
4.8, 5.9]) suggesting that Ly« emission is probing a larger per-
centage of the CGM towards high redshift. This is not surprising
because our measured Lya halo sizes do not show any evolution
with redshift while the Garel et al. (2015) model predicts that, at
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fixed Myy, galaxies reside in smaller DM haloes at higher red-
shift.

While a weak anti-correlation can be guessed, the fraction
of CGM probed by the Lya emission is fairly constant with UV
magnitude in each redshift bin.

Our Lya haloes therefore reach on average more than >50%
of the predicted virial radius of their host galaxy (irrespective of
Myyv) and go even beyond for higher redshift. This result demon-
strates that the Lya emission is a powerful tracer of the gas lo-
cated inside the virial radius (e.g. the CGM) but not at larger
scales (e.g. IGM) considering our current detection capacities.

7.2. Origin of the Ly« haloes

Taking advantage of our large statistical sample, we now attempt
to assess the contribution of the different proposed Lya emission
processes that could be responsible for our observed Ly« haloes.
For each process, we review the emission mechanism, discuss
the expected observational signatures and, where possible, com-
pare these expectations with our results.

7.2.1. Stellar origin with scattering in an outflowing medium

The scattering of Lya photons produced in star-forming regions
is one of the candidates to explain Ly« haloes. For this mech-
anism, Ly photons are produced by recombination associated
with the stellar UV radiation in the HII regions of galaxies. A
fraction of those Lya photons can be absorbed by interstellar
dust but the escaping photons scatter into the surrounding neu-
tral hydrogen gas and can be redirected towards the observer,
leading to the observed Lya haloes.

The main question is therefore whether the stellar content of
the galaxies produces enough ionizing photons to power the ob-
served Lya emission. In a similar approach to W16 (see their
Sect. 7.2 for more details), the condition to be tested is a condi-
tion on the Lya EW as this quantity gives a direct comparison
between the continuum and Ly« fluxes. The maximum dust-free
Lya EW estimated for a stellar origin ranges from =50 to 200 A
(Charlot & Fall 1993). While ~17% of our sample has Lya EWs
higher than 200 A, which suggests that Lya photons do not only
come from the HII regions, most of our galaxies have Lya EWs
lower than 200 A. This suggests that the stellar UV continuum
alone can power the haloes. In any case, given that the EW de-
pends on stellar metallicity and initial mass function and can
be affected by bursty star formation histories (Schaerer 2003;
Raiter et al. 2010), the objects with EW > 200 A values may be
interpreted without invoking other Lya production channels. A
more detailed discussion of the objects in our sample with large
Lya EWs is presented in H17.

Information is also encoded in the spectral shape of the
Lye line. Looking at our sample, most of our Lya spec-
tra show a single asymmetric line, as expected for Lya scat-
tering processes in outflowing media (Verhamme et al. 2006;
Dijkstra & Kramer 2012; Yangetal. 2016). Outflows facili-
tate the escape of Lya photons emitted in star-forming re-
gions from the ISM (Dijkstra et al. 2006; Verhamme et al. 2012;
Behrens et al. 2014; Behrens & Braun 2014) and can therefore
be responsible for the observed Lya haloes. Some observational
evidence has been found supporting this scenario in local galax-
ies (e.g. Bik et al. 2015; Herenz et al. 2016). However, the Lya
spectra do not indicate where the Lya photons are produced. In-
deed, they can be produced either in HII regions well within the
galaxy and then scatter in the CGM or ISM (some very compact
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Fig. 15. Upper panels: maximum radius of the Lya haloes detected using the CoG method as a function of the absolute UV magnitude of their
host galaxy. The grey contours correspond to the predicted virial radius/UV magnitude relation predicted by a semi-analytic model (Garel et al.
2015, contours at 1072, 1073, 107, 10~ percent of the total number of modelled galaxies). The dashed black line corresponds to a polynomial fit of
the distribution of the simulated galaxies. Each panel corresponds to a different redshift bin. The plot aims to show what cold CGM scale we probe
with Lyman alpha emission. Lower panels: ratio of the predicted median virial radius at a given UV magnitude over the measured CoG radius of
individual objects, plotted as a function of absolute UV magnitude in different redshift bins. The median values are indicated by the dashed purple

lines.

LAEs do show asymmetric Lya line profiles) or in the CGM
and still scatter within the CGM producing asymmetric lines
(Cantalupo et al. 2005). Analyses of spatially resolved spectra
along with Ly transfer simulations should however be able to
help disentangle between the different effects.

If the observed Lya haloes are powered by Lya radiation
produced inside the galaxies and scattered outwards, we expect
the spatial and spectral properties of these haloes to correlate
(Verhamme et al., in prep.). In particular, the halo flux fraction is
predicted to increase with the spectral shift of the peak and the
FWHM of the Lya line. Figure 11 however does not show such
a trend.

Hence, our results indicate that the scattering of Lya photons
created in HII regions can contribute to the powering of Lya
haloes but it is difficult to quantify their contribution.

7.2.2. Gravitational cooling radiation

Another scenario to explain the extended Lya emission is the so-
called “cooling radiation” (e.g. Haiman et al. 2000; Fardal et al.
2001; Furlanetto et al. 2005). In this process, Lya photons are
emitted by collisionally excited circum-galactic gas, which con-
verts gravitational energy into kinetic and thermal energy as it
falls into the DM halo potential. Cooling radiation has been pos-
tulated to come into play at large radii, where the Lya pho-
tons are less likely to be absorbed by dust (Fynbo et al. 2001;
Fardal et al. 2001). However, because the density is higher at the
centre of the DM halo and the Lya emissivity resulting from
cooling is proportional to the density squared if the gas is warm
enough, the Lya emission is expected to be centrally concen-
trated (as found in Rosdahl & Blaizot 2012). The bulk of the Lya
radiation that we would observe from such a geometry would

therefore have scattered outwards through an infalling scattering
medium.

A number of other theoretical analyses have been car-
ried out to predict the expected cooling radiation con-
tribution (Furlanetto et al. 2005; Dijkstra & Loeb 20009;
Faucher-Giguere et al. 2010; Rosdahl & Blaizot 2012). Such
numerical simulations are nevertheless difficult to perform as
they require high resolution and expensive radiative transfer
treatments. Recently, Lake et al. (2015) performed hydrody-
namic and radiative transfer simulations of LAEs and found
that star formation accounts for the origin of the majority of
diffuse Lya emission but that cooling radiation can also have a
significant contribution; i.e. 40-55% of the total Lya luminosity
within distances up to the LAE virial radius.

According to theoretical predictions (Dijkstra et al. 2006)
and confirmed by numerical experiments (Trebitsch et al. 2016),
for Ly radiative transfer in a cooling gas, the resulting Ly« line
is expected to be blueshifted with a blue tail with respect to the
centre of the line. The effect of IGM absorption, however, even
at the redshifts considered here, can have a significant impact on
the blue side of the Ly« line profile (Laursen et al. 2011). Most
of our objects do not show any of the non-resonant lines needed
to determine the systemic redshift of the galaxy and so to pre-
cisely measure such a blue shift. However, looking at our sam-
ple, none of our LAEs shows a clear single-peaked asymmetric
line towards the blue. The predicted blueshifted feature could be
manifested as the blue bumps observed for 10% of our LAE:s.
Such lines indeed show a shifted blue peak and an enhanced
red peak, suggesting that cooling radiation cannot fully account
for the shape of the Lya lines. However, some theoretical pre-
dictions are obtained by averaging over all directions, which is
of course not the case for observed spectra. Moreover, the line
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Fig. 16. Lya halo/UV luminosity ratios plotted against the UV lumi-
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of sight can strongly impact the line profiles (Verhamme et al.
2012; Gronke & Dijkstra 2014). As such, the spectral features
of the Ly line should be interpreted with caution here.
Alongside Lya spectral properties, Lya luminosities also
provide crucial information. Both Rosdahl & Blaizot (2012) and
Dijkstra & Loeb (2009) predict the Ly luminosity produced by
cooling radiation in a 10'! My DM halo tobe 5 x 10*! ergs™!. As
our Ly« halo luminosities (Liyanalo) are higher, this suggests that
cooling is not the only process producing the Ly« halo emission
or that the bulk of our LAEs reside in DM haloes more massive
than ~10'! M,,. This latter option is unlikely, however. In Fig. 16,
we plot the UV luminosity (Lyy) to Lya halo luminosity ratio
as a function of Lyy for the sources in our sample?. First, the
anti-correlation between Lyyqhao/Luv and Lyv shows that the
halo component contributes more in UV-faint galaxies than in
brighter UV sources. Interestingly, this trend may actually reflect
the so-called “Ando effect”, i.e. the fact that faint Myy objects
appear to have large Ly EW?, which is commonly observed at
high redshift (Ando et al. 2006, H17). Second, we perform a ro-
bust linear fit to the data and we measure a slope of —0.52 +0.05
for the Liyonao/Luv versus Lyy relation. This corresponds to
Liyanao o L3 and denotes that UV bright galaxies in our sam-
ple have more luminous Liya nao haloes. This result can be di-
rectly compared to the predictions of Rosdahl & Blaizot (2012)
who only considered cooling radiation at z = 3. These authors
found a slope of 0.625 (if we assume UV luminosity proportional
to the square of the DM halo mass), which is different from our
result but not so dissimilar. Hence we cannot rule out this sce-
nario. In the “scattering from HII regions” scenario, one would
expect that the flux in the Ly halo would globally scale with the
number of Ly photons that escape the galaxy, i.e. Lyy times the
Ly« escape fraction from the ISM. We should therefore observe
Liyanalo o Lyy; if all galaxies have the same Lya escape frac-
tion and if there are more neutral hydrogen atoms in the CGM
than Lya photons from the galaxies. It is worth noting however
that varying dust content or ISM column density could strongly

2 We plot here the UV/Lya luminosity ratios on the y-axis to get rid of
the luminosity distance on one of the axes. This ensures that the corre-
lation is not artificially created by the redshift.

3 This is because most of the Lya flux (*70%) comes from the halo
(see Sect. 5.3.1).
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affect this relation by introducing a UV magnitude-dependent
Ly« escape fraction.

Put together, our analysis does not allow us to give a firm
conclusion about the contribution of cooling radiation in the pro-
duction of Ly« haloes.

7.2.3. Lya fluorescence

Another possible origin for the Lya haloes is the Lya fluo-
rescence resulting from the recombinations of hydrogen that
is photo-ionized by Lyman continuum (LyC) radiation gen-
erated by nearby quasars, young stars, or by the cosmic
UV background (UVB) (Furlanetto et al. 2005; Cantalupo et al.
2005; Kollmeier et al. 2010). This scenario is usually invoked
for giant Lya nebulae, within which quasars are known to
reside (Cantalupo et al. 2014; Borisova etal. 2016; and see
Cantalupo 2017, for a review), as well as for compact dark
galaxy sources (Cantalupo et al. 2012; Fumagalli et al. 2016;
Marino et al. 2017).

According to the predictions of Haardt & Madau (1996)
and Cantalupo et al. (2005), the resulting Lya SB produced
by the diffuse ionizing background is significantly lower
(~10720 ergs~' cm™? arcsec™? at z ~ 3). The expected effects
of the UVB therefore appear to be negligible for the individual
objects of our study.

According to the calculations of Gallego et al. (2017), which
uses the same MUSE UDF data as our study, the required
LyC escape fraction from the ISM for stars to produce the
observed Lya halo in their stack of LAE pairs (SB of ~3 x
10720 erg s~lem™? arcsec™?) is extremely small (fese = 0.02).
This result suggests that it is not so difficult to have a large ion-
ized fraction of gas in the inner parts of the haloes; the high
gas densities and clumpiness of the medium moreover favour
the Ly« fluorescence.

Consequently, we cannot rule out the contribution of the Ly«
fluorescence for the powering of our observed Ly« haloes.

7.2.4. Satellite galaxies

Momose et al. (2016) proposed another explanation where the
Lya halo would be powered by several satellite galaxies emitting
Lya emission around the central galaxy. Shimizu & Umemura
(2010) and Lake et al. (2015) have shown using cosmological
simulations that Ly« haloes are indeed associated with such sur-
rounding galaxies. Recently, Mas-Ribas et al. (2017) applied an
analytic formalism (Mas-Ribas & Dijkstra 2016) to investigate
the plausibility of this scenario by using various satellite clus-
tering conditions. These authors found that satellite sources can
indeed play a role in the powering of Ly« haloes at large dis-
tances (20 < r < 40 physical kpc) from the galaxies. According
to their modelling, such satellite galaxies would be very faint in
the UV continuum (Myy > —17) so that they would be unde-
tectable by any current instruments and may therefore be missed
in current surveys.

Applied to the case of our data, we can expect that in the
presence of satellites, which emit Lya emission and are unde-
tected in UV in the HST images, our Ly haloes would appear
clumpy and rather asymmetric. We do not observe such clumpi-
ness in the central regions of our Lya NB images. However the
MUSE PSF acts to smooth out Ly clumps, making their detec-
tion impossible. Furthermore, at larger radii the S/N of the Lya
NB image drops significantly, making the detection of clumps
or asymmetries very challenging. Moreover, a large contribution
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from the star formation in satellites is expected to provide similar
UV and Ly extended emission. Our measured UV continuum
scale lengths however appear much smaller than the Lya scale
lengths (see Sect. 6.2). In the presence of Lya-emitting satellites
we might also expect the Lya haloes would be offset from the
host galaxy. Such an offset is not observed for most of our ob-
jects.

Put together with all these elements, it seems somewhat un-
likely that there is a significant contribution from satellite galax-
ies to the powering of Lya haloes. We cannot however com-
pletely rule out the possibility that unidentified satellites partly
power the Lya haloes.

7.2.5. Future directions

In summary, our results are suggestive of a scenario, in which the
following range of processes can be responsible for the observed
Lya haloes:

— The scattering on CGM scales of Lya photons that are pro-
duced by recombinations in HII regions.

— The cooling radiation triggered by gas inflowing onto the
host galaxies.

— The Ly« fluorescence associated with hydrogen recombina-
tions after ionization by Lyman continuum (LyC) radiation
present in the CGM.

While those processes have to be considered together, their re-
spective contributions cannot be constrained by our data. To try
to disentangle the relative impact of the different processes, we
need to know where the Lya photons are produced, which is not
straightforward because Ly« is a resonant line. As such, more
observations are needed. In particular, Ho observations by the
James Web Space Telescope (JWST) will directly tell us the ori-
gin of the Lya emission as it is not a resonant line. He emission
that is more extended than the UV continuum would be a direct
piece of evidence that the Ly« emission is produced in the CGM
(i.e. by fluorescence). On the other hand, compact Ha emission
would indicate that Ly« photons are produced in the ISM and
then propagate in the CGM by resonant scattering. The adap-
tive optics (AO) on MUSE, currently in commissioning, also
promises good progress as it will significantly improve the PSF
and therefore enable the detection of smaller haloes and allow
a precise characterization of the halo morphologies. Finally, the
help of theoretical and numerical studies will be needed to fully
understand the processes at play and their respective contribu-
tions.

8. Summary and conclusions

Thanks to the significant increase in sensitivity enabled by the
MUSE instrument, we studied the CGM gas content of an un-
precedentedly large sample of individual star-forming galaxies
at redshift z = [3-6] in the Hubble Ultra Deep Field. Our LAE
sample was selected to have a good S/N (>6) and to be isolated
(see Sect. 2.2). Our galaxy-by-galaxy based analysis allows us to
characterize individual Ly« halo properties and to explore possi-
ble correlations with the UV properties of the host galaxies. Our
major results are summarized as follows:

1. We detect diffuse Lya emission with high confidence around
145 individual LAEs. This represents 80% of our objects
for which we have reliable Lya halo measurements. Among
the objects for which we have reliable Lya halo scale length

measurements, 20 do not show a significant Lya halo detec-
tion, mainly owing to large errors on their halo size measure-
ment (see Sect. 5.1). Put together, our data suggest that ex-
tended Lya haloes are common around Ly« emitters at high
redshift.

2. We find a large range of Ly« halo scale lengths, emphasizing
the diversity of configurations of the cool CGM. The halo
scale lengths in our sample range from 1.0 to 18.7 kpc with a
median value of ~#4-5 kpc. We also show that the Lya emis-
sion probes the CGM out to large radii (Fig. 15), reaching on
average ~50% of the virial radius according to the compari-
son of our data with predictions from a semi-analytic model.
This result shows that Ly« emission is a powerful tool to map
the cold hydrogen around high-redshift galaxies.

3. The Ly« haloes properties of our selected sample of LAEs
appear to be dependent on the stellar content of the galaxies.
Both Lya halo spatial extents and fluxes are found to be pos-
itively correlated with UV magnitudes and spatial extents of
the host galaxies, although the correlation with UV magni-
tude is not as clear.

4. While Lya halo scale lengths appear to be considerably
larger at z > 3 than at z ~ 0 (from a comparison with the
LARS sample), we do not observe any significant evolution
of the Ly« scale lengths between redshift 3 and 6. This im-
plies an evolution of the CGM content between z ~ 0 and
z=3.

5. The galaxies that are less likely to have a Lya halo as well
as those with small haloes (7sp0 < 1 kpc, i.e. objects with
upper limits on the halo size), have on average narrower Ly«
lines than the rest of the sample (Fig 10). This suggests that
the Lya line is less broadened when the gas content in the
CGM is low. However, it is worth noting that Lya line of
galaxies with a high confidence Ly« halo are not systemati-
cally broader.

6. With the information from our data we attempt to explore
the origin of the Lya haloes around star-forming galaxies.
While we find no evidence for a dominant contribution from
a single particular process, we are not able to rule out any of
the scenarios we consider, i.e. scattering from star-forming
regions, fluorescence, and cooling radiation from cold gas
accretion, except maybe the scenario for which satellites sig-
nificantly contribute. Indeed, while we do not find signifi-
cant evidence for the “satellite scenario”, our data cannot
disentangle whether the Lya photons are produced in the
star-forming regions and then scatter in the CGM or “in-
situ” in the CGM from gravitational cooling radiation and/or
from fluorescence. As a consequence, further observations
and analysis will be needed to understand the powering pro-
cess(es) of the Lya haloes (JWST, MUSE with AO, and the-
oretical and numerical analyses).

The MUSE instrument has enabled us to extend the sample of
measurements of Lya haloes to fainter and smaller galaxies,
which are more representative of the bulk of the galaxy popu-
lation. Our study underlines the significant cold gas content of
the Universe between redshifts 3 and 6, regardless of the nature
of the Lya halo emission mechanism.

This new study highlights that Ly« emission presents an ex-
citing new opportunity to study the diffuse and low-SB gas in
the vicinity of faint high-redshift galaxies. In the coming years,
adaptive optics mounted on MUSE/VLT will allow us to be
even more precise in the detection and characterization of these
Lya haloes. By improving the PSF, it will be possible to detect
smaller Ly haloes and thus confirm if there are LAEs without
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any halo component. Within the context of the substantial re-
cent progress in improving numerical simulations and theoreti-
cal models, detailed comparisons of models and observations of
Lya haloes around normal star-forming galaxies are now possi-
ble and promise to significantly expand our understanding of the
mechanisms that regulate the gas that flows in and out of galaxies
in the early Universe.
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Appendix A: Effect of the exposure time on the Lya halo detection

Our sample is constructed from two overlapping data sets with various exposure times, where the udf-10 data is 3 times deeper on
average than the mosaic data. We are therefore able to investigate how our Lya halo size measurements vary with depth.

Within our sample, 26 objects are both detected in the udf-10 and mosaic fields but only 15 have a reliable Lya halo measurement
(see Sect. 4.3.2). Figure A.1 shows the difference of the Ly halo scale length measurements against the S/N (left panel) and the
total Ly« flux (right panel) of the Lya NB image constructed from the mosaic data cube for these 15 objects. The median difference
is small (<0.1 kpc) and the error bars encompass the measured offsets for every object.

Figure A.2 shows a more detailed comparison of the two data cubes for three representative objects. The S/N of Lya NB images
from the udf-10 is on average larger by a factor ~2 compared to the mosaic. This is consistent with the noise analysis of the UDF
MUSE data cubes given in B17. This is also clearly highlighted by the contours, which are clearer and less splintered in the udf-10
images. The NB images are optimized in terms of S/N from both data cubes. Hence, the spectral bandwidths are not always the
same in the two data cubes for a given object. As a consequence the NB images and therefore the Ly centroid measurement can be
slightly different explaining that the SB profiles do not perfectly overlap in the inner region.

The first object (#180, top row) shows a discrepancy in the halo scale length measurements between the two data cubes (object
indicated as red point in Fig. A.1). Visual inspection of radial SB profiles (right panel) shows that the Ly halo of this object is lost
in the noise for the mosaic data cube. We apply a S/N cut of 6 to define our sample (see Sect. 4.3.1) The S/N of the object we are
showing here is higher (9.3) than the S/N cut (6) and this poses questions about the reliability of our S/N cut.

The next object #168 (middle row of Fig. A.2, orange dot in Fig. A.1) offers a counter example. While the S/N of the mosaic
Ly NB image is lower than the previous example and very close to our S/N cut value (6.1), the scale lengths measured in the two
data cubes are similar for this example. These two examples highlight that the S/N cut we define using simulated extended objects
is not absolute and that for S /N < 10, halo sizes can be underestimated in some cases. This uncertainty is however encompassed in
the error bar.

The last example (#149, last row of Fig. A.2 and green dots in Fig. A.1) shows the comparison of the detection for an object
with a good S/N in the two data cubes. Reassuringly, the scale lengths measured in the NB images are similar with a larger error on
the scale length fit to the mosaic data.

Put together, this illustrates the importance of surface brightness sensitivity for the detection of extended Ly« emission.
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Fig. A.1. Comparison of the best-fit Lya halo scale lengths of common objects from the deeper udf-10 data cube (=30 h) and the shallower mosaic
data cube (10 h) with reliable halo measurements (15 objects, see Sect. 4.3.2). Left: difference between the Lya halo scale lengths, plotted as a
function of the Lya S/N from the mosaic data cube. The S/N is calculated in a fixed aperture corresponding to the CoG radius rc, (see Sect. 5.3.2).
The median difference is <0.1 kpc. The dashed red line shows the S/N cut of 6 imposed on our sample (see Sect. 2.2). Right: difference between
scale lengths, plotted against the total Lya flux measured in the mosaic data cube. The red, orange, and green points correspond to the objects
shown as examples in Fig. A.2. The corresponding MUSE IDs are indicated.
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Fig. A.2. Comparison of the Lya halo detection for 3 representative objects from the deeper udf-10 data cube and the shallower mosaic data
cube. From top to bottom rows show objects #180, #168, and #149, respectively. Left and middle panels: Lya NB images constructed from the
udf-10 and mosaic data cubes, respectively. The black contours show the 107185 erg s™! cm2 arcsec™2 SB level for the two images. Right panels:
comparison of the radial SB profiles measured on the Lya NB images (data points) and from the modelled Ly images (lines) in the udf-10 data
cube (in colour) and the mosaic data cube (in black). The black dotted line shows the rescaled radial SB of the UV continuum. The best-fit halo
scale lengths from the two data cubes are indicated in the upper right corner of each panel.
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