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ABSTRACT

We present near-infrared observations, acquired with the Wide Field Camera 3 (WFC3) on board the Hubble Space Telescope (HST),
of a Lya-emitting double-clumped nebula at z ~ 3.25 associated with a damped Lya absorber (DLA). With the WFC3/F160W data
we observe the stellar continuum around 3600 A in the rest frame of a galaxy embedded in the west clump of the nebula, Gy, for
which we estimate a star formation rate (SFR) of SFRg,, = 5.0+ 0.4 M, yr~! and a maximum stellar mass Mgy, <9.9+0.7% 10° M.
With the enhanced spatial resolution of HST, we discover the presence of an additional faint source, Gg, in the center of the east
clump, with SFR¢, = 0.70 £ 0.20 M,, yr’1 and a maximum stellar mass Mg, < 1.4 +0.4 x 10° M. We show that the Lya emission in
the two clumps can be explained by recombination following in situ photoionization by the two galaxies, assuming escape fractions
of ionizing photons of <0.24 for Gw and <$0.34 for Gg. The fact that Gy is offset by ~8 kpc from the west clump means we cannot
fully rule out the presence of additional fainter star-forming sources, which would further contribute to the photon budget inside this

~10'2 M,, galaxy group that extends over a region of 30 x 50 kpc.
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1. Introduction

Spectroscopy with large-format integral field units (IFUs) on
8m class telescopes has rapidly transformed our view of the
circumgalactic medium (CGM), the heterogeneous diffuse gas
around galaxies that plays a key role in the regulation of
the baryon cycle. Once the realm of absorption spectroscopy
alone, the study of the CGM has rapidly progressed thanks
to the Multi Unit Spectroscopic Explorer (MUSE; Bacon et al.
2010) at the Very Large Telescope (VLT) and other IFUs
such as the Keck Cosmic Web Imager (KCWI; Morrissey et al.
2018). With these instruments, halo gas is routinely mapped in
Lya emission on scales of up to <100kpc near star-forming
galaxies (Wisotzki et al. 2016; Leclercq et al. 2017) and quasars
(Borisova et al. 2016; Arrigoni et al. 2019; Fossati et al. 2021),
metals in emission have been imaged in the inner CGM of both
active galactic nuclei and star-forming systems (Guo et al. 2020,
2023; Fossati et al. 2021; Dutta et al. 2023), and cosmic web fil-
aments connecting multiple galaxies have been unveiled in low-
surface-brightness Ly maps (Umehata et al. 2019; Bacon et al.
2021).

Unlike traditional techniques such as multi-object spec-
troscopy employed, for example, in the Keck Baryonic Struc-
ture Survey (KBSS; Rudie et al. 2012; Steidel et al. 2014) and
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in the VLT Lyman break galaxy Redshift Survey (VLRS; e.g.,
Shanks et al. 2011; Bielby etal. 2011; Crighton et al. 2011),
IFUs do not require any preselection of galaxies. This advan-
tage has made IFUs a common tool for studying galaxies
associated with absorption line systems, and many sources
at smaller impact parameters that went undetected when
observed with other instruments have been revealed. Further-
more, thanks to dedicated surveys targeting continuum faint
Lya or [OII] emitters (e.g., Schroetter et al. 2016; Péroux et al.
2019; Lofthouse et al. 2020; Muzahid et al. 2020; Oyarzin et al.
2024), samples of absorbers and galaxy associations have
increased in size from a few tens to several thousand. At z =
0.5—-1.5, the MUSE Analysis of Gas around Galaxies (MAGGQG)
survey (Dutta et al. 2020) has expanded the results of multi-
object spectrographs (Chen et al. 2018; Weiner et al. 2009) to
higher redshifts (z = 1.5), revealing that stellar mass is the domi-
nant factor influencing the Mg II absorption around galaxies. By
focusing on the inner CGM traced by very strong Mg IT absorp-
tion systems, the MUSE Gas Flow and Wind (MEGAFLOW)
survey (Schroetter et al. 2016) has provided an expanded view
of the effects of inflows and outflows on the column density
and kinematic distributions of the absorbing gas around the host
galaxy as a function of the galaxy orientation. At higher red-
shifts, z = 3, the MUSE Quasar Field Blind Emitter Survey
(MUSEQuBES; Muzahid et al. 2020) and the MAGG survey
(Lofthouse et al. 2020, 2023; Galbiati et al. 2023) have extended
our view of the properties of hydrogen and metals (traced by
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C1v and SiIv) around continuum-faint Ly emitters (LAEs),
reaching ~1 dex lower masses compared to previous studies that
used brighter Lyman break galaxies (LBGs). These studies have
revealed the presence of gas filaments that host strong hydro-
gen and metal absorbers and stretch across galaxies, as well as
diffuse pockets of lower column densities and enriched gas.

The analysis of the galactic environment around metal
absorbers has been pushed to even higher redshifts (z = 4)
thanks to the combined power of the Near Infrared Camera
(NIRCam) slitless grism spectrograph on board the James Webb
Space Telescope (JWST) and the Atacama Large Millimeter
Array (ALMA). These studies revealed the presence of galax-
ies at impact parameters <300kpc from low-ionization metal
absorbers, suggesting the presence of an efficient intergalactic
medium enrichment mechanism during the later stages of reion-
ization (e.g., Wu et al. 2023; Bordoloi et al. 2024).

Thanks to integral field spectroscopy, it has become clear
that absorption line systems are often associated with multiple
galaxies, including cases of rich galaxy groups with up to =10
members. These rich groups present more extended distribu-
tions of both hydrogen and metal-enriched gas (Bordoloi et al.
2011; Fossati et al. 2021; Dutta et al. 2020; Galbiati et al. 2023;
Lofthouse et al. 2023; Muzahid et al. 2021), with covering fac-
tors ~2—5 times higher than those of isolated galaxies. While the
mechanisms responsible for this elevated gas distribution remain
unconstrained, studies of individual cases in which tomogra-
phy in absorption is possible or enriched gas in emission can
be probed (Fossati et al. 2019; Chen et al. 2019; Leclercq et al.
2022) point to gravitational interactions and outflows as possible
mechanisms that can increase the contribution arising from the
superposition of halos or a more diffuse intragroup medium.

Among the first examples of absorption line systems
associated with group environments observed by MUSE,
Fumagalli et al. (2017) reported the detection of a damped Ly«
absorber (DLA) with a column density of log Ng; = 20.85 +
0.10 cm™2 at redshift zg, = 3.2552 + 0.0001. This DLA is asso-
ciated with a UV-continuum-detected galaxy at a projected dis-
tance of 19.1 + 0.05 kpc, embedded in an extended Lya nebula
composed of two bright clumps separated by a projected dis-
tance of 16.5 + 0.5kpc. The line-of-sight velocity of the two
emitting Lya clumps is aligned in velocity with the main absorp-
tion components of metal lines associated with the DLA, which
suggests a link between the absorption and emission substruc-
tures. This evidence is consistent with multiple galaxies form-
ing inside an extended gas-rich and metal-rich structure. As the
two clumps were detected only via Ly, uncertainty remained
about the nature of this emitting region and the possible power-
ing mechanisms.

To address these questions, we collected near-infrared (NIR)
imaging (PID 15283; PI: Mackenzie) using the F1I60W filter
with Wide Field Camera 3 (WFC3) on board the Hubble Space
Telescope (HST) to search for rest-frame optical emission and
better constrain the properties of this system through stellar pop-
ulation synthesis analysis. This paper discusses the HST NIR
follow-up observations and expands on the conclusions pre-
sented in Fumagalli et al. (2017). The structure of the paper is
as follows. In Sect. 2 we present the new observations and data
reduction, followed by the analysis in Sect. 3 and a discussion
on the nature of the Lya emission origin and the associated
galaxy environment in Sect. 4. The summary and conclusions
are presented in Sect. 5. Unless otherwise noted, we quote mag-
nitudes in the AB system, distances in proper units, and adopt the
Planck 2015 cosmology (Q, = 0.307, Hy = 67.7kms™! Mpc™!;
Planck Collaboration XIII 2016).
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2. MUSE and HST observations
2.1. Spectroscopy from MUSE

The quasar J0255+0048 was first observed thanks to an imag-
ing survey aiming to probe in situ star formation associated with
DLAs (O’Meara et al. 2006; Fumagalli et al. 2010). From this
survey, J0255+0048 and other five quasars were selected as sys-
tems hosting DLAs at z > 3, the redshift for which Ly« enters
the wavelength range covered by MUSE, allowing the gather-
ing of additional data. MUSE observations of these six quasar
fields were conducted at the VLT as part of the European South-
ern Observatory (ESO) programs 095.A-0051 and 096.A-0022
(PI: Fumagalli). Observations were carried out on the nights of
17-20 September 2015 in a series of 1500s exposures, with a
total of 2.5 hours under good seeing conditions (requested to be
<0”8) and clear sky.

The detailed data reduction process is presented in
Fumagalli et al. (2017); only the key steps are highlighted
here. Following the standard ESO MUSE pipeline (v1.6.2;
Weilbacher et al. 2014), basic corrections such as bias subtrac-
tion and flat-fielding were applied in addition to wavelength
and photometry calibrations. The frames were then processed
to improve the quality of sky subtraction and flat-fielding and
to remove the residuals left from the ESO pipeline reduc-
tion using the CUBEXTRACTOR code (CUBEX; Cantalupo et al.
2019). Corrections for extinction were implemented. From com-
parisons with photometric data from the Sloan Digital Sky Sur-
vey (Eisenstein et al. 2011) a factor of 1.12 was applied to the
flux calibration to consider low levels of atmospheric extinction.
Following Schlafly & Finkbeiner (2011), the presence of Milky
Way dust in the direction of observation was evaluated. The final
IFU cube has a field of view of 1 X 1arcmin? composed by
0772 pixels, covering the wavelength range 4750-9350 A in bins
of 1.25 A. At 1 ~ 5170 A, corresponding to the Lya wavelength
at the DLA redshift, the effective image quality is =076 and
the noise level ~6 x 107" erg s~ ecm™2 A~! arcsec™2 (root mean
square).

2.2. Near-infrared imaging from HST

The field of quasar J0255+0048 was imaged over four orbits
with HST WFC3/IR F160W (PID 15283; PI: Mackenzie).
Observations were obtained on 28 August 2018 and 15 Septem-
ber 2019. The bright quasar has H(AB) = 18.33 mag, sev-
eral magnitudes brighter than the targeted nebula counterparts
at a separation of 2—6”. Given this magnitude contrast, ensur-
ing that the quasar did not contaminate the structure either
through diffraction spikes or by dithering the structure onto pix-
els affected by persistence from the bright quasar was critical.
To minimize the impact of diffraction spikes, we selected only
ORIENT angles that place the diffraction spikes away from the
structure identified in Lya emission.

There is a bright star with H(AB) ~ 9.0 mag =~45” away
from the quasar and the Ly nebula. The star is sufficiently bright
that it would quickly saturate the detector and its extended point
spread function (PSF) would contaminate the object of interest.
We therefore offset the exposures from the default aperture so
that the star falls outside the field of view to the greatest extent
possible. This resulted in our target being placed in one corner
of the observed field, with diffraction spikes from the star that do
not overlap with our target source.

To control persistence and dither to improve spatial sam-
pling, we adopted the LINE dither pattern with 1.5” point
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Fig. 1. HST data of the two continuum-emitting sources Gg and G inside the Lya-emitting nebula observed with MUSE. Left: HST WFC3/F160W
observation with the subtracted quasar PSF. The two sources Gg and Gy are indicated by the purple circular apertures of 0”76 radius (dotted line)
and 1” (solid line) centered on the galaxies. Next to Gy, the dashed purple line marks the original PSF of the quasar. Right: Lya surface-brightness
map obtained from the MUSE cube and smoothed with a Gaussian 2D kernel with oy = o, = 073. The dashed gray lines delimit the 1o
(6 x 107 ergs™ cm™2 arcsec™2) and 5o surface-brightness levels. The purple circles of radius 06 and 1” surrounding the continuum-detected
sources are reproduced to better show the positions of the two galaxies relative to the Ly clumps (Cw and Cg), and the position of the quasar is

again marked by the dashed purple line.

spacing to move along the line separating the quasar and the
Lya nebula. In this way, the structure never fell on pixels that
the quasar had fallen on in previous exposures. The larger point
spacing (~3X) allows the removal of IR blobs and other artifacts
for cleaner images. To maximize the signal-to-noise ratio for any
faint counterparts of the Lya nebula, we used SPARS50 with
NSAMP = 14, resulting in four exposures per orbit over three
orbits.

The observations in 2019 were repeated because observa-
tions from 2018 failed due to a guide star reacquisition failure,
resulting in the loss of an exposure. The orientation constraints
required to avoid the diffraction spikes delayed the repeat for a
year. This provided an opportunity to further avoid the diffrac-
tion spikes of the bright nearby star for a more fully cleaned
image. Thus, we slightly offset the target location of this repeated
visit. We obtained an additional four exposures over one orbit
with the same dither pattern and sampling as the original data,
although at a different orientation (U3 = 272.2° compared to
U3 = 274.0° for the original visit). In total, we obtained 9794 s
of successful exposure time over 15 dithered exposures.

The data were downloaded from the Mikulski Archive for
Space Telescope (MAST) in 2022 to obtain data calibrated with
the IR filter-dependent delta sky flats by date of appearance of IR
blobs (WFC3 ISR 2021-01; Olszewski & Mack 2021). Custom
masks were created to remove the diffraction spikes from the
nearby star and satellite trails. The individual exposures were
first aligned to each other with TWEAKREG. Then the resultant
combined image mosaic generated with ASTRODRIZZLE was
aligned using Gaia Early Data Release 3 (Gaia Collaboration
2021) with uncertainties <0”704. The following drizzle param-
eters were used: COMBINE_TYPE was set to “imedian”,
SKYMETHOD to ‘“globalmin+match”, FINAL_WHT_TYPE to
“IVM”, FINAL_SCALE to 0.06, FINAL_PIXFRAC to 0.8, and
FINAL_ROT to 0.

Root mean square (RMS) error images were created from the
resultant weight (WHT) map, where RMS = 1/ VWHT. We cor-
rected the RMS maps for correlated pixel noise as described in
Sect. 3.3.2 of the DR1ZZLEPAC Handbook (v2.0, Hoffmann et al.

2021), which provides a noise scaling factor (R) based on the
drizzled and native pixel scales, and the FINAL_ PIXFRAC. For our
drizzle parameters, the noise scaling factor is R=1.71, yielding
a correlated noise factor of 2.124.

3. Analysis of HST imaging data

With HST NIR follow-up observations, we find two sources,
labeled Gg and Gy, detected in emission in the region of the
double-clumped Ly nebula. Here, Gy is the galaxy previously
named G in Fumagalli et al. (2017). The two sources are sepa-
rated by a projected distance of 2”799, 23 kpc at the DLA red-
shift zg1,, with a projected distance between Gg and the quasar of
~40 kpc and between Gw and the quasar of ~19.5 kpc.

From the comparison between the Ly« emission and the HST
NIR observations in Fig. 1, we find that a third (=33% in the case
of Gw and ~27% for Gg) of the total Lya emission of the neb-
ula is detected inside the 1" circular apertures around the two
sources (solid purple circles), suggesting a connection between
the star formation activity within the detected galaxies and the
Lya emission. Moreover, when comparing the centers of the two
Lya-emitting clumps, Cw and Cg, with the centers of the two
galaxies detected in the continuum, we find an offset of ~7.7 kpc
between Gw and Cw and ~1.6kpc between Gg and Cg. Gy
has a spectrum and colors consistent with those of a z ~ 3.2
LBG (Fumagalli et al. 2017). We do not have previous informa-
tion about the second galaxy, Gg, because its fainter continuum
emission is not detected by MUSE. However, the fact that G is
well centered in correspondence of the Lya-emitting clump Ck is
indicative of a true association rather than a spurious projection
effect. For this reason, the redshift of both galaxies is assumed to
be that of the DLA, zg;, = 3.2552 +0.0001. At the estimated red-
shift of these galaxies, the [O 11T] and He lines could be observed
at wavelengths much higher than the ones covered by the F160W
filter. Other lines that can fall in the observed wavelength range
generally have lower equivalent widths, and for this reason, no
contribution from emission lines is included.
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Fig. 2. Growth curve for galaxies Gw (a) and Gg (b). The black points show the resulting flux with background and shot-noise uncertainties.
The Kron flux is represented in purple with the shaded 68% confidence region. The growth curve flux is marked in yellow with the shaded 68%
confidence region. In panel b, the colored squares represent the flux observed inside the apertures that encircle 70.8%, 83.6%, 86.3%, and 90.0%

of the total energy emitted by a point-like source.

Table 1. Properties of galaxies Gy and Gg.

Source  dquasar F160W flux F160W mag SFR M.,
(kpe) (ergs'em2A™!)  (AB mag) Mo yr™h) Mp)

Gw 19.5 60 + 4 x 1072 24.71 = 0.08 50+£04 <9.9 x 10°

Gg 40 83+24x 1072 26.9+0.3 070+ 020 <1.4x10°

Notes. From left to right: name of the source; the projected distance with respect to the quasar (dquasar); the observed F160W flux; the apparent AB
magnitude in the F160W filter; the SFR evaluated with STARBURST99 assuming a constant star formation history; the inferred stellar mass.

3.1. Photometry

Flux from the bright quasar J0255+0048 needs to be subtracted
to accurately compute the flux emitted by the two sources. The
quasar contribution within the circular aperture of 1" around Gg
is consistent with zero within the background uncertainty and,
therefore, negligible. For G, a subtraction of the quasar PSF
with a bespoke code developed for HST/WFC3 PSF modeling
(Revalski 2022; Revalski et al. 2023) suppressed the quasar con-
tamination in the circular area of 1” radius around Gw to levels
comparable with zero given the background uncertainty. All the
background uncertainties related to a given aperture in the sci-
ence image are evaluated as the square root of the quadrature
sum of the values displayed by the pixels of the RMS image
inside the same aperture.

To measure the flux emitted by Gw, we used the SOURCE
EXTRACTOR Python library (Bertin & Arnouts 1996; Barbary
2018) and computed the signal contained inside the Kron ellip-
tical aperture associated with the galaxy, expected to encircle
94% of the total flux (Kron 1980; Bertin & Arnouts 1996). The
measured value was then divided by a factor of 0.94 to derive
the total flux. Figure 2a shows in purple the measured Kron flux
for Gw, foy kron = 6.0 £ 0.4 x 107 ergs~' cm™2 A~". The cor-
responding AB magnitude is m(AB)g,, = 24.71 + 0.08 mag.
Uncertainties on flux measured inside a given aperture were
evaluated as the square root of the quadrature sum of the Pois-
son uncertainty related to the measured flux and the background
uncertainty from the RMS image derived above. The Kron flux
is consistent with the flux estimated from the growth curve,
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fowcoz = 6.0£0.6x 10 ergs™' ecm™ A, indicated in yellow
in Fig. 2a.

We repeated the analysis for Gg, using both the Kron flux and
the growth curve method. The purple line in Fig. 2b marks the
total flux evaluated from the elliptical Kron aperture (fg, ., =

7.1+2.5x1072 ergs~' em~2 A~"). The source G, is much fainter
and compact, and the resulting growth curve is noisier. For esti-
mating the total flux, we therefore applied an aperture correction,
relying on the values published in the WFC3/IR handbook. The
flux values in the apertures encircling 70.8%, 83.6%, 86.3%, and
90% of the total energy are shown as colored squares in Fig. 2b.
At radii 20”74 the noise becomes considerable. We hence relied
on the aperture at 0”725 (blue square), obtaining a total aperture-
corrected flux fg, = 8.3 +2.4x 107! ergs™' cm™ Al

The Kron and growth curve fluxes are consistent with each
other at 1o level, as the substantial uncertainties easily accom-
modate the ~10% difference. In the following, we adopt as the
best estimate the value of the flux obtained from the growth
curve. The apparent magnitude of Gg thus becomes m(AB)g, =
26.9 + 0.2 mag. Information relative to the two sources is sum-
marized in Table 1.

3.2. Star formation rate and stellar mass evaluation

To evaluate the stellar mass of the two sources, we simu-
lated the spectral evolution using the STARBURST99 software
(Leitherer et al. 1999), assuming Geneva stellar tracks with-
out rotation and a metallicity comparable to that of the DLA,
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Fig. 3. F160W simulated flux at z = 3.25 as a function of SFR and age, assuming a constant SFR evolution. The solid and dash-dotted black
lines are the 10~ and 20 confidence intervals of the measured flux of galaxy Gw (a) and Gg (b). The white line marks the age of the Universe at
z = 3.25 (i.e., t = 1.97 Gyr); based on this age, the average SFR of the two sources is inferred to be SFRg,, = 5.0 + 0.4 M, yr~! and SFRg, =

0.70 + 0.20 My yr'.

Z = 0.002 (Z = 0.1 Zy). We assumed a Kroupa (Kroupa 2001)
initial mass function, represented by a double power law with
index a; = 1.3 between 0.1 and 0.5M;, and @, = 2.3 between
0.5 and 100 M. Dust is not considered by STARBURST99 mod-
els; however, even if dust is not expected to significantly affect
LAEs, we discuss the consequences of the presence of dust at
the end of this section. Due to the limited number of photomet-
ric data points available, we are unable to accurately constrain
all the necessary properties, such as dust content, age, and star
formation history, required to estimate the stellar mass of the
galaxies. As a result, we had to proceed with our analysis by
introducing assumptions, some of which are testable, with the
aim of establishing an upper limit for the stellar mass of the two
sources.

To explore the properties of Gw we considered the evolution
of a galaxy with a constant star formation rate (SFR) ranging
from 0.1 to 10 Mg yr~!, evaluating the flux that would produce
in the F160W filter if it were observed at the DLA redshift
Zdla = 3.2552. The results are shown in Fig. 3a, in which the
color illustrates the value of the synthetic IR flux as a function of
SFR and age. The black solid and dash-dotted lines enclose the
68% and 95% confidence intervals around the measured value
Of fGyxon- We observe that the SFR implied by the F160W mag-
nitude strongly depends on age for ages <2 Gyr, but it is rela-
tively constant thereafter. This trend arises from the fact that the
F160W band has a pivot wavelength at Agjgow = 15369 A, cor-
responding to a rest frame emission of A ~ 3612 A, which is
at the boundary between the near-UV (NUV) and optical bands.
The NUV part of the spectrum is more sensitive to the SFR of
the galaxy, but the probed wavelengths are red enough to be also
affected by the growth of the stellar mass. Due to the additional
contribution from older stellar populations at a later time, the
same flux can be obtained with a lower SFR than at earlier times.
To find an upper limit for the mass of the galaxy, we formu-
lated the hypothesis that the age of the galaxy is approximately
equal to the age of the Universe at the observed redshift (i.e.,
t ~ 1.97 Gyr, marked by the white vertical line in Fig. 3a), deriv-
ing an average SFRg,, = 5.0 £ 0.4 My yr .

The assumption of constant star formation history for galaxy
Gw can be tested using the observed r-band flux of f, =
16 + 1 x 10X ergem 25! A~! computed by Fumagalli et al.
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Fig. 4. Simulated r-band flux as a function of the galaxy age and SFR,
assuming a constant star formation history. The solid and dashed black
lines are the 1o~ and 20 confidence intervals of the r flux estima-
tion measured with MUSE data by Fumagalli et al. (2017). The dashed
white line marks the age of the Universe at z = 3.25, i.e., t = 1.97 Gyr.
The r-band flux is more sensitive to the instantaneous SFR and, under
the assumption of a constant star formation history used in this case,
does not depend on the age of the galaxy.

(2017) through the convolution of MUSE spectroscopic data
with the r filter response. The observed r-band flux, with a
pivot wavelength A, ~ 6176 A, is more sensitive to the instan-
taneous SFR of the galaxy as it is probing the rest frame far-
UV (FUV) flux with 4, = 1451 A. As before, we evaluated
the synthetic r-band flux that galaxies with different values of
SFR should emit and compare them with what observed for
galaxy Gw. The results showed in Fig. 4 demonstrate how the
r-band flux can be considered independent of the age of the
galaxy under the assumption of constant star formation history
and the instantaneous SFR of galaxy Gw is measured to be
SFRg, = 4.6 + 0.3Myyr . In Fig. 5, we compare the more
instantaneous SFR value inferred from the r-band flux (green
line) with the indicator on longer timescales from the F160W
photometry (orange line). The shaded regions mark the 1o~ and
20 confidence intervals on the measured fluxes. The fact that at
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Fig. 5. Comparison between the inferred instantaneous SFR (green)
inferred from the r-band flux and the value averaged over longer
timescales (orange) from the F160W photometry of galaxy Gw. The
dark- and light-shaded regions mark the 68% and 95% confidence inter-
vals. The similarity between the two values corroborates the hypothesis
of a constant SFR.

t ~ 1.97 Gyr, the assumed age of Gy, the instantaneous SFR is
comparable with the averaged SFR obtained from F160W obser-
vations rules out significant excursions in the recent star forma-
tion history of the galaxy. The slightly lower value of the inferred
instantaneous SFR could be explained by a past enhancement in
the star formation activity of Gw. Still, the difference is within
current uncertainties.

The straw-man assumption of ¢ ~ 1.97 Gyr can be compared
to what is found in the stellar populations of LAEs. For example,
recent studies suggest that LAEs have typical ages of <500 Myr
(e.g., Matthee et al. 2021; Endsley et al. 2024). If that were the
case, we would derive an average SFR for Gw of 26.1 Mg yr’l,
a factor of 1.3 higher than the instantaneous SFR, suggesting
that the galaxy may have undergone a more significant starburst
phase. Assuming a maximal age also provides an estimate for
the galaxy maximum stellar mass using the relation

t=1.97 Gyr
M, = f SFRg,, dr.
0

This leads to a maximum stellar mass of Mg, < 9.9 £ 0.7 X
10° M, consistent with the mass ~5 x 10° M, estimated through
scaling relations calibrated on known DLAs (Mgller et al. 2013).
If the age of the galaxy was around 500 Myr then the same argu-
ment would lead to Mg,, ~ 3.1 x 10° M.

We repeated the analysis for source Gg and show the results
in Fig. 3b. The same behavior described in Fig. 3a for Gw can
also be observed in this case, where the increment in time of the
stellar mass results in an increment of the F160W mock flux at
a constant SFR. Assuming that also the age of Gg is comparable
with the age of the Universe at the DLA redshift, we estimated
the SFR of the source to be SFRg, = 0.70+0.20 Mg yr™!, leading
to a maximum stellar mass of Mg, < 1.4 + 0.4 X 10° Mo, about
one order of magnitude lower than Mg, .

We do not have any other observation to test the hypoth-
esis of a constant SFR for galaxy Gg. However, when using
STARBURST99 to generate mock F160W fluxes in the case of
starburst, we find that to reproduce the observed photometry, the
source would need to have a stellar mass 10°* < Mg, < 107 M,
when we require the galaxy to have an age between 0.5 and

ey
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1 Gyr. A single starburst with such a high mass is very unlikely,
and therefore, we consider it more probable that this galaxy has
a constant SFR. However, we do not exclude the possibility that
the star formation history of Gg could be variable, with alternate
phases of intense and moderate activity as observed for stochas-
tic star formation in low-mass systems (Fumagalli et al. 2011;
Guo et al. 2016).

The SFR values that we have considered until now are the
“observed” SFRs (i.e., they are not corrected for dust reddening).
With the limited photometric information we currently have, we
cannot derive the dust properties independently. Therefore, to
estimate the impact of dust, we relied on the values observed
in other LAE samples. Matthee et al. (2021) find that LAEs
at z ~ 2 have similar SFR to Gy (6 + 1 Mgyr™!) and an
extinction of Ay =~ 0.7. This extinction would lead to a fac-
tor of 1.9 higher intrinsic flux. This translates to an intrinsic
SFRg,, ~ 9.5My yr! and SFRg, ~ 1.33 Mg yr!. Since the dust
correction is not well characterized, we relied on the minimum
observed SFR value in the following. As we will show, even
without considering dust correction, the ionizing radiation emit-
ted by the two sources is sufficient to power the observed Lya
luminosity, and dust correction will only strengthen this argu-
ment.

4. Discussion
4.1. What powers the Lya emission?

Constraining the physical processes at the origin of Lya emis-
sion in galaxies is challenging, since many plausible powering
mechanisms have been suggested (e.g., Ouchi et al. 2020). The
observed radiation is likely generated by a combination of them,
as also shown by simulations (e.g., Mitchell et al. 2021). One
possibility is that Lya photons are produced in situ in the CGM
from fluorescence after photoionization. Alternatively, radiation
can be powered by cooling during the accretion of gas onto dark
matter halos. Lya photons can also be generated in HII regions
of galaxies and then diffused in the CGM through scattering on
the surface of neutral gas clouds. Many studies propose that this
scattering process constitutes the primary mechanism, although
they cannot definitively rule out the contribution of other pro-
cesses (Wisotzki et al. 2016; Leclercq et al. 2017). The hypothe-
ses about Lya photons generated by recombination following
photoionization in the CGM or in the interstellar medium (ISM)
are highly plausible from an energetic point of view, even though
the expected emission from theoretical models usually suffers
from high uncertainties due to the unknown geometry of the neu-
tral gas clouds. However, this is a central factor in shaping the
observed radiation and understanding the amount of ionizing or
Lya photons able to escape and generate the nebula. Moreover,
some Lya photons might be produced by undetected, UV-faint
satellites surrounding the central galaxy, believed to play a cen-
tral role in explaining extended (250 kpc) asymmetric Lya emis-
sion (e.g., Herrero Alonso et al. 2023).

With HST NIR observations, we have discovered the pres-
ence of a new UV-emitting source, Gg, inside the Lya-emitting
clump Cg. No other sources are detected within the nebula at the
current depth, except the previously known galaxy Gw that par-
tially overlaps with the clump Cyw. With these data, we only wish
to answer whether the UV photons produced by the two detected
galaxies are enough to power the Lya nebula via in situ pho-
toionization? Fumagalli et al. (2017) found that galaxy Gw alone
was only marginally able to power the entire nebula, making it
more plausible that other sources contribute to the ionization.
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In the following, we reassess the hypothesis of photoionization
as a powering mechanism from an energetic point of view, con-
sidering both sources.

Under case-B recombination, the Lya luminosity and the rate
of hydrogen ionizing photons emitted by a galaxy are related as
LLya =0.68 fébsc,LyC Om ELy(y’ )
where Ej, is the energy of Lya photons, the factor 0.68 denotes
the probability under case B that a recombination event will
result in the emission of a Lya photon (Dijkstra 2014), and QO
represents the photoionization rate of the galaxy given its star
formation. The fe 1yc is a multiplicative factor that accounts for
the fraction of ionizing photons that can leave the ISM and ion-
ize the surroundings. As introduced above, there is a plethora of
possible mechanisms able to power Lya emission, and we do not
exclude that some of them might play an important role even in
our case. For this reason, the values of f.1yc that we present
under the hypothesis that Ly« is only due to photoionization in
the CGM should be interpreted as maximum escape fractions. In
the following, we use the results of the STARBURST99 models
described above to estimate the ionizing photon rate.

Based on the new estimates of SFR in Table 1 for the two
sources in our field, we obtain Qi g, = (1.44 +0.12) x 10 57!
and Quig, = (2.0 £ 0.6) x 10° s7!. Cumulatively, the ionizing
photon rate of ~1.6 x 10°*s™! is sufficient to power the total
observed Lya luminosity of Ljygneb = (2.7 £ 0.1) X 10% erg 57!
if only ~15% of the ionizing photons escape from the galaxies
(feseuye = 0.15). Hence, the detection of an additional galaxy
Gg and a revised estimate of the SFR for galaxy Gw compared
to Fumagalli et al. (2017) is enough to power the Lya nebula.

Considering the two galaxies individually, the maximum
Lya luminosity that we can expect to observe under our hypoth-
esis is the one obtained imposing the maximum escape frac-
tion fescrye = 1 (i.e., Liyo Gy (feseye = 1) = (1.60 + 0.13) x
10¥ ergs™) and Liyo 6, (feoserye = 1) = (2.2£0.6)x 10% ergs™.
If we attribute the photons escaping each source to the power-
ing of each clump separately, we can estimate an escape frac-
tion needed for each galaxy. To do so, we compared maximum
luminosities above with the values observed in Fumagalli et al.
(2017) for clump W, Liyoc, = (9.5 £1.2) X 10" ergs™', and
clumpE, Liy, ¢, = (7.6 +0.8) X 10*! ergs~!. Considering galaxy
Gg fully embedded within the clump, we infer an escape frac-
tion is feeryc ~ 0.34. For galaxy Gw, instead, as argued in
Fumagalli et al. (2017), the spatial offset between the source and
the clump can be interpreted with a geometry in which galaxy
Gw is not fully embedded within the emitting structure, but is
shining toward the clump that receives ~1/4 of the total photon
flux. In this case, the escape fraction becomes fosc1yc ~ 0.24.

These escape fraction values are higher than the average
Jeseiyc for LAEs at similar redshift, which is observed to be
<10% (Marchi et al. 2017; Naidu et al. 2018), but still repre-
sent feasible values (e.g., Naidu et al. 2022). For this reason, we
argue that in situ photoionization is able to power the Lya neb-
ula, although it is reasonable that Lya photons generated in the
ISM of galaxies and scattered outward contribute as well. Fur-
thermore, as discussed in Sect. 3, if the galaxies were younger
or if the absorption due to dust is not negligible, the SFR values
would be higher and lower escape fractions would be required
to explain the observed Lya emission. Moreover, if Gg with its
estimated SFR and its position at the center of the clump Cg is
arguably powering the left clump of the nebula, because of the
offset between galaxy Gw and clump Cyw, we do not exclude the
possibility that a further low-mass galaxy below the detection

limit is part of this group and adds additional photons to power
the Lya line by in situ star formation. If such a source were
present in the region of the nebula, it would have a maximum
flux of <6.16 x 102! ergcm™2s™! A~!, as inferred from the 30
detection level in NIR/HST observations. The SFR of a further
undetected source would be 0.5 Mg yr~!, and it would provide
a rate of ionizing photons of <1.5 x 10°3 s~!. Therefore, a single
source near the detection limit, or multiple fainter sources, can
contribute to the overall Lya luminosity. However, the presence
of the two galaxies Gw and Gg alone provides enough ionizing
photons to generate the observed Lya luminosity.

4.2. A mid-size nebula in an H-rich galaxy group

The discovery of a new galaxy, Gg, through HST imaging,
strengthens the argument presented in previous analysis that the
DLA arises from an extended structure associated with a galaxy
group. Under the assumption that galaxy G is the group central
galaxy, known scaling relations would imply a maximum halo
mass for the group of ~10'> Mg (Moster et al. 2010). Extrap-
olating scaling relations from simulations (Evrard et al. 2008;
Munari et al. 2013), groups in this mass range would have a 1D
velocity dispersion of ~150—165kms~'. From the study of the
profiles of the DLA metal lines, a velocity dispersion on the
order of ~150kms~! is found (Fumagalli et al. 2017), consistent
with the inferred group mass, when assuming that the metal-rich
gas clouds are moving in the same potential of the galaxies.

Given the configuration of the two galaxies, the brighter Ly«
emission can be interpreted as halo gas illuminated by ionizing
photons, as argued above. The fainter, more extended emission
can instead be associated with an intragroup medium. As the two
galaxies are separated by only ~30kpc in projection and hence
interacting, it is quite likely that tidal material is present inside
the group. Similar features have been observed at lower red-
shifts inside groups (Chen et al. 2019; Leclercq et al. 2022). At
higher redshift, only a handful of systems in which Lya emission
associated with a DLA suggests the presence of a group envi-
ronment (Mgller et al. 2002; Weatherley et al. 2005; Fynbo et al.
2023) have been detected. The presence of substantial amounts
of neutral gas at a projected impact parameter of ~20 kpc in the
southwest direction further confirms that the emission is trac-
ing only a portion of the group environment, which is likely
to extend over an area of more than 30 x 50kpc. Hence, this
mid-size nebula is the signpost of a moderate-mass group in the
middle of the range bracketed by the Lya halos of star-forming
galaxies and the extended quasar nebulae. However, the lack of
a significant number of such extended structures reported in the
literature, particularly in light of blind and systematic searches
near absorbers (e.g., Lofthouse et al. 2023; Galbiati et al. 2023),
implies that these are rarely seen in emission at z > 3.

4.3. Model predictions

Krogager et al. (2017) developed a model based on the earlier
work by Fynbo et al. (2008) to predict the UV luminosity of
possible galaxies associated with DLAs. Given our DLA metal-
licity and impact parameter of the galaxy Gw, this model pre-
dicts an absolute UV magnitude at 1700 A of —18.75. When we
estimate the observed UV magnitude from the r-band flux we
obtain —20.09. We observe a magnitude a factor of ~1 lower than
the predicted one, and in Figure 11 from Krogager et al. (2017),
our source would lie in the region where other DL A-associated
galaxies at z > 2 have been detected (Christensen et al. 2014).
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Using the Evolution and Assembly of Galaxies and their
Environments (EAGLE) cosmological simulation (Schaye et al.
2015; Crain et al. 2015), we investigated properties of galaxies
similar to the sources analyzed in this work. When considering
the observed SFR, our sources are found to form stars at a lower
rate compared to galaxies with similar masses on the EAGLE
main sequence, corroborating the hypothesis that the estimated
stellar mass represents a higher limit and the true value is prob-
ably lower. We find that the expected maximum halo mass for a
galaxy with a stellar mass similar to Gy should be ~10'?> M, as
also inferred from known scaling relations. Similar galaxies usu-
ally host a central massive black hole, so we do not exclude the
possibility that some of the ionizing photons could be generated
through accretion onto the black hole. However, galaxies in the
simulation are usually found with a higher metallicity (Z > Zy)
than the assumed one, but given the associated scatter, this dif-
ference is unlikely to play a key role in our interpretation. Our
observations also offer a test for the analytic model by Theuns
(2021), who predicted the properties of DLAs in the cold dark
matter model. We find that given the impact parameter of Gw
and the halo mass, the predicted column density of the DLA
is Ngr = 102! cm™2, at less than 20 from the observed value
reported in Fumagalli et al. (2017). However, accounting for a
slightly lower halo mass would provide a column density more
consistent with the observed one, again underlining that the halo
mass we estimated represents a higher limit.

5. Summary and conclusions

We present WFC3/IR observations of a double-clumped Lya-
emitting nebula (Liy, = 27 + 1 x 10* ergs™) that has
been detected in the field of a DLA with column density
log(NHI/cm’z) = 20.85 £ 0.10 and metallicity log Z/Z, = —1.1 +
0.1 atredshift zq, = 3.2552+0.0001. Previous observations high-
lighted how gas in absorption is connected to the Lya emission
due to the similar line-of-sight velocity difference between the two
emitting clumps and the two components in the DLA metal lines.

With new F160W observations, we unveil the presence of
a faint galaxy, Gg, whose center is at a projected distance of
<2kpc from the Lya-emitting clump Cg and, hence, is consid-
ered embedded in the nebula. In addition, we measured the rest-
frame continuum at 3600 A of the previously known galaxy Gw
(called G in Fumagalli et al. 2017), which is offset by ~7.7 kpc
from clump Cw and is consistent with being an LBG at z ~ 3.2.
Hence, we conclude that the two continuum sources are physi-
cally associated with the nebula.

Combining photometry from HST and STARBURST99 mod-
els, we inferred the SFRg,, = 5.0 £ 0.4 M, yr~! and SFRg, =
0.70 + 0.20 Mg yr~! under the assumption of a constant star
formation history and considering the age of the sources to
be comparable to the age of the Universe at the DLA redshift
(t = 1.97 Gyr). When applying typical values of dust extinction
observed for LAEs at a similar redshift, the intrinsic SFR can
rise up to SFRg,, = 9.5Mg yr‘1 and SFRg, ~ 1.33 M, yr‘l. We
also obtained an estimate of the maximum stellar masses by inte-
grating the observed SFR values: Mg,, = 9.9 +0.7 x 10° Mg, and
Mg, = 1.4 + 0.4 x 10° M,,. For galaxy Gy, the assumption of
a constant star formation history is corroborated by a consistent
value for the instantaneous SFR, obtained from the rest-frame
FUV from Fumagalli et al. (2017). For galaxy Gg, undetected in
the r band, the evolution of the galaxy under starburst conditions
would require a mass of 10°* < M,/My < 10°7 for a burst
age of 0.5—1 Gyr, which we consider very unlikely for a single
burst. However, the age of the galaxies remains unconstrained,
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and observational studies suggest that LAEs at these redshifts are
usually younger. In this case, the galaxies would have a higher
SFR but a lower stellar mass (if t = 500 Myr, we would obtain
an SFR > 6.1 My yr™! and Mg, ~ 3.1 x 10° My).

With the revised values of SFRs and the detection of a new
source, we revisited whether photoionization in the CGM due
to the two galaxies alone could power the nebula. This option is
viable if ~15% of the ionizing photons leave the galaxies and are
absorbed inside the nebula. Considered individually, both galax-
ies can power the respective clumps, with escape fractions of
0.24 and 0.34 for galaxies Gw and Gg, respectively. These val-
ues, even if similar to some observations, are above the aver-
age of fesc1yc. For this reason, we do not exclude the possible
presence of additional sources with individual observed SFRs of
<0.5 My yr~!, nor additional Lya-powering mechanisms inside
the CGM and within groups, as well as additional contributions
of Lya photons scattered from the ISM.

The detection of a new source strengthens the argument that
this DLA originates from a galaxy group, for which we inferred
a maximum halo mass of ~10'> M, from both the derived stel-
lar mass and the DLA kinematics. Also, the EAGLE cosmolog-
ical simulation predicts a similar halo mass for galaxy Gw, but
a higher metallicity (Z = Z). The estimated upper limits on the
properties of galaxy Gw seem to consistently fit in the landscape
of both analytical (Theuns 2021) and empirical (Krogager et al.
2017) models.

Given these pieces of information, we deduce that the Ly«
emission traces the intergalactic medium and material displaced
by the interacting galaxies in the inner part of the group. At the
same time, the neutral hydrogen detected at the projected quasar
position shows how the emission is tracking only a portion of a
structure, which may extend for more than 30x 50 kpc. Although
such groups should already be common at z ~ 3, the appar-
ent scarcity of mid-size Lya nebulae, like the one we investi-
gated in this work, seems to suggest a gap in the distribution of
sizes between individual galaxies ($30kpc) and bright quasar
hosts (280—-100 kpc). Dedicated searches for mid-sized nebulae
(=40—-60kpc) will help us better constrain their number density
and the degree of association with galaxy groups.
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