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ABSTRACT

Mapping the intergalactic medium (IGM) in Lyman-o« emission would yield unprecedented tomographic information on the large-
scale distribution of baryons and potentially provide new constraints on the UV background and various feedback processes relevant
to galaxy formation. In this work, we use a cosmological hydrodynamical simulation to examine the Lyman-o emission of the IGM
resulting from collisional excitations and recombinations in the presence of a UV background. We focus on gas in large-scale-structure
filaments in which Lyman-« radiative transfer effects are expected to be moderate. At low density the emission is primarily due to
fluorescent re-emission of the ionising UV background as a result of recombinations, while collisional excitations dominate at higher
densities. We discuss prospects of current and future observational facilities to detect this emission and find that the emission of
filaments of the cosmic web are typically dominated by the halos and galaxies embedded in these filaments, rather than by the lower-
density filament gas outside halos. Detecting filament gas directly would require a very long exposure with a MUSE-like instrument
on the ELT. Our most robust predictions that act as lower limits indicate this would be slightly less challenging at lower redshifts
(z < 4). We also find that there is a large amount of variance between fields in our mock observations. High-redshift protoclusters
appear to be the most promising environment to observe the filamentary IGM in Lyman-o emission.
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1. Introduction

As the reservoir of the majority of baryons in the Universe,
the intergalactic medium (IGM) presents an invaluable means to
understanding the evolution of cosmic structure (Meiksin 2009).
The IGM has been detected in absorption at a wide range of over-
densities out to redshift z ~ 6 using HI Lyman-o (Ly ) absorp-
tion lines in the spectra of background quasars. Successively
larger numbers of quasars have been targeted for this purpose,
resulting in a large data set of Ly« absorption measurements of
the IGM. Before reionisation is completed, understanding the
physical state of the IGM is complicated by the rather uncertain
details of the emergence of the first stars, black holes, and galax-
ies during the epoch of reionisation, but the post-reionisation
(z £ 5.5) IGM should be well described by cosmological hydro-
dynamical simulations (Cen et al. 1994; Hernquist et al. 1996;
Weinberg et al. 1999; Ofiorbe et al. 2017, 2019; Lukié et al.
2015; Bolton et al. 2017). In these simulations, the observed
properties of the IGM are reproduced by a fluctuating gas den-
sity distribution tracing the cosmic structure formation process.
The gas is thereby in ionisation equilibrium with a uniform
UV background (UVB) created by galaxies and active galac-
tic nuclei (AGN). This has led to constraints on the ionisation
and thermal state of the IGM out to z ~ 6 (Rauch et al. 1997,
Davé et al. 1999; Schaye et al. 2000; Meiksin & White 2003;
Faucher-Giguere et al. 2008; Becker et al. 2011; Bolton et al.
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2012; Becker & Bolton 2013; Garzilli et al. 2017; Walther et al.
2019; Khaire et al. 2019) derived from Ly absorption observa-
tions.

In contrast, Lyx emission from the IGM has received
relatively little attention, despite a history of just over half a cen-
tury of theoretically predicted prospects (Partridge & Peebles
1967; Hogan & Weymann 1987; Gould & Weinberg 1996;
Fardal et al. 2001; Furlanetto et al. 2003, 2005; Cantalupo et al.
2005; Kollmeier et al. 2010; Faucher-Giguere et al. 2010;
Rosdahl & Blaizot 2012; Silva et al. 2013, 2016; Heneka et al.
2017; Awugustinetal. 2019; Eliasetal. 2020). Observing
intergalactic Ly emission instead of absorption has distinct
advantages. First, unlike absorption Ly emission is directly
sensitive to the recombination and collisional physics of the
neutral as well as the ionised hydrogen content of the IGM and
the circumgalactic medium (CGM) that feeds the formation
and evolution of galaxies. Second, observations of the Lyax
emission allow us to homogeneously probe three-dimensional
volumes. Although three-dimensional Lyo-forest studies have
now become possible owing to the high number density of
observed bright quasars (see e.g., Cisewskietal. 2014), the
number of such quasars drops rapidly towards high redshifts
(Kulkarni et al. 2019b). Third, observations of Lyx emission
can potentially provide independent constraints on the IGM
temperature and photoionisation rate, particularly at densities
higher than those probed by the Ly« forest (A > 10).
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Using narrowband imaging and integral field unit (IFU)
imaging, emission in Lyo from the CGM and/or IGM has
now been observed as ‘giant Lyx nebulae’ in the prox-
imity (~100kpc) of radio-loud and radio-quiet quasars
(Djorgovski et al. 1985; Huetal. 1991; Heckman et al. 1991;
McCarthy et al. 1990; Venemans et al. 2007; Villar-Martin et al.
2007; Cantalupo etal. 2008, 2012, 2014; Humphrey et al.
2008; Rauchetal. 2008, 2011, 2013; Sanchez & Humphrey
2009; Martin et al. 2014; Roche etal. 2014; Hennawi et al.
2015; Arrigoni Battaiaetal. 2016; Borisovaetal. 2016;
Fumagalli et al. 2016; Cantalupo 2017). The circumgalactic
hydrogen is strongly affected by ionising radiation from these
quasars. Observations suggest that the Ly emission is mostly
recombination radiation and that dense (n > 1cm™3), ionised,
and relatively cold (T ~ 10* K) pockets of gas should surround
massive galaxies (Cantalupo 2017).

Ly emission can also result from fluorescent re-emission
of the ionising UVB radiation. In the last two decades, signifi-
cant progress has been made in detecting extended Lyx emis-
sion around galaxies (Francisetal. 1996; Fynbo etal. 1999;
Keel et al. 1999; Steidel et al. 2000, 2011; Hayashino et al.
2004; Rauch et al. 2008; Matsuda et al. 2012; Prescott et al.
2013; Momose et al. 2014; Geach et al. 2016; Wisotzki et al.
2016, 2018; Cai et al. 2017; Leclercq et al. 2017; Vanzella et al.
2017; Oteo et al. 2018; Arrigoni Battaia et al. 2019). Using deep
(~30h exposure time) VLT/MUSE observations of the Hubble
Deep Field South (HDFS) and Hubble Ultra-Deep Field (HUDF)
reported in Bacon et al. (2015, 2017), the sensitivity of median-
stacked radial profiles of Lyx emission currently reaches
a surface brightness (SB) of ~4 - 107! ergs™' cm™2 arcsec 2
(Wisotzki et al. 2018). This faint signal from Ly halos can
be traced out to projected (physical) galactic radii of ~60kpc
(Wisotzki et al. 2018). Even deeper data sets, such as the MUSE
Ultra Deep Field (MUDF, described in Lusso et al. 2019) and the
MUSE Extremely Deep Field (MXDF, see Bacon et al. 2021) are
beginning to be explored. Both will reach a depth of the order
of ~100h (i.e. reaching a sensitivity of the order of a few times
1072 erg s~! em~2 arcsec2). The Ly« emission coming from the
intergalactic gas between galaxies is just beginning to be probed
and is the focus of this work.

So far, it has proven very difficult to map the spatial dis-
tribution of the IGM beyond the CGM and to study its global
properties by directly observing the IGM in emission rather than
absorption. This has so far only been achieved in special cases,
for example in the vicinity of AGN (e.g., Cantalupo et al. 2014;
Martin et al. 2014; Hennawi et al. 2015; Borisova et al. 2016;
Umehata et al. 2019), by applying statistical image processing
techniques (Gallego et al. 2018, in this case, the CGM only
showed a preferential direction of extension towards neighbour-
ing galaxies, no significant signal of filamentary structure in the
IGM was found), by cross-correlating Ly« emitters (LAEs) and
Ly« intensity mapping (Kakuma et al. 2019), by observing the
thermal Sunyaev-Zel’dovich effect (e.g., de Graaff et al. 2019;
Tanimura et al. 2019), or by detection of warm-hot gas in X-ray
emission (e.g., Kull & Bohringer 1999; Eckert et al. 2015).

Building on the work of previous studies (such as those by
Gould & Weinberg 1996; Furlanetto et al. 2003; Cantalupo et al.
2005; Silva et al. 2013, 2016), this work investigates the possi-
bility of such observations. We explore a simulation run based
on the Sherwood simulation project (Bolton et al. 2017), which
incorporates an on-the-fly self-shielding model to predict the
properties of Ly emission from the cosmic web. The simula-
tion is aimed at accurately modelling the IGM and employs a
modified version of the uniform metagalactic UVB model by
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Haardt & Madau (2012; HM12 hereafter) that is calibrated to
match observations of the Ly« forest. The large volume and high
dynamic range of the simulation allows us to probe the physi-
cal environment of the IGM with well-resolved under- and over-
dense regions. Moreover, this enables us to study the prospects
of an array of current and future observational facilities aim-
ing to detect this emission. We focus on a future reincarna-
tion of VLT/MUSE on next-generation observatories such as the
Extremely Large Telescope (ELT) for a more detailed sensitivity
analysis.

We describe the simulations used in this work in Sect. 2,
together with our model for Lyo production in the IGM.
Sect. 3 presents our results and a discussion of the detection
prospects. We summarise our conclusions in Sect. 4. Through-
out this work, we adopt the cosmological parameters Q, =
0.308, Qy = 0.692, Q, = 0.0482, and » = 0.678 (so
Hy = 67.8kms™! Mpc™'), taken from the best-fitting ACDM
model for the combined Planck+WP+highL+BAO measure-
ments (Planck Collaboration XVI 2014). The helium fraction is
assumed to be fyge = 0.24.

2. Methodology

Ly emission from the moderately dense IGM is produced via
recombinations and collisional excitations. Recombination is the
process in which a free electron is captured by an ion, which
in this case is HII. Ly« is emitted provided the recombination
leaves hydrogen in an excited state and the last step of the result-
ing series of energy transition(s) is from energy level n = 2 to
n = 1. Collisional excitation is the effect in which neutral hydro-
gen (HT) is excited through a collision with an electron, which
can subsequently lead to the emission of Lyx in the same way
as with recombinations. We used a hydrodynamical simulation
calibrated to UVB constraints from the Ly forest along with an
on-the-fly self-shielding prescription to model these processes.

In the analysis, we focus on low-density gas (below the criti-
cal density above which self-shielding becomes a dominant pro-
cess) as we are primarily interested in detecting emission from
the cosmic web. At z = 4.8, this critical density corresponds to
an overdensity A = p/p =~ 100 (see Sect. 2.2.2). Furthermore,
modelling of all relevant feedback and radiative transfer effects
becomes increasingly challenging at higher densities.

2.1. Lya emission through recombination
2.1.1. Emissivity

The underlying equation governing Ly emission resulting from
recombination in a gas containing hydrogen is given by (see e.g.,
Dijkstra 2014; Silva et al. 2016)

€rec(T) = frec,A/B(T) Ne NI CVA/B(T) ELyoc’ €))

where €. is the Ly o luminosity density (in units of erg s~! cm™)
as a function of the temperature 7 of the gas. In this equation,
Jrec.A/B 18 the fraction of case-A or case-B recombinations, which
ultimately result in the emission of a Lyo photon; and the free
electron and HII number densities are denoted by n. and nyy,
respectively. Case A and case B refer to the way in which recom-
bination occurs. All possible recombinations of HII and a free
electron are considered in case A; this includes any recombina-
tion event that take the resulting neutral hydrogen directly to the
ground state (n = 1). In case B, only recombinations resulting
in hydrogen in an excited state are considered. The recombina-
tion coefficient given in unit volume per unit time (cm?®s™!) for
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Fig. 1. Limiting SB and density quantities as a function of redshift. The
top panel shows the limiting SB of Ly« in the mirror assumption, where
65% of ionising photons in the UVB are reprocessed into Lyo photons
(see text for details) and the bottom panel shows the self-shielding criti-
cal density contrast A.;. The two different lines correspond to UVBs
of Haardt & Madau (2012, HM12) and Puchwein et al. (2019, P19).
Above z > 6, where the line is dashed, the P19 limits are not represen-
tative of ionised bubbles during patchy reionisation because the impact
of neutral regions on the effective opacity to hydrogen ionising photons
is included in the modelling (see P19) and hence a neutral hydrogen-
weighted average over both neutral and ionised regions is computed in
that model. A redshift of z = 4.8 is highlighted by the dashed line.

case-A or -B recombination is denoted by a4/, and Ejy« is the
energy of a Lyx photon.

Since direct recombinations into the ground state do not
result in Ly emission, an appropriately lower fraction that
results in Lyo emission, fieea < frecB, has to be used if aa
rather than ag is adopted as the recombination coefficient. The
luminosity densities obtained for case A and case B are then
equivalent, except for minor differences due to different fitting
functions for the coefficients. We chose to fix our calculations to
use case-B coeflicients. We modelled f..p using the relations
given by Cantalupo et al. (2008) and Dijkstra (2014), whose
fitting formulae are presented in Appendix A; for example at
T = 10000 K, this fraction is ~0.68. We elected to use case B
because the model for fiec a(T) from Dijkstra (2014) is only valid
up to ~10%3 K, whereas gas temperatures in our simulations
range up to ~107 K (Sect. 3.2). For the recombination coefficient,
ag(T), we adopted the fitting function given in Draine (2011).
The precise expressions can also be found in Appendix A.

2.1.2. Mirror limit

In the absence of local ionising UV sources and significant col-
lisional ionisation, the recombination contribution to Ly emis-
sion should not exceed the SB expected from fully absorbing

the external UVB at the boundaries of self-shielded regions and
fluorescently re-emitting a corresponding number of Lyo pho-
tons, hence ‘mirroring’ the external UVB. In calculating the
recombination contribution to Ly emission, unless mentioned
otherwise, we employed this mirror assumption as an upper
limit. More precisely, we placed an upper SB limit at the value
expected when 65% of the ionising UVB is reprocessed as Ly
photons (e.g., Gould & Weinberg 1996; Cantalupo et al. 2005),
equal to SB =~ 3.29-102! erg s™! cm~2 arcsec 2 fora HM12 UVB
at z = 4.8. Fig. 1 shows the mirror limit for two different UVBs
from HM 12 and Puchwein et al. (2019; P19 hereafter).

In reality, local ionising sources can boost the recombination
emission above the mirror limit. Predicting this reliably is, how-
ever, extremely challenging because it involves modelling the
ionising source populations in galaxies and the escape of ionis-
ing radiation from galaxies in full detail. Our recombination con-
tribution to Ly emission computed assuming the mirror limit
should hence be considered only as a robust lower limit.

2.2. Lya emission through collisional excitation
2.2.1. Emissivity

For collisional excitation, the Ly luminosity density has a sim-
ilar form (Scholz et al. 1990; Scholz & Walters 1991; Dijkstra
2014; Silva et al. 2016) given by

€exc(T) = '}’ISZP(T) Ne NHI ELyoc, )

where nyy denotes the number density of neutral hydrogen. We
used the fitting functions for the collisional excitation coeffi-
cient ysp given by Scholz et al. (1990) and Scholz & Walters
(1991). These fitting functions are valid in the temperature range
2-10°K < T < 1-108K (cf. Appendix A). The rates are not
identical to those applied in the cosmological hydrodynamical
simulation (see Sect. 2.4) as these are only given as an ensem-
ble rather than for the specific 2p — 1s transition in which
Ly« is emitted, but in the relevant temperature regime deviate
so little that gas cooling equilibrium would not be appreciably
violated.

2.2.2. Density limits

When computing the Ly« luminosity due to collisional exci-
tation, we only considered gas well below the critical self-
shielding density that is derived for the appropriate UVB (the
HM12 UVB, unless mentioned otherwise). We made use of the
critical self-shielding hydrogen number density at T = 10*K
given in Eq. (13) in Rahmatietal. (2013) for this purpose
(shown in the bottom panel of Fig. 1 as a density contrast), but
since this is based on the column density distribution of neutral
hydrogen and for the purpose of absorption instead of emission
processes, we chose a conservative default density threshold at
half this value.

As shown in Fig. 1, the critical self-shielding overdensity
is Agir = 100 at z = 4.8. We note that the density contrast,
Ait, decreases towards higher redshift, meaning gas starts to
be affected by self-shielding at a lower overdensity at higher
redshift. By focussing on gas with densities below this criti-
cal threshold, we additionally ensure at this redshift that we
do not enter the realm of gas densities strongly affected by the
detailed baryonic physics of galaxy formation, such as feedback
processes. For this reason, most of the results presented in this
work are chosen to be at z = 4.8 and are again a robust lower
limit.
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Fig. 2. Normalised emissivity (units are ergs™' cm?®) of the Ly line
in a cloud of primordial gas at z = 4.8 as a result of recombination
and collisional excitation processes as a function of temperature. There
are three values of density, corresponding to overdensities of 1, 10, and
100, respectively; the mean cosmological hydrogen density corresponds
to iy = 3.69 - 107> cm™ at this redshift. The dashed and dotted lines
show the contribution from just recombination and collisional excita-
tion, respectively.

2.3. Emissivity

Figure 2 shows the Lyo luminosity density at z = 4.8 as a func-
tion of gas temperature for a gas of primordial composition at
three different overdensities of 1, 10, and 100; the mean cosmo-
logical hydrogen density corresponds to 7y = 3.69 - 107> cm™>
at this redshift. To derive the corresponding neutral hydrogen
densities, we assume that hydrogen is in ionisation equilibrium
with the HM12 UVB at z = 4.8. Figure 2 also shows the recom-
bination and collisional excitation components of the total Ly«
emission. We find that collisional excitation dominates at high
temperatures (T 2 2 x 10* K).

2.4. Cosmological hydrodynamical simulation

To estimate the cosmological Lyx signal with the theoretical
framework above, we made use of a simulation that builds
upon the Sherwood simulation project (Bolton etal. 2017).
The simulation is performed with the energy- and entropy-
conserving TreePM smoothed particle hydrodynamics (SPH)
code P-GADGET-3, which is an updated version of the pub-
licly available GADGET-2 code (Springel et al. 2001; Springel
2005). In this work, we used the same volume as in the 40—
1024 simulation of the Sherwood suite. A periodic, cubic volume
40 h~! cMpc long was simulated, employing a softening length
of It = 1.56 K71 ckpce, and 10243 dark matter and gas parti-
cles. Initial conditions were set up at redshift z = 99 and the
simulation was evolved down to z = 2. In order to speed up
the simulation, star formation was simplified using the imple-
mentation of Viel et al. (2004) in P-GADGET-3; this method con-
verts gas particles, with temperatures less than 10° K and den-
sities of more than a thousand times the mean baryon density,
to collisionless stars. This approximation is appropriate for this
work as we do not consider the Ly emission from the interstel-
lar medium of galaxies, where a complex set of Ly« radiative
transfer processes need to be accounted for. The ionisation and
thermal state of the gas in the simulation is derived by solving
for the ionisation fractions under the assumption of an equilib-
rium with the metagalactic UVB modelled according to HM12.
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A small modification to this UVB is applied at z < 3.4 (see
Bolton et al. 2017) to result in IGM temperatures that agree with
measurements by Becker et al. (2011). We also accounted for
self-shielding of dense gas with an on-the-fly self-shielding pre-
scription based on Rahmati et al. (2013). For each SPH particle
and each time step, our modified P-GADGET-3 version computes
a suppression factor for the UVB due to self-shielding that is
based on the local gas density and uses the parameters given
in the first line of Table A1l of Rahmati et al. (2013). This fac-
tor is applied to photoionisation and heating rates before they
are used in the chemistry and cooling solver. The solver follows
photoionisation, collisional ionisation, recombination, and pho-
toheating for gas of a primordial composition of hydrogen and
helium, as well as further radiative cooling processes such as col-
lisional excitation, Bremsstrahlung (see Katz et al. 1996 for the
relevant equations), and inverse Compton cooling off the cos-
mic microwave background (Ikeuchi & Ostriker 1986). Metal
enrichment and its effect on cooling rates are ignored. We iden-
tify dark matter halos in the output snapshots using a friends-of-
friends algorithm.

2.4.1. Narrowband images

When calculating the SB, we constructed mock narrowband
images of the simulations, which are images that replicate the
result of the process of capturing a narrowband image with a
telescope, by taking a thin slice of the simulation in a direc-
tion parallel to a face of the simulation box and converting the
emissivity in the simulation to arrive at a SB map; this is dis-
cussed in more detail below. The slice thickness corresponds to
an observed wavelength width A4, of the narrowband. Its red-
shift range is given by

Adobs
Az= ===, 3)
/lLyoc
which corresponds to a comoving distance
Z+AZ
1
Ad=— dz’. )
HoJ: O, (1+2) +Qa

As a reference value for the observed narrowband width, we
used Adgps = 8.75 A, the median value of narrowband widths in
the study by Wisotzki et al. (2016); this corresponds to 7 spec-
tral pixels of the VLT/MUSE instrument (Sect. 3.3 describes nar-
rowband imaging in more detail). At a redshift of z = 4.8, this
results in a comoving line-of-sight distance of ~2.7 h~! cMpc
(see Sect. 2.2.2 for an elaboration on the choice of this partic-
ular redshift), corresponding to only a small fraction of the total
size of the simulation volume. We discuss the effect of vary-
ing the narrowband width on the detectability of Ly further in
Sect. 3.4.1.

Using the temperature, density, and ionisation fraction, an
emissivity for each individual simulation particle within the nar-
rowband slice can be computed. These emissivities were then
converted to luminosities and projected onto a two-dimensional
plane using the SPH kernel of the simulation particles, turning
them into a luminosity per unit area, which in turn is converted
to a SB.

2.4.2. Radiative transfer effects

In the predictions made in this work, Ly propagation is always
treated in the optically thin limit. For the constructed mock nar-
rowband images, it is assumed that Ly photons are emitted in
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an isotropic manner and reach the observer without any scatter-
ing. The exact effects that scattering would have are difficult to
accurately predict given for example that the effects of dust are
poorly constrained. But it is expected that for the filamentary
IGM, the difference between our simulations and a model with
a physically accurate treatment of radiative transfer is mostly
influenced by two competing effects. First, there might be a
broadening of the filamentary structure due to scattering in the
nearby IGM, causing the signal to become fainter. Second, how-
ever, filaments may also be illuminated by Ly« radiation com-
ing from nearby dense structures (where additional radiation is
likely to be produced in galaxies) that is scattered in the fila-
ment, which would cause the filaments to appear brighter. Sim-
ulations including radiative transfer show a mixture of these two
effects, where the SB of filaments generally is not affected much
or is even boosted private communication, Weinberger, 2019. As
the effects of radiative transfer on this work are expected to be
moderate, they are assumed not to affect our main findings in a
major way; a more detailed discussion on the optical depth of
Ly is included in Appendix B. Future work can detail the pre-
cise effects of radiative transfer.

We limit the maximum SB from recombinations to what is
expected from purely reprocessing or mirroring the UVB at the
boundaries of self-shielded regions (see Sect. 2.1.2). This also
mitigates the effect where the absence of radiative transfer can
bias the SB upwards in cases in which a sightline crosses sev-
eral dense structures. In reality, however, with the presence of
local ionising sources in such dense regions, an amplification
with respect to the reprocessed UVB would likely be present as
well. This is also suggested by a comparison of our simulation
with a post-processing radiative transfer simulation of the same
volume using a local source population similar to that described
in Kulkarni et al. (2019a). Still, even with an accurate treatment
of radiative transfer, the precise effects in the densest regions
may rely considerably on the exact baryonic feedback mecha-
nisms that are operating in these regions.

3. Results
3.1. Luminosity density

Figure 3 shows the redshift evolution of the comoving Ly o lumi-
nosity density in our simulation down to z = 2. The total lumi-
nosity of gas within the entire simulation at densities below half
the critical self-shielding density, corresponding to an overden-
sity p/p < 50 at z = 4.8 (see Sect. 2.2.2), roughly corresponding
to the IGM, is computed. This is also done separately for the
recombination and collisional excitation contributions. We then
divide by the (comoving) simulation volume to convert the lumi-
nosity to a comoving luminosity density.

Observational measurements at low redshift (z < 3), as com-
piled by Chiang et al. (2019), are included as reference. We note
that these data points should not be directly compared to our
predictions as we consider only emission from the low-density
gas in the IGM. The data consist of estimates of the luminos-
ity density of Lyx emission from galaxies and AGN inferred
by Wold et al. (2017) based on a flux-limited sample of LAEs
from GALEX data and scaling the Ha galaxy luminosity func-
tion measurements (Sobral et al. 2013) out to z = 2. Chiang et al.
(2019) obtain a measurement on the total Ly luminosity density
from galaxies and AGN as well as an upper limit on the diffuse
IGM contribution by cross-correlating the GALEX UV intensity
maps with spectroscopic objects in SDSS. A comparison of the
measurements from Chiang et al. (2019) and Wold et al. (2017)

Galaxies+AGN (Wold et al. 2017)
10 |- 0 Galaxies (Wold et al. 2017)

¢ Chiang et al. (2018)

¥ Croftetal. (2018)

—== (1+2)3scaling

plerg/s/cMpc3]

—— Total luminosity density, p/pss, um12 < 0.5
=== Recombination, p/pss, ym12 < 0.5

Collisional excitation, p/pss, im12 < 0.5
1 1

4 6 8
z

Fig. 3. Redshift evolution of the comoving Ly« luminosity density. The
blue and orange lines show the results for recombination and colli-
sional excitation emission for gas at densities below half the critical
self-shielding density roughly corresponding to the IGM at an overden-
sity A = p/p < 50 at z = 4.8 (see Sect. 2.2.2). The black line shows
the total luminosity density for gas below this density threshold; all
these follow from the simulation run with a box size of 40/4~! cMpc
and resolution of 2 x 10243 particles (see Sect. 2.4 for more details on
the simulation). Observational measurements at low redshift (z < 3),
as presented in Chiang et al. (2019), have been included as a reference.
These consist of luminosity densities of just galaxies and the contribu-
tion of galaxies and AGN (shown as the grey and blue shaded areas,
respectively) inferred by Chiang et al. (2019) from the intrinsic lumi-
nosity density presented in Wold et al. (2017); the measurement and
upper limit from Chiang et al. (2019) are shown in red, and the upper
limit from Croft et al. (2018) (converted to a luminosity density by
Chiang et al. 2019) is shown in black (see text for details). Data points
are shown as circles, upper limits as downward triangles. Also shown is
the (1 +z)* scaling relation for recombination emission discussed in the
text.

indicates that, at least at z < 1, most Ly emission originates in
galaxies and AGN. The upper limit from Croft et al. (2018; con-
verted to a luminosity density by Chiang et al. 2019) is shown in
black in Fig. 3. Croft et al. (2018) fit model spectra to luminous
red galaxies in BOSS and cross-correlate the residual Ly emis-
sion with the Lyx forest in BOSS quasars to obtain the upper
limit from a non-detection shown in Fig. 3. As such, this pro-
cedure places a limit on the component of diffuse Ly emission
that correlates with the matter distribution (Croft et al. 2018)".

Going from redshift z = 2 to z = 7, the comoving Ly«
luminosity density increases by just under an order of magni-
tude (see Appendix C for a further discussion of the redshift
evolution of SB). As can be seen in the figure, this is mostly
due to the increase in recombination emission. Under the simple
assumption that the emissivity is produced at a fixed overden-
sity its emissivity increases like the square of the mean density,
which would correspond to a scaling of

€ec ~ A*(1 + 2)%(physical luminosity density) or

&)

€ec ~ A*(1 + 2)°(comoving luminosity density),

where €. is the recombination emissivity and A = p/p the over-
density. As shown by the dashed line in Fig. 3, the simple scal-
ing for recombination emission in Eq. (5) explains the simulated
luminosity density very well at all redshifts shown.

! An additional measurement, arising from a cross-correlation with

BOSS quasars, is restricted to scales within 154~! cMpc of a quasar
(equivalent to only ~3% of space, see Croft et al. 2018) and is therefore
not included as a global luminosity density in this work.
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Fig. 4. Ly SB resulting from the combination of recombination emission (of all gas in the simulation) below the mirror limit and collisional
excitation of gas below half the critical self-shielding density, covering an area of 20 x 20 arcmin?, or 31.0 x 31.0 A2 cMpc?, in a narrowband with
Adgps = 875 A (corresponding to ~2.7 A~' cMpc) in a simulation snapshot at z = 4.8. The images are made by the projection method (Sect. 2.4.1)
onto a pixel grid of 6000 x 6000; this is the same pixel size as MUSE, making this image the equivalent of a mosaic of 20 x 20 MUSE pointings
(more details on MUSE follow in Sect. 3.3). Regions 1 and 2, indicated by the white rectangles, will be studied in more detail later. Also shown in
the bottom left corner are the scales of the MUSE FOV (1 x 1 arcmin?) and 1 /4~ cMpc.

For collisional excitation, there should be two relevant
effects: in the optically thin limit, the neutral fraction in ioni-
sation equilibrium increases proportional to the density, hence
Ny ~ nzH; consequently, the emissivity scales as € ~ ngie ~
nf_[ If the emission were again produced at fixed overdensity, and
if there is little evolution in the photoionisation rate, this would
hence scale as

(6

ec ~ A(1 + 2)° (physical luminosity density) or

e ~ A3(1 + z)é(comoving luminosity density),

where €. is the emissivity from collisional excitation. However,
collisional excitation does not follow the predicted (1 + z)°® scal-
ing in Eq. (6) (and hence is not shown), even decreasing with
redshift at z > 3. This suggests that it is dominated by emis-
sion near the critical self-shielding density (see also Sect. 3.2)
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and is hence more strongly affected by the density limit at half
the critical self-shielding density, which decreases with increas-
ing redshift more strongly than the mean density (i.e. the critical
self-shielding overdensity decreases towards higher redshift, see
Sect. 2.2.2). Still, we note that, depending on the precise distri-
bution of self-shielded regions, which is dictated by local ion-
ising sources on a small scale, collisional excitation from dense
gas could account for an additional increase of the comoving
luminosity density that surpasses the cosmic SB dimming effect,
which itself scales as (1 + 2)*.

3.2. Surface brightness maps

Fig. 4 shows a SB map that is the combination of recombination
emission (of all gas in the simulation) below the mirror limit and
collisional excitation of gas below half the critical self-shielding
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Fig. 5. Lyx SB of recombination (panel a) and collisional excitation (panel b) processes in a simulation snapshot at z = 4.8, for the gas at densities
below half the critical self-shielding density in a narrowband with Ady, = 8.75 A, or ~2.7 h~! cMpc; the projections are made with pixel grid sizes
of 1024 x 1024. These images show the entire (two-dimensional) spatial extent of the simulation, 40 x 40 h~2 cMpc? (25.8 x 25.8 arcmin®). Panels

¢ and d: same maps, but without a density cut-off.

density in a simulation snapshot at z = 4.8, for a narrowband
with Adgs = 8.75 A (at this redshift coinciding with a thickness
of the slice of ~2.7 h~! cMpc). The map shows a region corre-
sponding to 20 x 20 arcmin”. Also shown in the bottom left cor-
ner is the size of the MUSE field of view (FOV; 1 x 1 arcmin?
— see Sect. 3.3 for more details). Regions 1 and 2, indicated by
the white rectangles, will be studied in more detail later. The
values of the SB for this narrowband width are of the order of
SB < 1073 erg s~! cm™2 arcsec™? for the void regions, increasing
to typically ~1072! erg s~! cm™2 arcsec™? for the IGM filaments.
The denser regions have intensity peaks that typically show SB
values of ~107% erg s~! cm~2 arcsec 2.

Fig. 5 shows the same narrowband slice as in Fig. 4 (now for
the full spatial extent of the simulation box, 40 x 40 h2 ch02
or 25.8 x 25.8 arcmin?) split into contributions from recombina-
tion and collisional excitation processes in the gas. These maps

were all made by projection onto a grid of 1024 x 1024 pixels. As
before, a narrowband slice with Adyps = 8.75 A (~2.7h~' cMpc)
was chosen. Panels a and b show gas at densities below half
the critical self-shielding density, while panels ¢ and d show
all gas. The mirror limit was applied to both panels showing
recombination emission (a and c). In this large-scale narrowband
image, the total luminosity of recombination processes below
half the critical self-shielding density — that is the total in panel a
before imposing the mirror limit (although no pixels are in fact
above the limit in this panel) — is ~1.75 - 10* erg s~!. For colli-
sional excitation (the total in panel b), this is ~5.45-10* ergs™.
Including all gas, the total luminosity is ~5.02 - 104 ergs~! for
recombination (panel c), again before imposing the mirror limit
(now only 0.37% of pixels are above the limit); the total value is
~2.21 - 10* erg s™! for collisional excitations (panel d). We note
that while collisional excitations dominate over recombinations
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Fig. 6. Histogram of Ly luminosities of recombination (panel a) and collisional excitation (panel b) processes in the same region as shown in
Fig. 5 (a narrowband with Adgps = 8.75 A, equivalent to ~2.7 h~! cMpc) in a simulation snapshot at z = 4.8 in phase space. The colour represents
the total luminosity in the simulation per histogram bin. The horizontal dashed line corresponds to the lower limit above which the fitting function
of Scholz et al. (1990) and Scholz & Walters (1991) for collisionally excited Lyx emission is valid; the upper limit lies above the plotted range.
The vertical dotted line shows the critical self-shielding density threshold at this redshift for the HM12 UVB (from Eq. (13) in Rahmati et al.
2013). Densities above the threshold are also more strongly affected by modelling uncertainties.

at high densities, the two processes contribute more equally at
the lower densities prevalent in large-scale-structure filaments;
recombination prevails slightly over collisional excitation below
our adopted threshold. Moreover, gas near or somewhat above
the critical self-shielding density contributes significantly to the
maximum SB that is reached for both channels. We conclude that
the recombination prediction including all gas while the mirror
limit is imposed should yield at least a robust lower limit, while
the collisional excitation prediction for gas at higher densities
is more uncertain, thereby motivating our conservative density
limit (Sect. 2.2.2).

While overall these SB maps exhibit the same structure as
Fig. 4, the spatial distribution of emission coming from colli-
sional and recombination processes is different. The degree of
clustering in the emission is lower for the emission produced
by recombination processes than it is for the contribution of
collisional excitation. Recombination and collisional excitation
depend differently on temperature and density, as discussed in
Sect. 3.1. In particular, at fixed temperature and photoionisa-
tion rate, recombinations are proportional to the square of the
density, ~p?, while in ionisation equilibrium collisional excita-
tions are proportional to ~p>. As a consequence, recombinations
are more equally spread across the volume, while collisional
excitations are clearly more important at higher densities, thus
reflecting the filamentary structure of the cosmic web better and
leaving darker voids in between. To understand this in more
detail, we now turn to the phase-space distribution of the gas
in the simulation.

In Fig. 6, the luminosity in the simulation is shown at the
same redshift and the same region as in Fig. 5 (also in the iden-
tical narrowband slice of Ady,s = 8.75 10\, or ~2.7h! cMpco),
now as a luminosity-weighted, two-dimensional histogram in
temperature and density. This illustrates what was discussed in
Sect. 3.1 and shown in Fig. 5: collisional excitation is not effec-
tive at lower densities and the most luminous gas particles are
located in the upper part of the very high-density cooling branch.
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Recombination emission, on the other hand, exhibits luminosi-
ties that are more comparable at lower and higher densities.

From the phase-space distribution in Fig. 6, it is clear that
very little gas has temperatures outside of the temperature range
of 2-10°K < T < 1- 103K, for which our fitting function
for collisionally excited Ly« is valid. The lower limit of this fit-
ting function is indicated by the horizontal dashed line; the upper
limit lies above the plotted range and almost all of the gas in the
simulation”. The contribution from gas outside of this tempera-
ture range will be very small and we thus neglect it here.

The vertical dotted line shows the critical self-shielding den-
sity threshold at this redshift for the HM12 UVB (from Eq. (13)
in Rahmati et al. 2013), illustrating the limiting density below
which gas is not be strongly affected by the details of modelling
self-shielding.

3.3. Observing facilities

In Table 1, an overview of a selection of current and future
instruments that could potentially detect Ly emission from
IGM filaments is shown along with their wavelength and redshift
range, FOV, and resolving power (R). Most ground- and space-
based instruments that may be considered for detection of the
diffuse IGM naturally observe in the visible spectrum and the
ultraviolet, respectively, given the limitations of ground-based
observations owing to absorption by Earth’s atmosphere. This
necessarily restricts the redshift range in which these instruments
could observe Lyx. For ground-based observations, the typical
redshift is z > 2.5, whereas space-based telescopes observing in
the UV can detect Lyx at lower redshifts. In principle, satellites
carrying UV detectors could observe Ly« from z ~ O up to about
z~1.5.

IFU spectrographs arguably have the best instrument design
for directly detecting emission from the cosmic web, owing to

2 This is the case for the entire relevant redshift range.
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Table 1. Overview of a selection of current and future instruments that might be most promising for detecting IGM filaments.

Name Wavelength range  Redshift range Field of view Resolution
1(A) 2y R
Current IFU instrumentation
KCWI-Blue (Keck) 3500-5600 1.9-3.6 20 x 33 arcsec? 1000-20 000
MUSE (VLT) 4650-9300 2.8-6.7 1 x 1 arcmin® 1770-3590
KMOS (VLT) 8000-25 000 5.6-19.6 65 X 43 arcsec 20004200
OSIRIS (Keck) 10 000-24 500 7.2-19.1 4.8 x 6.4 arcsec? 2000—4000
SINFONI (VLT) 11 000-24 500 8.0-19.1 8 x 8 arcsec? 2000—4000
Upcoming IFU instrumentation
KCRM (KCWI-Red, Keck) 5300-10500 3.4-7.6 20 X 33 arcsec? 1000-20 000
HARMONI (ELT) 4700-24 500 2.9-19.1 6.4 x9.1arcsec>  3000-20 000
BlueMUSE (VLT) 3500-6000 1.9-3.9 1.4 x 1.4 arcmin®>  ~3000-5000
Upcoming andjor proposed space missions
SPHEREx ® 7500-50 000 5.2-40.1 35x%x11.3 deg2 41-130
MESSIER * ~2000-7000 ~0.54 2xX2 deg2 ...
WSO-UV 1150-3200 ~0-1.5 70 x 75 arcsec? ~500

Notes. Fields left blank indicate currently unknown or undecided values. All current instruments presented are IFU spectrographs, upcoming
and/or proposed instruments include several IFU spectrographs and space telescopes (two UV satellites and one IR spectrophotometer). Future
experiments are in the development stage, unless marked with an asterisk. ®’Proposed space missions.

the flexibility in extracting pseudo-narrowband images over a
wide range of bandwidths and central wavelengths and thereby
resolving structures both spatially and spectrally over a large
cosmic volume at once. The typical narrowband width extracted
from IFU spectrographs to observe Lyo emission is <10 A
(e.g., Wisotzkietal. 2016, 2018). This value is almost an
order of magnitude smaller than that obtained from photo-
metric narrowband imaging with typical bandwidths of ~80—
100 A (Steidel et al. 2011; Ouchi et al. 2018). This significantly
improves the contrast of IFU emission line maps for observations
limited by sky noise. Despite the limited contrast for individ-
ual images, photometric narrowband studies still have detected
large-scale Ly emission in stacking analyses (e.g., Steidel et al.
2011; Matsuda et al. 2012; Kakuma et al. 2019), enabled by the
wide FOV and large number of sources collected by such cam-
eras. In particular, the recently installed Hyper Suprime-Cam on
Subaru is currently obtaining 26 deg? narrowband imaging from
redshift z = 2.2-6.6 as part of the Hyper Suprime-Cam Sub-
aru Strategic Program (e.g., Ouchi et al. 2018). However, for this
work, we focus on instruments that are most likely to obtain indi-
vidual detections of Ly emission from the cosmic web. Before
the appearance of IFU imaging, another spectroscopic method
used was long-slit spectroscopy (as in e.g., Rauch et al. 2008).
But with the arrival of integral field spectroscopy, the volume
probed by deep observations targeting Lyo emission could be
dramatically increased, rendering long-slit spectroscopy a non-
competitive alternative for this purpose.

The Very Large Telescope (VLT) has the widest range of IFU
spectrographs. The current near-IR instruments at this facility
are the Spectrograph for INtegral Field Observations in the Near
Infrared (SINFONI, see Eisenhauer et al. 2003; Bonnet et al.
2004) and the K-band Multi Object Spectrograph (KMOS, see
Sharples et al. 2013). Owing to their spectral range, these instru-
ments are only able to observe Ly« at very high redshifts, respec-
tively, z > 8.0 and z > 5.6, where the partly neutral IGM is
expected to absorb most Lyx emission. The Multi Unit Spec-
troscopic Explorer (MUSE), an IFU spectrograph operating in
the visible wavelength range (see Bacon et al. 2010), was most

recently installed on the VLT. The combination of its relatively
large FOV (1 x 1 arcmin?) and spectral coverage (4650-9300 A),
while maintaining good spectral resolution (ranging between
1770-3590), currently makes this instrument one of the most
promising candidates for the purpose of imaging the cosmic
web in Lyo. BlueMUSE (Richard et al. 2019) is a proposed
second MUSE instrument that will be optimised for the blue
end of the visible wavelength range. Future instruments at the
successor of the VLT, the ELT, include the High Angular Reso-
lution Monolithic Optical and Near-infrared Integral field spec-
trograph (HARMONI, see Thatte et al. 2014), which is expected
to be operational in 2025.

The blue channel of the Keck Cosmic Web Imager
(KCWI, see Morrissey et al. 2018) is an instrument similar to
VLT/MUSE at the Keck II telescope. This instrument offers a
slightly better spectral sampling, although the FOV and spatial
resolution are smaller and lower (20 x 33 arcsec? and 1.4 arcsec),
respectively. However, since it has only become operational in
2018, no deep-field imaging such as the MUSE observations
of the Hubble Deep Field South and Hubble Ultra-Deep Field
(Bacon et al. 2015, 2017) has been released publicly yet. The
red channel to KCWI, the Keck Cosmic Reionization Mapper
(KCRM), is currently under construction and will complement
the blue channel to cover the full wavelength range of 3500—
10500 A (3.4 < z1yo < 7.6). Similar to SINFONI on the VLT,
Keck currently has a near-infrared IFU spectrograph, OSIRIS.
This instrument has a small FOV that can target Lyx only above
z > 7.2, where the considerably neutral IGM is expected to
absorb most emission.

For completeness, we also mention several promis-
ing space-based experiments: the World Space Observatory-
Ultraviolet (WSO-UYV, see Sachkov et al. 2018), and MESSIER
(Valls-Gabaud & MESSIER Collaboration 2017), two proposed
UV satellites. These satellites are proposed to have large
FOVs and high sensitivities, but are limited to the lower red-
shift range (z < 1.5). In this work, we instead focus our
attention on the high-redshift regime (z > 3). In February
2019, SPHEREx (Doré et al. 2018) was selected as the next
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Fig. 7. Inferred noise in the MUSE HDFS observation as a function
of observed wavelength or redshift for different pseudo-narrowband
widths: Adgys = 3.75A, Adys = 8.75A, Adg, = 12504, and
Adgys = 17.50A. Skylines result in increased noise in some spectral
ranges. The vertical dashed line indicates the position of Ly at z = 4.8,
which is located in a spectral window with lower noise. The throughput
of MUSE is at its maximum of ~40% at ~7200 A (e.g., Richard et al.
2019).

medium-class explorer mission by NASA and is targeted for
launch in 2023. The SPHEREX mission will survey the entire sky
with a spectrophotometer at very low spectral resolution, sensi-
tive to diffuse Ly emission at z > 5.2.

Out of the current instruments, MUSE arguably offers the
best compromise of resolution, spectral coverage, and volume
surveyed. The combination of its FOV of 1 x 1 arcmin® and spec-
tral resolution make it a promising instrument to observe the cos-
mic web in Ly emission. As a representative example of what
has already been achieved, we now discuss in more detail the
MUSE Hubble Deep Field South (HFDS; see Bacon et al. 2015).
This is a 27 h integration of the HDFS, reaching a 1o~ SB limit
of 1-107"ergs™' cm2 arcsec™? for emission lines. In Fig. 7,
we show the wavelength dependence of the inferred noise from
the MUSE HDFS in pseudo-narrowbands of different widths for
reference. We discuss the consideration of different narrowband
widths in more detail in Sect. 3.4.1.

With MUSE, the Lyx emission can be observed over the
redshift range of 2.8-6.7 (see Table 1). Hereafter, a redshift
of z = 4.8 is specifically chosen for a more detailed study of
our simulations. As already hinted at in Fig. 3, the diffuse gas
in the IGM appears to be denser and potentially intrinsically
more luminous in Ly« at higher redshifts; however, there are
negating effects imposed by self-shielding because the critical
self-shielding overdensity and the mirror limit steadily decrease
towards higher redshifts (Sects. 2.1.2 and 2.2.2). We chose a red-
shift of 4.8 that seems to offer a reasonable compromise between
these two effects, while also ensuring the results are not signif-
icantly affected by the details of feedback (Sect. 2.2.2). Finally,
there is an additional component of emission from filaments
due to halos and galaxies embedded within these filaments, the
exact redshift dependence of which is difficult to predict. The
following section describes more fully the outlook on observa-
tions of primarily the diffuse gas with a MUSE-like instrument.
Specifically, we focus on such a wide-field integral field spectro-
graph on an ELT-class telescope to explore the most far-reaching
observational prospects in the near future, discussing sensitiv-
ity limits, the overall redshift evolution, and optimal observing
strategies.
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To allow for a more realistic comparison between simula-
tions and observations, some of the SB images hereafter (Figs. 9
and 10) are convolved with a Gaussian point spread function
(PSF), to mimic the effect of seeing. The PSF full width at half
maximum (FWHM) is chosen to be (.75 arcsec, correspond-
ing to the most conservative estimate for the MUSE HDFS
(Bacon et al. 2015). In addition, these figures include noise that
is added to the signal predicted from the simulations.

3.4. Simulated observations
3.4.1. Cosmic variance and narrowband widths

Before we look in more detail at observational strategies, we
introduce two indicators of overdensity in the ‘observed’ sim-
ulation volume. The reason we introduce these specific charac-
terisations of environment is to provide a quantitative way to dis-
tinguish different regions according to the level of their overall
overdensity as could be characterised observationally. The first
criterium to characterise environment, the baryonic overdensity,
Aparyon» 1s computed by the ratio of baryonic density in the rel-
evant region and the mean baryonic density at the redshift of
the simulation. As a second criterion, we use the halo overden-
sity, Analo, Which is similar but instead of baryons uses halos with
halo mass M}, > 103 M, the amount of mass contained in these
halos divided by the simulated (sub)volume as a fraction of their
mean density, which is found by dividing the total mass of all
halos with M;, > 10°> M, in the simulation box by its total vol-
ume?. This particular mass cut-off has been chosen as this is near
the resolution limit of the simulation.

Now turning our attention to a MUSE-like instrument specif-
ically, Fig. 8 shows several different SB images of the simulation
at z = 4.8. The region of panel a has already been shown in Fig. 4
as region 1, while the other three images (panels b—d) are the
angular size of 1 x 1 arcmin® and have a grid size of 300 x 300
pixels (corresponding to the FOV of the current MUSE instru-
ment). In panels b—d, halos with halo mass of My, > 10°> M, are
shown as circles. Their size indicates their projected virial radii,
Ryir. 200, which is the radius within which their mass would result
in a mean halo density of 200 times the mean density. Further-
more, the overdensity in each region shown is indicated in the
bottom left corner of each panel in Fig. 8 according to the two
different measures that have been introduced above.

Panels b—d show the signal as predicted from the simula-
tion for three different ‘IFU pointings’. The volume 3probed by
each of these images at this redshift is 2.84 4173 cMpc’. We note
that we have chosen a smaller narrowband with Ady,s = 3.75 A
or ~1.19 h~! cMpc at this redshift (equivalent to three spectral
pixels of MUSE). Filamentary structures are still encapsulated
in this width, while a smaller narrowband allows the signal to
stand out more clearly from the noise: a wider narrowband, hav-
ing more pixels in the spectral dimension, increases the over-
all noise level. The initial value of Ay, = 8.75 A, which we
adopted from Wisotzki et al. (2016), was chosen for the obser-
vation of Ly« halos. Since Ly« scattering occurs increasingly
in high-density regions and in the high-velocity outflowing gas
near galaxies (e.g., Verhamme et al. 2006), these structures of

3 Throughout this work, quoted halo masses are the dark matter mass
of halos identified in the output snapshots of the simulation by a friends-
of-friends algorithm with linking length 0.2, roughly corresponding to
masses measured in spherical regions with a density of A = 200 times
the mean density of the Universe, that is My, (see e.g., Tinker et al.
2008).
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Fig. 8. Ly SB for a narrowband with a smaller value of Adgs = 3.75 A (e ~1.19h7! cMpc) in a simulation snapshot at z = 4.8. As in Fig. §,
the SB shown is a combination of recombination emission (of all gas in the simulation) below the mirror limit (indicated on the colour bar as
HM12), and collisional excitation of gas below half the critical self-shielding density. Panel a: overview narrowband image that corresponds to
region 1 in Fig. 4. This is centred on the same comoving coordinates both spatially and spectrally, but now less extended in wavelength range as
the narrowband width has been decreased. This panel shows a region of 8 x 8 &2 cMpc? (5.2 x 5.2 arcmin®) on a pixel grid of 1024 x 1024. Panels
b—d: Ly narrowband images the size of 1 x 1 arcmin’ consisting of 300 x 300 pixels (as the FOV of MUSE). The volume probed by one of these
narrowband images at this redshift is 2.84 =3 cMpc®. The areas covered by these maps are indicated by the white squares in the overview panel a.
Halos with halo mass of M;, > 10°° M, are shown as circles, their size indicating their projected virial radius (see text). The most massive halo
in each panel is annotated. In the bottom left corner of each panel, two different measures of the overdensity of the region are shown (see text for
more details). The baryonic overdensity is calculated taking all gas into account, even though only gas below a certain density contributes to the

collisional excitation.

high density and high gas velocities cause the Ly« signal to be
spread out over a larger wavelength range.

Filamentary structures, however, have lower densities and
peculiar velocities; hence, they are contained in a narrower wave-
length range. Therefore, while on average more individual fila-
ments are present when the chosen narrowband width is larger,
the signal from a given filament tends to get lost in the noise,
as illustrated by Fig. 7. Figure 8 indicates that individual fila-
ments are still abundantly contained within these thin narrow-
band images with Adys = 3.75 A, which is getting near the
limit of the typical spectral resolution (A1 ~ 2.5 A for MUSE,
see Bacon et al. 2010). The precise spectral line width is deter-

mined by the details of radiative transfer, since Ly« photons are
scattered away from the resonance frequency, depending on the
kinematics of the scattering medium (see Appendix B); however,
Adogps = 3.75A covers a velocity range of Av = 160km s
which should be large enough to cover the line width for the
modest optical depths in filaments (e.g., Eq. (21) in Dijkstra
2014).

As expected, regions with a higher signal (see two bottom
panels in Fig. 8) contain more high-mass (M, > 10°3 M)
halos compared to low-density regions (e.g., panel b) and are
found to have a higher overdensity, in both our proxies for
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environment, Aparyon and Apalo. The Ly o emission is mainly orig-
inating from in and around the virial radii of these halos, but
filamentary structures can be seen to extend between them, up
to comoving megaparsec scales in panel d. We note that the
panel ¢ and d are probably the optimal pointings in the entire
region shown in panel a, indicating that with a randomly chosen
field, there is only a rather modest chance of observing a fila-
mentary structure with this relatively high SB. Figure 8 therefore
highlights the importance of cosmic variance in detecting the fil-
amentary structure of the IGM in Lyx emission. We conclude
that both the instrument pointing and narrowband width chosen
are essential to efficiently map the IGM in Ly emission.

In practice, such overdensity candidates at z ~ 4 are read-
ily identified at an on-sky number density of ~1 deg™2 in broad-
band surveys (e.g., Toshikawa et al. 2016, 2018; the latter study
identified ~180 protocluster candidates over 121deg? at z ~
4). These still require spectroscopic follow-up observations of
several individual member galaxies, however, to exclude the
possibility of multiple overlapping structures in projection. The
feasibility of such campaigns was for example demonstrated
by Toshikawa et al. (2016). These authors confirm three out of
four candidate protoclusters over a ~4 deg? area at 7 ~ 3—4 (in
excellent agreement with the expected fraction of true positives
from cosmological simulations of more than 76%) using just
over ~1 h of spectroscopic observations with Subaru/FOCAS per
protocluster candidate, thereby reaching a spectral resolution of
Adgps ~ 2.5 A.

We note that while a small narrowband width (Adg,s =
3.75 A or Az ~ 0.003 as in Fig. 10) is optimal for a subsequent
deep imaging campaign of extended, filamentary Ly« emission
with a wide-field IFU, not all protocluster members necessarily
need to be contained within such a narrow redshift range, since
an IFU flexibly allows for the extraction of multiple pseudo-
narrowbands along redshift space. Moreover, the IFU obser-
vation simultaneously provides the spectroscopic redshift of
several galaxies in the protocluster through their Ly x emission or
even fainter UV metal absorption or emission lines, if the expo-
sure is sufficiently deep; this result can help guide the placement
of such pseudo-narrowbands.

These recent studies furthermore give rise to a promising
outlook for the search of protocluster candidates with extra-
galactic surveys in the near future. Just over two years into its
main survey, the Vera Rubin Observatory has already reached
a limiting i-band AB-magnitude of ~26 (Ivezi¢ et al. 2019),
a depth similar to that of the survey used in Toshikawa et al.
(2018), while the full 10-year survey (reaching 26.8 mag) will
even approach the depth of the ~4deg? field considered by
Toshikawa et al. (2016).

3.4.2. Sensitivity analysis

In Fig. 9, in all panels, a similar, small section of the main SB
map at z = 4.8 (region 2 in Fig. 4) is shown in the same nar-
rowband with Adys = 3.75 A (i.e. ~1.19 h~! cMpc), now with
a Gaussian smoothing (FWHM of 0.75 arcsec). The columns
show different assumptions on various limits (e.g., the signal
from gas below 50 and 100 times the mean baryonic density,
p), while the overlaid Gaussian noise varies per row. Noise
levels quoted are their values per pixel (before rebinning, dis-
cussed below). The pixels agree in size with those of MUSE
(0.2 arcsec). Apart from the different gas density thresholds, the
two columns on the right show the expectation in the mirror
assumption, where, in addition to the collisional excitation lumi-
nosity of gas below a density of half the critical self-shielding
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density, we calculate the recombination luminosity arising from
gas at all densities, but with the SB limited from above by the
mirror value (see Sect. 2.1.2). At this redshift, the limit is equal
to SB ~ 3.29 - 102 ergs~! cm~2 arcsec? for a HM12 UVB.
Finally, the last column is rebinned on a scale of 10 x 10 pixels
(2 x 2 arcsec?) and subsequently convolved with a Gaussian with
FWHM of equal size.

This particular region, chosen for its juxtaposition of both
an under- and overdense region, shows that Ly emission
arising from the less dense components of filamentary struc-
tures can only be detected with very high sensitivities (of
<1072%3 erg s~! em~2 arcsec™? for overdensities of p/p < 100).
Still, with image analysis techniques (e.g., rebinning pix-
els), the signal of these filaments can stand out at a noise
level of ¢ ~ 107" ergs™ cm~2arcsec™. Considering that
the sensitivity in recent observations reaches a limiting SB
of ~107" ergs™! cm 2 arcsec™? (e.g., Bacon et al. 2015, 2017,
2021) or for median-stacked radial profiles even down to
SB ~ 4102 ergs™' cm~2 arcsec™ (or log;, SB =~ —20.4; see
Wisotzki et al. 2018), this suggests that the very deepest obser-
vations are getting close to the detection of such filamentary
structures.

Returning to the region shown in panel d of Fig. §, we con-
struct mock observations for a MUSE-like, wide-field integral-
field spectrograph on the ELT at two different redshifts, z = 4.8
and z = 3.6, in Fig. 10. The left panels show emission from all
gas without any limits, while the right panels show the combina-
tion of recombination emission of all gas in the simulation below
the mirror limit, and collisional excitation of gas below half the
critical self-shielding density, as before. The panels on the right
are convolved with a a Gaussian PSF corresponding to a FWHM
of 0.75arcsec (as in the HDFS observation, see Bacon et al.
2015) and include modelled noise. The noise level has been
inferred from a continuum-subtracted pseudo-narrowband image
(with the same width) constructed from the 27 h MUSE HDFS
observation (Bacon et al. 2015) at ~7200 A, where the through-
put of MUSE is at its maximum of ~40% (e.g., Richard et al.
2019, ; but see also Fig. 7); the 1o level of the inferred noise in
this case is o = 1.72- 107" erg s™' cm~2 arcsec 2. Subsequently,
the noise level is adjusted to correspond to a MUSE-like instru-
ment on the ELT by scaling the sensitivity by the square root of
the ratio of collecting areas between the VLT and ELT (52 m?
and 978 m?, respectively*) and an increased integration time of
t = 150h (again assuming a 1/ VN scaling of the noise level
with N the number of collected photons, resulting in a factor
V150/27 ~ 2.36 lower noise in this case). The resulting noise
level is o = 1.68 - 107 erg s™! cm™2 arcsec™2 (indicated on the
colour bar).

There are two different evolutions in redshift at play in
Fig. 10. First of all, we conclude that without conservative lim-
its (not imposing the mirror limit and including gas at higher
densities), the Ly emission along filaments, originating from
dense gas in halos and galaxies embedded in these filaments, is
significantly brighter at higher redshift. This is clear from the
comparison of the left panels between the two redshifts, z = 4.8
and z = 3.6 (panels a and ¢) and is an illustration of the cosmic
density evolution winning over the increased SB dimming, as
discussed in Sect. 3.1. The modelling of the dense gas dominat-
ing the emission is, however, very uncertain. A robust prediction
can be obtained for low-density filamentary gas, for which we

4 See for example https://www.eso.org/sci/facilities/
paranal/telescopes/ut/mlunit.html and https://www.eso.
org/public/teles-instr/elt/numbers/
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Fig. 9. Repeated view of region 2 of the z = 4.8 SB map in Fig. 4 for different noise levels and assumptions on various limits. The SB map has
a narrowband with Ady,s = 3.75 A (~1.19 k™' ¢cMpc) and is convolved with a Gaussian kernel with a FWHM of 0.75 arcsec before adding noise
(as in the HDFS observation, see Bacon et al. 2015). The spatial extent of each panel is 5 X 3.3 arcmin?, or 7.8 x 5.2 4~ cMpc?. The 1o levels of
the Gaussian noise applied per pixel (before rebinning) to each panel in the entire row are indicated directly to the right of the mosaic, coloured
according to the colour bar on the very right, while the density cut-off and mirror limit (if applied) for each column is shown above the mosaic
(see text for details). The final column is identical to the column next to it, but has a smoothing of 10 x 10 pixels or 2 x 2 arcsec? applied (see text).
Scales of 1 x 1 arcmin? (the MUSE FOV) and 1 4~! cMpc are indicated on the bottom left. Each panel in the image has 1500 x 1000 pixels, again

making the pixel size equal to that of MUSE (0.2 arcsec per pixel).

find that it can only be marginally detected in an extremely deep
observation with an ELT-class telescope (panels b and d). In our
most robust predictions, excluding emission from the dense (and
complicated) central regions of halos, Lyx emission appears
brighter at low redshift, where the mirror limit is less affected by
SB dimming and self-shielding effects only start to play a role at
higher overdensities (SB maps for a larger range of redshifts are
shown in Appendix C). Future work that includes models with
more detailed galaxy formation physics, simultaneously captur-
ing the effects of self-shielding and baryonic feedback processes
on high-density gas, is needed to investigate how precisely these
two effects compete at different redshifts. An accurate treatment
of the high-density gas is needed to point out the optimal redshift
to observe gas in different environments.

4. Conclusions

We have presented simulation predictions on the properties of
Ly emission from low-density gas in the IGM at redshifts

2 < z < 7. Based on our simulations we predict the Lyo emis-
sivity due to recombinations and collisional excitations in the
gas, carefully considering the relevant physical processes. We
employed an on-the-fly self-shielding mechanism and neglected
the effect of Ly« scattering, which is expected to be moderate
in the low-density IGM. We impose the mirror limit for recom-
bination emission and primarily focus on the regime that is not
affected strongly by self-shielding for emission produced by col-
lisional excitation by only considering gas that is well below the
self-shielding critical density (o/p ~ 100 at z = 4.8).

We found recombination to dominate at lower densities,
while collisional excitation becomes the main emission pro-
cess at higher densities. Recombination and collisional excita-
tion contribute approximately equally for the regime we focus
on, below half the self-shielding critical overdensity (p/p < 50
at z = 4.8). Gas near or somewhat above the critical self-
shielding density contributes significantly to luminosity pro-
duced through both channels. We show that our prediction of
recombination emission including all gas, while having the mir-
ror limit imposed, combined with collisional excitation emission
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Fig. 10. Mock observations for a MUSE-like wide-field IFU instrument on the ELT covering the same region as panel d in Fig. 8 at two different
redshifts (z = 4.8 and z = 3.6 on the top and bottom row, respectively) with no limits imposed and no observational effects vs. with mirror
and density limits and modelled noise and seeing applied (left and right column, respectively; see text for details). The smaller narrowband with
Adops = 3.75 A (i.e. ~1.19 i~ cMpc) has been used again. These images have a different dynamical range than all other figures to accentuate the
observable Ly« signal. In panels b and d, a rebinning of 10 x 10 pixels (2 x 2 arcsec?) was applied, after which the image was smoothed on the
same scale to recover the signal on larger scales. The white contours indicate measured 30~ and 5o levels. The Ly emission of IGM filaments can
(marginally) be recovered in such an extremely deep observation and seems more feasible at low redshift when considering the robust lower limits
(i.e. the mirror limit for recombinations and density threshold for collisional excitation; panel d); however, the predicted full intrinsic luminosity of
filaments is notably higher at higher redshift (cf. panels a and c; see text for further discussion) but very dependent on the details of the modelling.

of low-density gas, should yield a robust lower limit. The pre-
diction for Lyo emission of collisionally excited gas at higher
densities is more uncertain, and we therefore leave this task to
future work.

Our predicted values of the SB at z = 4.8 for narrow-
band images with Adgps = 8.75 A are of the order of SB <
1073 ergs™' ecm™? arcsec™ for the void regions, increasing to
~1072' ergs~! cm~2 arcsec™? for the diffuse gas in filaments.
Denser gas within (the halos of) galaxies embedded in the fil-
aments can reach higher values and likely dominates the total
emission from filaments. The modelling of this component is,
however, very challenging as it depends on the details of the
radiative transfer and feedback processes.

We briefly discussed the prospects of targeting diffuse
Lyx emission with various spectrographs at different tele-
scopes. At this moment, VLT/MUSE is arguably the best
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option for imaging the Lyx emission from gas in the
filamentary structure of the cosmic web owing to its compa-
rably large FOV (1 x 1arcmin?) and spectral coverage (4650—
9300 A, and thus accessible redshift range of 2.8-6.7 for Lyx),
while maintaining a high spatial resolution (0.2 arcsec sam-
pling) and good spectral resolution (ranging between 1770-
3590). Recent deep observations reaching a limiting Ly SB
of ~107" ergs™' cm 2 arcsec™? (e.g., Bacon et al. 2015, 2017,
2021), or for median-stacked radial profiles even down to
SB ~ 4 - 102! ergs~! ecm™2 arcsec™ (or log,, SB ~ —20.4; see
Wisotzki et al. 2018), suggest that the deepest current observa-
tions are already beginning to probe the extended Ly« radiation
emitted by low-density gas (o/p < 100) associated with fila-
mentary structures; this observed emission, however, is likely
dominated by dense gas in halos and galaxies embedded in
them.
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In our most conservative predictions, which should be con-
sidered as a lower limit, we exclude emission from the dense
(and complicated) central regions of halos. In those predictions,
the Ly emission appears brighter at low redshift, where the
mirror limit is less affected by SB dimming and self-shielding
effects only start to play a role at relatively high overdensities.
Our mock observations, which aim to simulate observations of
regions at different overdensities, show a large amount of vari-
ance between fields. This variance makes densely populated pro-
toclusters more promising targets for detecting the IGM in Ly«
emission. Our findings suggest an observing strategy exploiting
a targeted search of such a distant protocluster could potentially
allow deep observations with a wide-field IFU instrument on an
ELT-class telescope, a successor to MUSE, to directly map the
intergalactic, low-density gas in Lyo emission in detail.
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Appendix A: Model parameters and fitting functions

Emission processes

This section contains the fitting functions for the relevant quanti-
ties in the formulae for recombination and collisional excitation
emissivity (Egs. (1) and (2) in Sects. 2.1 and 2.2), which are
repeated here for clarity.

Recombination emissivity (Eq. (1)) is written as

€ec(T) = free,aB(T) e nun @a/B(T) Evyw. (A.1)
Collisional excitation emissivity (Eq. (2)) is given by
€exc(T) = 71s2p(T) Ne NHI ELyoc~ (A.2)

Recombination fitting functions

The underlying equation governing Lyo emission due to recom-
bination in the IGM is given in Eq. (A.1). The recombination
fraction freca/ gives the number of recombinations that ulti-
mately result in the emission of a Lyx photon. This fraction can
be modelled using the relations given in Cantalupo et al. (2008)
and Dijkstra (2014) and can be summarised as follows:

frcc,A/B = {

The recombination coefficient, @ g, is given in the work of
Draine (2011) as follows:

0.41 - 0165 log, () - 0015 () ™, case-A

104K 104K

0.686 — 0.106 log, (1) - 0.009 () ™. case-B.

_ ~0.7131-0.0115log o —+— _

4.13-10 ]3(1051() (“’AK) cm®s™!, case-A

@am= ~0.8163-0.0208 mglo(L)
2.54~10‘13(10§K) 10K/ em?® 7!, case-B.

Collisional excitation fitting functions

For collisional excitation, the Ly« luminosity density is given by
Eq. (A.2). The function 4, in this formula is given by

Ey,
Yiop(T) = T(T) exp(-—= |, (A3)
kgT
where kg is the Boltzmann constant. The function I'(T’) is char-

acterised in Scholz et al. (1990) and Scholz & Walters (1991) as
follows:

Table A.1. Coefficients ¢; in Eq. (A.4) and their corresponding temper-
ature regimes.

Regime 1 Regime 2 Regime 3
co  —1.630155- 102 5.279996 - 102 -2.8133632 - 10°
c1 8.795711 - 10! —-1.939399 - 102 8.1509685 - 10%
¢ —2.057117 - 10! 2.718982 - 10! -9.4418414 - 10!
3 2.359573 —1.883399 5.4280565

-1.5467120 - 107!
1.7439112- 1073

6.462462 - 1072
—-8.811076 - 10~

cs  —1.339059-107!
cs  3.021507-1073

Regimes Temperature values
Regime 1 2-1°K<T<6-10°K
Regime 2 6-10*K<T<6-10°K
Regime 3 6-10°K<T<1-108K
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Fig. A.1. Two-dimensional density histogram for each of 2048 pixels in
spectra along 5000 (randomly selected) lines of sight at z = 4.8, as a
function of the Ly optical depth 7 and overdensity p/p in the sightline;
the two parameters are measured at line centre, where the optical depth
was divided by 2 just to account for the hydrogen between the source
and the observer (see text).

5
I(T) = exp [Z ¢i(In T)"] , (A4)

i=0

where the coefficients ¢; found by Scholz etal. (1990) and
Scholz & Walters (1991) are dependent on the temperature
regime (shown in Table A.1). As noted in Sect. 2.2.1, the rates
are not identical to those applied in the cosmological hydrody-
namical simulation, but in the relevant temperature regime devi-
ate so little that the Lyx emission would not be appreciably
changed.
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Fig. A.2. Simulated column density of neutral hydrogen, Nyj, in a simulation snapshot at z = 4.8. The same regions as in Fig. 8 are shown.
Moreover, the same density thresholds used for the collisional excitation component are applied, that is only gas below half the critical self-
shielding density is shown, meaning this is the column density that would correspond to a narrowband image of the low-density gas with Ady,s =
3.75 A (~1.19 k™' cMpc). Panel a: overview of part of the simulation snapshot that corresponds to region 1 in Fig. 4. This is centred on the same
comoving coordinates both spatially and spectrally, but now less extended in wavelength range. This panel shows a region of 8 x 8 h~2 cMpc”
(5.2 x 5.2 arcmin®) on a pixel grid of 1024 x 1024. Panels b—d: column density maps of neutral hydrogen the size of the MUSE FOV consisting
of 300 x 300 pixels. The areas covered by these maps are indicated by the black squares in the overview panel a. In the bottom left corner of
each panel, two different measures of the overdensity of the region are shown (see Sect. 3.4 for more details). In panels b—d, halos with halo mass
of My > 10°° M, are shown as circles, their size indicating their projected virial radius (see Sect. 3.4). The most massive halo in each panel is

annotated.
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Fig. A.3. Ly SB for a combination of recombination emission (of all gas in the simulation) below the mirror limit and collisional excitation of gas
below half the critical self-shielding density at different redshifts. Both the mirror limit and the critical self-shielding density evolve as a function
of redshift (see Fig. 1). The panels show snapshots at redshifts of z = 6.00, z = 5.58, z = 4.49, z = 4.00, z = 3.60, z = 3.20 for a narrowband
with Adgps = 3.75A; at z = 5.76; this corresponds to ~1.19 4~ cMpc, but this again changes with redshift. The panels all display a pixel grid of
300 x 300 and the angular size of the MUSE FOV (1 x 1 arcmin®), which translates to different physical sizes at each corresponding redshift. The
regions are all centred at the same comoving transverse coordinates as panel d in Figs. 8 and 10; however, the narrowband centre (the coordinate
along the line of sight) has been chosen to coincide with the most massive halo in each panel to ensure the entire filament is captured in each panel.
The two numbers in the bottom left corner show the same two different measures of the overdensity of the region, Aparyon and Apgyo (see Sect. 3.4.1
for more details). Halos with halo mass of M;, > 10°3 M, are shown as circles, their size indicating their projected virial radius. The most massive
halo in each panel is annotated. The scale varies between different panels since the angular size is kept constant across all redshifts.
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Appendix B: Lya optical depth

This work does not contain treatment of Lyx line radiative
transfer effects (Sect. 2.4.2). For our purposes, the treatment
without radiative transfer gives us valuable insights into the
lower-density IGM filaments on large, cosmological scales with-
out having to resort to implementing computationally expensive
radiative transfer methods that are difficult to accurately model,
for example because the effects of dust are poorly constrained.

In Fig. A.1, a two-dimensional density histogram for each of
2048 pixels in mock Ly« absorption spectra along 5000 lines of
sight at z = 4.8 is shown as a function of both the Ly optical
depth 7 and overdensity p/p in the relevant pixel. These spec-
tra are extracted on the fly at redshift intervals Az = 0.1 and
are constructed from the gas density and neutral fraction, tem-
perature, and peculiar velocity of neutral hydrogen along these
lines of sight (for details, see Bolton et al. 2017, where they are
studied in the context of the Ly« forest). The peculiar velocity
of the gas in a given pixel has been used to translate its posi-
tion to redshift space where optical depth is determined. There-
fore both density and optical depth are effectively measured at
line centre. The optical depth was divided by a factor of 2 to
account for the fact that on average only half of the matter is in
between the source and the observer; the other half is located
behind the source’. From this figure, it is clear that at mean den-
sity optical depths of order 10 are reached, indicating that radia-
tive transfer has an effect on most regions. However, effectively
this plot still shows an overestimated measure of optical depth.
Since it uses a measure of optical depth at line centre, this does
not mean that physically no Ly emission is detected in the opti-
cally thick regime (7 > 1). Many Ly photons may be able to
escape because an initial scattering not only changes the direc-
tion of propagation of photons, but also shifts their frequency
and the optical depth decreases quickly when moving away from
line centre. An example of this effect is the Ly« radiation from
galaxies, where densities are high enough to have optical depths
of the order of 10, but escape away from line centre is still pos-
sible. The optical depth thus mostly informs the expected degree
of scattering, that is spatial and spectral broadening of the line
profile.

Additionally, the neutral hydrogen (HI) column density at
z = 4.8 is shown in Fig. A.2 for precisely the same simula-
tion region (and density limits used for collisional excitation)
as in Fig. 8, with the same narrowband width of Al = 3.75 A
(equivalent to ~1.19 h~! cMpc), and pixel grids of pixel grid of
1024 x 1024 (panel a) and 300 x 300 (panels b—d). The overview
map (panel a) shows that all areas have column densities of at
least Nyr ~ 10 cm™2. The most extreme features of the low-
density gas show column densities of 10'7-10'® cm=2, which is
the range of Lyman-limit systems. Except for the self-shielding
prescription, simulations that are very similar to that used in this
work are found to match observational HI column density dis-
tributions well at lower redshifts, where data are more abun-
dant, at least up to Ng; ~ 3 - 10'©cm™2, where self-shielding
is expected to have a negligible effect (Bolton et al. 2017). At
higher column densities, the self-shielding prescription that we
use (Rahmati et al. 2013) was calibrated to yield realistic col-
umn density distributions. At the highest column densities, our

3 We note that the division by 2 is necessary as the Lyx optical depths
were originally extracted to study Ly« forest absorption in the spectra
of background sources in which case all the gas that affects a pixel in
redshift space is in front of the source in real space.
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simulation will certainly be affected by our simplistic galaxy for-
mation model. These high densities are, however, not the focus
of this study.

As with Fig. A.1, it has to be taken into account that this is
the column density projected for the entire narrowband. Emitting
structures seen within this slice always lie between the bound-
aries of this region. Therefore part of the column density that is
projected may be behind the emitting region, as seen from the
observer’s perspective. This means that, on average, the actual
values of column densities photons travels through is about half
of what is displayed.

As discussed in Sect. 2.4.2, it is expected that the precise
way in which these scattering processes affect the perceived SB
images are the result of a competition between two underlying
effects. One possibility is that the photons emerging from the
filamentary structure might be spread out, causing the signal to
become fainter. The second possibility is that the filament signal
might be enhanced by Ly« radiation coming from nearby dense
structures (where additional radiation is likely to be produced
in galaxies) that is scattered in the filament, thereby causing the
filaments to appear brighter. As mentioned, similar simulations
including radiative transfer show a mixture of these two effects,
where the SB of filaments generally is not affected much or even
boosted (private communication, Weinberger, 2019).

Appendix C: Redshift evolution

The region extensively discussed in Sect. 3.4, shown in panel d
of Fig. 8 and all panels in Fig. 10, is shown at different redshifts
in Fig. A.3, again showing the combination of recombination
emission of all gas in the simulation below the mirror limit and
collisional excitation of gas below half the critical self-shielding
density. The panels shown are centred at the same transverse
comoving coordinates as panel d in Fig. 8 and all panels in
Fig. 10, but the narrowband centre (the coordinate along the line
of sight) is now chosen to coincide with the most massive halo
in each panel to ensure the same structure is captured in each
panel. Each panel covers the angular size of the MUSE FOV, the
physical extent of which varies at different redshifts.

Following the redshift evolution from high to low (going
from panel a to panel f), we note that the comoving size of the
observed region shrinks roughly from ~1.5 x 1.5A~2 cMpc? to
just over ~1 x 1 h~2cMpc? since the angular size of the FOV
is kept fixed at 1 x 1arcmin’®. The appearance of new massive
(M, > 10°° M) halos and their evolution in relative move-
ment and mass accretion, indicated by the increase in their virial
radii, can also be traced between the different panels. Panel e,
at z = 3.60, has the same redshift as shown in the bottom two
panels of Fig. 10.

With these conservative limits that exclude emission from
the dense (and complicated) central regions of halos, Ly emis-
sion appears brighter at low redshift, where the mirror limit is
less affected by SB dimming and self-shielding effects only start
to play a role at higher overdensities, as discussed in Sect. 3.4.2.
Panels a and b appear particularly homogeneous as large por-
tions are impacted by the mirror limit (24.6% and 22.1% of pix-
els exceeding the mirror limit). We note that at low redshift,
on the other hand, there is less low-density gas that is lumi-
nous in Lya, especially within the large, central halo. The gas
there is likely denser and hotter and thus less effective at emit-
ting Ly radiation, at least within the low-density regime that
we are considering (cf. Figs. 3 and 6 and their discussion in the
text).
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