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Resumen / Las galaxias que presentan lineas de emisién Ha (HAEs) y Lya (LAEs) son muy ttiles para trazar la
distribucién de materia con alto corrimiento al rojo (redshift). En general, son utilizadas para encontrar regiones
de alta densidad, llamados protoctimulos, que son objetos que luego formarén los cimulos de galaxias mas masivos
(M, > 10" Mg) en el presente. Estudiar las galaxias que presentan lineas de emisién en estos ambientes es muy
importante para entender aspectos de la formacién y evolucién de galaxias en épocas tempranas del Universo.
Ademas, los protocumulos estdn embebidos en el medio intergaldctico, el cual puede dispersar los fotones Lya. En
este trabajo utilizamos el modelo semi-analitico de formacién y evolucién de galaxias GALFORM para estudiar
el efecto de transferencia radiativa del medio interestelar e intergaldctico en la distribucién espacial de las galaxias
con lineas de emisién. Encontramos que las LAEs no evitan las regiones densas a z = 2.2, y que pueden trazar la
misma densidad que las HAEs. Ademas, la presencia del medio intergalactico disminuye levemente la correlacién
espacial de las LAEs a z > 2.

Abstract /

Galaxies exhibiting Ha (HAEs) and Lya (LAEs) emission lines are one of the most important tracers of the
high redshift Universe in modern astrophysics. They often probe high density environments, as protoclusters,
which are the seeds of the most massive clusters of galaxies (M, > 10" Mg ) at the present epoch. Studying
the properties of emission-line galaxies in these environments is key to understand aspects of the formation and
evolution of galaxies. Protoclusters are also embedded in the intergalactic medium (IGM), which can scatter the
Lya photons. In the present work we use the GALFORM semi-analytic model of galaxy formation and evolution
to analize how he radiative transfer of Lya photons inside the inter-stellar medium (ISM) and IGM shapes the
spatial distribution of emission-line galaxies at high redshift. We found that LAEs do not avoid dense regions at
z = 2.2, and can trace same densities as HAEs. We also found that the presence of the inter-galactic medium
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slightly diminish the clustering of LAEs at z > 2.
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1. Introduction

The large-scale environment in which protoclusters are
embedded is crucial to determine how they will evolve
into the massive clusters of galaxies (M, > 10'* M) at
the present time. At high redshift (z > 2), protoclusters
are composed by an overdense distribution of galaxies
and gas, and are usually located around radio galaxies
(e.g. [Le Fevre et all 1996} Pentericci et al.l (1997 Vene-
mans et al., 2002; [Venemans et al., [2007; [Hayashi et al.|
2012; |Orsi et all 2016) or quasars (e.g. [Kashikawal
et al. 12007 Overzier et al., [2009; | Adams et al.| 2015)).

Emission-line galaxies (ELG) are often used to de-
tect matter overdensities at high redshift, as narrow
band filters help to detect galaxies with high emission
lines and constrain their spatial distributions over a
small slice of cosmic volume.

Among ELG, the nebular emission lines of Ha emit-
ters (HAEs) and Lya emitters (LAEs) have the same
astrophysical origin, i.e., the emission of young and
massive stars embedded in HII regions (Orsi, Lacey &
Baugh! [2012; |Dijkstral |2017)). Ly« photons are absorbed
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and scattered by the inter-stellar medium (ISM) and the
inter-galactic medium (IGM) through complex radiative
transfer processes that affect the observed properties of
LAEs (Orsi et al., |2014} |Gurung-Lopez et al., |2019a).
On the other hand, HAEs are not subject to these ef-
fects, making these galaxies excellent tracers of instan-
taneous SFR (Kennicutt}, (1998} |Calzetti, |2013)).

In this work we use the GALFORM semi-analytic
model of galaxy formation (Baugh et al., 2019)) to ex-
plore the spatial distribution of LAEs and HAEs around
protoclusters, at z = 2.2, z = 3.0, and z = 5.7, and eval-
uate the impact of the IGM on the LAEs.

2. Theoretical approach

We use the P-Millennium dark matter only simulation
(Baugh et al., 2019)), which is a state-of-the-art N-
body simulation ruled by the Plank cosmology: Hy =
67.77 kms~ ' Mpc™t, Qx = 0.693, Qm = 0.307, o5 =
0.8288 (Planck Collaboration et al.,|2016)). The box size
is 542.16 cMpc h™" and the particle mass resolution is
M, = 1.061 x 10® Mg h~!. The dark matter only simu-
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lation is combined with the GALFORM semi-analytic
model of galaxy formation and evolution, detailed in
Lacey et al.| (2016)) and |Baugh et al.| (2019).

For every galaxy, we model the ISM transmission
of the Lya photons using the Fast Lyman-Alpha Ra-
diative transfEr trough Outflowing Neutral gas code
(FLAREON, |Gurung-Lépez & et. al.|[2019). The ra-
diative transfer of Ly« photons in the IGM is described
in |Gurung-Loépez et al.| (2019a)).

3. Searching for LAE depletion at high
densities

In this section we study the spatial segregation of LAEs
relative to HAEs in a wide sample of simulated proto-
clusters. We follow |Shimakawa et al.| (2017)) approach,
who studied the relation between the spatial distribu-
tion of galaxies and local density of galaxies that exhibit
Ho and Ly emission simultaneously (HAEs+LAEs) on
a protocluster located at z = 2.53.

We create mock catalogues of protoclusters at
z = 2.2 with the same spatial constraints as the one ob-
served by [Shimakawa et al. (2017)). From all our cen-
tral galaxies, we select every protocluster centre using
the halo mass function of radio galaxies (Orsi et al.|
2016). At z = 2.2 we have 1048 protoclusters with
Myalo > 10132 M. The density of galaxies around 2
cMpc of these objects spans between 10 and 400 times
the mean density of objects in our simulation.

The distance to the Nth neighbour is used as a proxy
for local density, and has the advantage of not assuming
an underlying geometry. In the case of Shimakawa et al.
(2017), they use <a>s5m=2x (7Y ny) -, where
Y xin(= N/mr%,,) is the number density of galaxies
within the radius rn¢n, which is the distance to the
(N — 1)th neighbour from each galaxy. To build our
ELG sample we impose luminosity cuts that allow us
to match the observed surface density of HAEs and
HAEs+LAEs. In our sample, HAEs have Ha luminosi-
ties Ly, > 10%! ergs™! and line emission equivalent
widths (EW) EW > 18.6 A, while HAEs+LAEs are
imposed to have also Liyo > 1.5 X 10%? ergs~! with
EW > 15 A.

Fig. [1] shows the projected < agy, > for every HAE,
and the cumulative number of HAEs and HAEs+LAEs
as a function of < a5, >. We find that the depletion of
HAEs+LAEs is not reproduced by our sample of pro-
toclusters: while some follow the observational trend,
others present the opposite behaviour, giving place to
a statistically negligible depletion. Although there are
less HAEs+LAEs than pure HAEs, the former do not
avoid specifically the dense cores of protoclusters as in-
fered from observations.

4. IGM impact on clustering at low scales

In the ACDM paradigm, the overdensity of dark mat-
ter haloes at high redshift are traced by overdensity
of galaxies. The density of the IGM is higher around
these structures, increasing the probability of scatter of
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Figure 1: Cumulative number of HAE and HAEs+LAE in
terms of the local density proxy < a >s5¢n. Solid lines rep-
resent the median and error bars denote the 10 — 90th per-
centiles of HAEs (red) and HAEs+LAEs (blue) for 1048 pro-
toclusters selected at z = 2.2. Dotted lines represent the
behaviour of the USS-1558 protocluster, located at z = 2.53
(Shimakawa et al.| 2017).

Lya photons that escape star-forming galaxies (Gurung-
Loépez et all 2019b).

We explore the impact of the IGM model on the
HAEs+LAEs sample, studying the clustering at small
scales (< 10 cMpc h~?!) around protoclusters, where we
expect a noticeable effect.

Our fiducial model consider both the ISM and IGM
radiative transfer, and we compare with a model with
only ISM radiative transfer included.

We quantify the clustering as the cross-correlation
function between halo mass selected central objects and
ELGs, &... This is estimated as:

In Fig. we show the clustering of HAEs and
HAEs+LAEs for z =2.2, 2=3.0 and z = 5.7 for the
models with and without IGM effect. We find that
HAEs+LAEs are ~75 % less clustered in the cores
(< 0.5 cMpch~1), and ~30 % up to 1cMpch~?! for
z = 2.2 and z = 3.3, independently of the presence of
the scattering effect of the IGM. This may arise be-
cause HAEs+LAEs tend to have lower SFRs, metallic-
ities and inhabit less massive DM haloes than HAEs
(Gurung-Lopez et al., 2019b). Therefore, they are not a
representative subsample of the HAEs, and have lower
clustering than HAEs. We also notice that the impact
of the IGM on the clustering is negligible at small scales,
as expected, because the hydrogen present in the IGM
at these redshifts is mainly ionized.

On the other hand, at z = 5.7 the IGM is partially
neutral, and therefore the transmission of the Lya pho-
tons is highly diminished for A < 1216 A (Gurung-Lopez
et al., 2019b)). In the lower panel of Fig. [2[ we show that
the impact of the IGM on the HAEs+LAEs popula-
tion is less than 10 % inside 1 cMpc h~! with respect to
the HAEs, indicating that the protoclusters may be sur-
rounded by a self-produced bubble of ionized hydrogen
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Figure 2: Cross-correlation functions for HAEs and
HAEs+LAEs for z=2.2 (upper panel), z=3.0 (middle
panel) and z = 5.7 (lower panel). Solid blue line represent
HAESs, which are not affected by IGM at any redshift. Green
and orange lines represent HAEs+LAEs from the model
with and without IGM effect respectively. For each red-
shift we estimate the difference of the clustering relative to
the HAEs, where A¢ represents the difference between the
cross-correlation (&cc) of the HAE population and the cross-
correlation of the HAE+LAE population.

that allows the scape of the Ly« photons.
DD(r)
=—"F — — 1

&) = Frooa )~ (1)
where DD(r) is the total number of galaxies around
central objects at a distance r = Ar/2; N, is the total
number of central objects in the simulation box, ng. is
the mean number density of galaxies, and AV (r) is the
volume of a spherical shell of radius r and width Ar.
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5. Conclusions

By means of the GALFORM semi-analytic model, we
created a galaxy catalogue that includes Ly« radiative
transfer of both ISM and IGM. We studied the spatial
segregation of LAEs with respect to HAEs around pro-
toclusters at z = 2.2, z = 3.0 and z = 5.7.

We find no significant depletion of LAEs in the dens-
est regions of a sample of 1048 simulated protoclusters
at z = 2.2. We compare our results with observations
performed by [Shimakawa et al.| (2017) of the protoclus-
ter USS-1558 located at z = 2.53, and notice that the
behaviour of this protocluster may be due to cosmic
variance.

At z = 2.2 and z = 3.0 the difference in the clus-
tering of HAEs and HAEs+LAEs may arise because
the radiative transfer inside galaxies induce selection ef-
fects over galaxy properties. HAEs+LAESs tend to have
lower star formation rates, lower metallicities and in-
habit less massive halos than HAEs, hence their clus-
tering is lower. We find no significant impact of the
IGM at these redshifts at small scales.

At z = 5.7, where we would expect a mild effect
of the IGM scattering on Lya photons, we find an al-
most indistinguishable impact on clustering. This may
be related to the bubbles of ionized material in which
protoclusters inhabit, that facilitates the scape of Ly«
photons.
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