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The effort to understand the universe is one of the very few things
which lifts human life a little above the level of farce and gives it
some of the grace of tragedy.

Steven Weinberg, The First Three Minutes

CHAPTER 1
Introduction

Since the realization that the Milky Way is only one of myriads of galaxies in the
aftermath of the ”Great Debate”, the study of galaxies has become a vital field in
astronomy. While matters of galaxy formation, galaxy evolution, star formation,
and other processes in galaxies are intrinsically important, it is interesting to notice
that the study of galaxies has a wider application in cosmology, because galaxies are
thought to trace the large-scale structure of the Universe, yielding insights on the
large-scale matter distribution, cosmological parameters, and structure formation as
a cosmological process. Moreover, galaxies are a unique tool for cosmology in the
sense that they are typically the only detectable elements of the large-scale structure.

Naturally, studying galaxies at large distances, i.e. high redshifts, is a difficult
task due to their low apparent luminosity. In the last decade, the systematic search
for high-redshift galaxies has been supplemented by techniques for the detection of
Lyman-𝛼 emission from such objects. Galaxies that are detected primarily by their
Lyman-𝛼 emission are therefore called Lyman-𝛼 emitters (LAEs).

The Lyman-𝛼 line, originating from the (𝑛 = 2 ⇒ 𝑛 = 1) electronic transition
of a hydrogen atom (𝜆0 = 1215Å), is by far the most prominent emission line in
star-forming galaxies (Laursen 2010). The main mechanism for generating Lyman-𝛼
emission is thought to be recombination of hydrogen after ionization by energetic
radiation from young stars, supernovae, QSOs, or UV background. Additionally,
cooling radiation from gas collapsing into the potential well of a dark matter halo is
considered a possibly important source at high redshifts (e.g Dijkstra et al. 2006).

While being hard to observe with ground-based telescopes at low redshift (𝑧 < 1.5)
due to geocoronal emission, the redshifted Lyman-𝛼 line is easily observable at
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2 1 Introduction

higher redshifts (Barnes et al. 2014). The potential of the Lyman-𝛼 line was already
discovered about 40 years ago (Partridge & Peebles 1967, also see section 1.1),
although successful observational campaigns are not older than 25 years (see section
1.1).

More than being an efficient tool to detect high-redshift galaxies, the population of
LAEs itself presents a valuable object of investigation. As will be discussed in section
1.2, LAEs are typically star-forming galaxies in one of their first episodes of intense
star formation and provide therefore information on processes of galaxy formation.
However, LAEs do not form necessarily a distinct class of physically similar objects -
the LAE sample is merely the collection of the objects detected in Lyman-𝛼 emission.
This is also illustrated by the fact that the observed properties of LAEs show large
variations, e.g. in terms of their spatial extent, masses, and spectral properties.

The observational properties of LAEs pose a big challenge for interpretation due
to the fact that the Lyman-𝛼 transition is a resonant line - even small amounts of
neutral hydrogen along the path of a Lyman-𝛼 photon will induce many scatterings.
Additionally, velocity fields, dust content, and the thermal state of the environment
play a large role in the transport of Lyman-𝛼 photons. Since the radiative transfer
is in general too complex for analytical treatment, a number of authors have started
the endeavor of studying the radiative transfer of Lyman-𝛼 photons in/around their
sources numerically. Again, this small field has become vital about 10 years ago,
since numerical studies have only become computationally feasible in the last decade.
Despite the fact that both on the numerical and on the observational side progress
has been made, many open questions remain. The numerial work on LAEs has
largely focused on simplified geometries with spherical symmetry, and there are
few publications on detailed, realistic simulations of Lyman-𝛼 transport in galaxies.
Additionally, scheduled large-scale surveys like HETDEX1 that rely on LAEs to probe
the large-scale structure demand for a thorough understanding of the properties of
LAEs to avoid systematic errors introduced by the complicated radiative transfer of
Lyman-𝛼 photons.

This thesis is devoted to improving our understanding of the radiative transfer in
LAEs, and the connection between observed properties of LAEs and their large-scale
surroundings. It will therefore primarily be concerned with a small subset of open
questions in the field of LAEs:

1 Hobby Eberly Telescope Dark Energy Experiment



1.1 Observations of LAEs 3

• What is the influence of anisotropies in the gas distribution and kinematics on
observed LAE properties?

• To which extent do correlations of large-scale structure and LAE properties
contaminate large-scale surveys utilizing LAEs as tracers of the large-scale
matter distribution?

• What can we learn from simplified, anisotropic models of LAEs?

These three questions are in fact connected with each other, since as will be shown
in section 2.2, the local, small-scale anisotropy in density, e.g. simply induced by a
disky geometry, can lead to significant contamination of large-scale surveys under
certain circumstances. This means that anisotropy of LAEs can in fact contaminate
measurements on the large scales probed by surveys.

The outline of this thesis is the following: In the next sections, we will give a
brief summary of observations of LAEs (section 1.1) and the observed properties
of LAEs (section 1.2). In section 1.3, we will summarize the physics of Lyman-𝛼
transport and the implementation of the transport in a Monte-Carlo code. Chapter
2 will lay down the theoretical background for considering possible contamination
of large-scale surveys by radiative transfer effects in LAEs, with the first section
(2.1) focusing on the large-scale environment affecting Lyman-𝛼 properties, and the
second section (2.2) devoted to the possibility of contamination by tidal alignment
of galactic disks and anisotropic escape. Chapter 3 will briefly review the state of
the art of LAE modeling, in particular modeling of the interstellar medium (ISM) of
individual emitters. After investigating the work done on simplified isotropic models
in the literature (section 3.1), we turn to anisotropic extensions (section 3.2) and
finally towards more realistic models (section 3.3). In chapter 4, we present the
three accepted publications that were compiled during the time of the author’s PhD
program. Finally, we summarize and discuss our main results in chapter 5.

1.1 Observations of LAEs
We proceed to give a brief overview of observational aspects of Lyman-𝛼 emission,
beginning with a short historical excursion. The possibility of using Lyman-𝛼
emission to find distant galaxies was already suggested by Partridge & Peebles 1967.
Their optimistic estimation led them to the conclusion that forming, young galaxies
could have a Lyman-𝛼 line flux of about 1044 erg/s. For about thirty years, these
predictions could not be verified in observations, despite numerous surveys that tried
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to detect such objects (for a review, see Pritchet 1994), although a few individual
objects were found by targeted spectroscopy (see Djorgovski et al. 1985, for example).
However, beginning in the nineties of the last century, more and more LAEs were
detected in both narrow band searches and spectroscopic surveys (e.g. Hu et al. 1998;
Pascarelle et al. 1998; Rhoads et al. 2001; Steidel et al. 2000, among others). The
main reason for the unsuccessful search for LAEs is that the typical line flux from
these objects has been found to be about 1042 erg/s, two magnitudes lower than
expected. It is assumed that this severe discrepancy between the original expectation
of Partridge & Peebles 1967 and the observational findings is primarily due to the
interplay of resonant scattering and dust attenuation, and incorrect cosmological
assumptions made by Partridge & Peebles 1967 (Barnes et al. 2014, also see chapter
2).

Since the beginning of the new millennium, large surveys have detected of the order
of 103 LAEs (see table B.1 for details) at redshifts between 1 and 7. At redshifts
> 6.5, the Lyman-𝛼 line is subject to considerable absorption from the neutral
intergalactic medium (IGM), rendering detections difficult (e.g. Tilvi et al. 2010).
The most prominent technique for the detection of LAEs is a combination of narrow
band imaging and continuum band imaging. Frequently, a spectroscopic follow-up
observation is used to rule out contamination from low-redshift [OII], [OIII], and H𝛼
emitters.

Future instruments will improve our knowledge of LAEs in terms of number counts,
depth, and resolution. In particular, the HETDEX survey will increase the number
of detected LAEs by about 800.000. Subaru Hyper Suprime Cam and MUSE1

will deliver both high-redshift emitters with unprecedented flux limits and improve
spectral and spatial resolution of individual emitters: For example, MUSE will reach
a velocity resolution of tens of km/s at 𝑧 ∼ 3 − 4 (Henault et al. 2003). Finally, the
JWST2 will perhaps allow to detect galaxies at redshifts up to 10 (Dijkstra 2014;
Dijkstra et al. 2011).

1.2 Observational Properties of LAEs
LAEs are found to be typically young systems with ages of 10 Myr to 1 Gyr (Gawiser
et al. 2007; Lai et al. 2008). Their stellar mass is of the order 107.5-1010.5 M⊙ (e.g.

1 Multi Unit Spectroscopic Explorer
2 James Webb Space Telescope



1.3 Lyman-Alpha Radiative Transport 5

Gawiser et al. 2007; Hagen et al. 2014), and their star formation rate is typically
found to lie between 1 and 100 M⊙yr−1 (Gawiser et al. 2007; Gronwall et al. 2007;
Hagen et al. 2014). They are typically dust-free (E(B-V)<0.1) (Gronwall et al. 2007;
Hagen et al. 2014), although objects with high dust content have also been found
(up to E(B-V)=0.4) (e.g. Hagen et al. 2014). As Hagen et al. 2014 point out, objects
with high dust content do not show signs of resonant scattering, i.e. the Lyman-𝛼
flux escapes the object unscattered, which is consistent with the picture that dust
will absorb Lyman-𝛼 radiation if resonant scattering is efficient. With respect to size,
LAEs appear to be compact objects, with half-light radii of about ∼ 1 kpc, but some
objects reach up to a few kpc (Bond et al. 2012; Hagen et al. 2014). Concerning the
clustering bias that has been measured at redshift 2-3, LAEs are typically observed
to reside in halos of 1011.5 M⊙ with a bias factor of ≈ 1.8 (Guaita et al. 2010). As
pointed out by several authors, this makes LAEs the ’building blocks’ of L* galaxies
at 𝑧 = 0 (e.g. Guaita et al. 2010).

While the scatter in Lyman-𝛼 properties is large, the ’average’ LAE is young (<
100 Myr), dust-free, small (< 1 kpc) and light-weighted (∼ 108 M⊙ in stellar mass),
having star formation rates of 1-10 M⊙ yr−1 and very high specific star formation
rate, i.e. a high star formation rate relative to their stellar mass (e.g. Laursen 2010).

A special subclass of LAEs are the so-called Lyman-𝛼 blobs, which are extended
LAEs with sizes of up to 100 kpc (e.g Matsuda et al. 2011). Their physical origin is
unclear: Possible scenarios can be divided into those assuming central sources and
those assuming an extended source for the Lyman-𝛼 emission. Assuming central
sources, massive galaxies undergoing large starbursts and AGNs are candidates for
the origin of the blobs (Cen & Zheng 2013; Hayes et al. 2011 but also see Tamura
et al. 2013), while gravitational cooling from gas falling into a massive halo could be
the source if one assumes an extended emission origin (e.g. Matsuda et al. 2011).

1.3 Lyman-Alpha Radiative Transport
As has been already noted above, there are two main sources of Lyman-𝛼 photons.
On the one hand, recombination after ionization by hard UV radiation converts UV
continuum radiation efficiently into Lyman-𝛼 photons:

𝑒− + H+ −→ H(12S) + 𝛾𝐿𝑦𝛼 + 𝛾 (1.1)
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The reason is that recombining hydrogen typically goes into the ground state via a
cascade of transitions due to quantum-physical restrictions on possible transitions.
If one assumes that the ionizing photon that is emitted if the atom recombines
directly into the ground state, is immediately reprocessed (i.e. the environment is
optically thick to ionizing flux), emission of a Lyman-𝛼 photon follows in 68% of all
cases, i.e. 68% of the energy of the ionizing radiation is converted into Lyman-𝛼
(Barnes et al. 2014). The sources of the ionizing radiation that is converted are
thought to be massive stars, supernovae, AGNs, or the UV background (in especially,
the local UV background can be enhanced in the proximity of a nearby QSO (e.g.
Cantalupo et al. 2014)). Stars are typically assumed to be the dominant source of the
converted ionizing radiation (Laursen et al. 2009). Since the massive O and B stars
that produce the necessary flux in the UV have a short life time of ∼ 106 − 107 yr,
the production of Lyman-𝛼 photons is strongly coupled to the recent star formation
activity of a galaxy.

On the other hand, collisional excitation can lead to emission of Lyman-𝛼 photons.
According to many studies on structure formation, young galaxies should partly
accrete their matter in form of cold streams (e.g. Birnboim & Dekel 2003), streams
of cold gas falling into the center of the dark matter halo. These cold streams are not
shock-heated near the virial radius, and are thought to cool via Lyman-𝛼 radiation.
As Dijkstra et al. 2006 point out, such emission would be typically extended and
blue-shifted, rendering a detection at high redshift improbable due to attenuation by
the IGM (also see chapter 3). Additionally, they note that this source of Lyman-𝛼
radiation is not well understood, i.e. it is not known where in the cold streams
conditions are sufficient to generate significant amounts of Lyman-𝛼 radiation.

We proceed to briefly review how radiative transport of Lyman-𝛼 photons is
described. A more detailed description can be found in Behrens 2011; Dijkstra et al.
2006; Laursen 2010; Verhamme et al. 2006; Zheng & Miralda–Escude 2002. Here,
we mainly summarize the presentation of Behrens 2011, which is based on Dijkstra
et al. 2006; Verhamme et al. 2006 and Laursen 2010.

Lyman-𝛼 photons scatter resonantly on neutral hydrogen. The probability 𝑃 that
a photons is scattered along a path 𝑝 in a medium of neutral gas with number density
𝑛 is written as

𝑃 = 𝑒−𝜏 (1.2)
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𝜏 is called the optical depth, and if only hydrogen contributes to the optical depth,
we can write

𝜏 = 𝜏𝐻 =
ˆ

𝑝

𝜎𝜈(𝑥)𝑛(�⃗�)𝑑�⃗� (1.3)

Here, 𝜎𝜈(𝑥) denotes the scattering cross section that depends on the frequency 𝑥 of
the photon. We write the physical frequency 𝜈 as a dimensionless quantity:

𝑥 = 𝜈 − 𝜈0

𝜈𝐷

(1.4)

Here, 𝜈𝐷 = 𝑣𝑡ℎ𝜈0
𝑐

is the Doppler frequency with 𝑣𝑡ℎ the typical thermal velocity of
the gas, 𝜈0 the line center frequency of the Lyman-𝛼 line, and 𝑐 the speed of light.
Intuitively, the quantity 𝑥𝜈0/𝑐 measures the frequency shift from the line center in
units of the thermal velocity of the gas. In the case of a non-thermal contribution
to the Doppler frequency, e.g. if a RMS turbulent velocity 𝑣𝑡𝑢𝑟𝑏 is present, we can
modify 𝜈𝐷 by quadratically adding the turbulent and thermal contributions:

𝜈𝐷 =
√︀
𝑣2

𝑡ℎ + 𝑣2
𝑡𝑢𝑟𝑏𝜈0

𝑐
(1.5)

The cross section 𝜎𝜈(𝑥) can be written as:

𝜎𝜈(𝑥) = 𝑓12
√
𝜋𝑒2

𝑚𝑒𝑐𝜈𝐷

𝐻(𝑎,𝑥) (1.6)

with 𝑒 the charge of the electron, 𝑚𝑒 its mass, and 𝑓12 the so-called oscillator strength
of the Lyman-𝛼 transition. 𝐻(𝑎,𝑥) is the so-called Voigt-Profile defined as:

𝐻(𝑎,𝑥) = 𝑎

𝜋

ˆ ∞

−∞

𝑒−𝑦2

(𝑥− 𝑦)2 + 𝑎2𝑑𝑦 (1.7)

Here, 𝑎 is the Voigt parameter related to the line width of the Lyman-𝛼 line. The
Voigt-Profile results from the folding of a Lorentz profile for the natural line width
of the line with the thermal distribution of the gas atoms on which the photons
scatter. It is frequently approximated by an exponential 𝑒−𝑥2 in the line center (for
|𝑥| smaller than a certain value, e.g. 2.5 > |𝑥| in Dijkstra et al. 2006) and with 𝑎√

𝜋𝑥2

far away from the line center.
In general, the gas atoms will also have a non-zero bulk velocity. We assume that 𝑥
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denotes the frequency in the observer’s frame. We can use a Lorentz transformation
to evaluate the frequency of the photon 𝑥′ in the rest frame of a gas atom with
velocity �⃗�𝐴:

𝑥′ = 𝑥− �⃗�𝐴�⃗�

𝑣𝑡ℎ

(1.8)

Here �⃗� is the direction of the infalling photon.
When a scattering occurs, the frequency of the photon in the observer frame is

changed in general because of the non-zero velocity of the scattering atom. In the
rest frame of the atom, we denote the frequency of the infalling photon with 𝑥′

𝑖 and
the frequency after scattering with 𝑥′

𝑜. Due to coherence, 𝑥′
𝑜 = 𝑥′

𝑖. We can evaluate
the frequency of the scattered photon in the observer’s frame 𝑥𝑜 by applying eq.
1.8 twice to first switch into the rest frame of the atom, and then go back to the
observer’s frame:

𝑥𝑜 = 𝑥𝑖 + �⃗�𝐴(�⃗�𝑜 − �⃗�𝑖)
𝑣𝑡ℎ

(1.9)

We see that the frequency stays constant only in cases where �⃗�𝑖 = �⃗�𝑜 or �⃗�𝐴 = 0⃗,
i.e. when the the photons undergoes no change in direction and/or when the atom’s
velocity is zero. We neglected here the recoil of the scattering on the atom since it
has been shown to be negligible except for extremely low temperatures of the gas
(Zheng & Miralda–Escude 2002).

To evaluate these equations, one needs to know the probability distribution of the
velocities of scattering atoms. The velocity vector can be split into the component
parallel to the direction of the infalling photon �⃗�|| and two orthogonal components
�⃗�⊥,1/�⃗�⊥,2. While the orthogonal components are just thermally distributed according
to the usual Maxwell distribution, the parallel component is a Maxwell distribution
folded with the Lorentzian profile of the line. Consequently, the probability for a
photon far away from the line center to be scattered is highest for an atom that has
a component 𝑢|| so that in the rest frame of the atom, the photon appears near the
line center. On the other hand, at large 𝑢|| the number of atoms becomes very low
due to their thermal distribution, making scattering at lower-velocity atoms again
more probable although in the restframe of these atoms, the photon is far away from
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the line center. The resulting probability distribution for 𝑢|| can be written as

𝑓(𝑢||) = 𝑎

𝜋𝐻(𝑎,𝑥)
𝑒𝑢||

(𝑥− 𝑢||)2 + 𝑎2 (1.10)

To evaluate eq. 1.9, we need to find a connection between the direction of the
incoming and the outgoing photon. This is given by the so-called phase function.
Although quantum theoretical considerations show that the choice of the correct
phase function depends on the frequency of the infalling photon (Tasitsiomi 2006),
in practice the probability distribution of outgoing directions is often chosen to be a
dipole and be can be written as a function of one angle 𝛩 because of the symmetry
of the problem:

𝑃 (𝛩) = 1 + 3
7 cos2 𝛩 (1.11)

This concludes the basic summary the physics of Lyman-𝛼 scattering on neutral
hydrogen.

In principle, the optical depth for a Lyman-𝛼 photon also has contributions from
other lines, e.g. the corresponding deuterium line (see for example Dijkstra et al.
2006) or dust. We discuss here how dust can be included, but the procedure is
the same for other contributions. In the case of dust, the only complication is that
besides scattering, a second physical interaction with Lyman-𝛼 photons can occur,
namely absorption. The optical depth due to dust can be written as

𝜏𝐷 =
ˆ 𝑝

𝜎𝐷𝑛𝐷(�⃗�)𝑑�⃗�, (1.12)

similar to eq. 1.3. 𝑛𝐷 is the dust grain density, 𝜎𝐷 is the interaction cross section.
Following (Verhamme et al. 2006), we can write the interaction cross section as

𝜎𝐷 = 𝜋𝑑2(𝑄𝑎 +𝑄𝑠) (1.13)

with 𝑑 the typical grain diameter and 𝑄𝑎 (𝑄𝑠) the absorption (scattering) efficiency.
The total optical depth a photon encounters is then the sum of the contributions

from dust and hydrogen,

𝜏 = 𝜏𝐻 + 𝜏𝐷 (1.14)



10 1 Introduction

When interacting with a dust particle, Lyman-𝛼 photons can be absorbed with
subsequent emission of infrared photons by the grain. From the point of view of
Lyman-𝛼 transport, these photons are ’lost’ or destroyed since they are reemitted far
away from the line center. The albedo 𝐴 = 𝑄𝑆

𝑄𝐴+𝑄𝑆
is the probability for the photons

to be scattered, and 1 − 𝐴 is the probability for absorption. For UV wavelengths, a
value of 𝐴 = 0.5 for the albedo can be adopted since absorption and scattering are
approximately equally likely (Verhamme et al. 2006, e.g.). Finally, a phase function
has to be chosen for the case of scattering on dust. A Greenstein phase function can
be used to fit dust observations in our Galaxy (Henyey & Greenstein 1941):

𝑃 (𝛩) = 1
4𝜋

1 − 𝑔2

[1 + 𝑔2 − 2𝑔 cos𝛩]3/2 (1.15)

Here, 𝑔 is the so-called anisotropy factor. A value of zero corresponds to isotropic
scattering, while values of 1 (-1) lead to complete forward (backward) scattering. In
the literature, values of 𝑔 ∼ 0.7 are chosen, derived from observations (Inoue 2003).
This indicates a tendency of dust grains to be predominantly forward-scattering.

1.3.1 Radiative Transfer Algorithm for the Lyman-Alpha Line

In this section, we briefly present the typical algorithm for following the radiative
transfer of Lyman-𝛼 photons in astrophysical contexts. Starting with Ahn et al. 2000,
the Monte-Carlo approach has been widely used for this purpose. Given density,
temperature, and velocity fields, one sets up a number of tracer photons with an
initial position, frequency, and direction. Then, for each photon, one proceeds with
the following algorithm that we depict here for the case of a dust-free medium:

1. Draw a random, exponentially distributed optical depth 𝜏𝐼

2. Move the photon according to its direction vector, integrate the optical depth
𝜏 along the way

3. If 𝜏𝐼 = 𝜏 , an interaction with the gas will happen
a) Draw a parallel velocity component for the scattering atom according to

the distribution in eq. 1.10. Draw the orthogonal components from a
Maxwell distribution

b) Draw an outgoing direction vector from the unit sphere according to the
given phase function

c) Evaluate the frequency of the photon after the scattering using eq. 1.8
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4. Repeat until the photon has left the simulation domain

The properties of all photons that leave the domain are stored, e.g. their frequency
in the observer frame, their direction and the number of scatterings undergone.

If dust is present, one has to decide if the photon interacts (item 3. in the list
above) with either a gas atom or a dust particle. For this purpose, one can draw
a random number with flat distribution, 0 < 𝑅 < 1. If 𝑅 < 𝜏𝐷/𝜏 , an interaction
with dust occurs. Other contributions can be added accordingly. In the case of
an interaction with dust, we have to decide whether the process of interaction is
either absorption or coherent scattering of the photon. We can again draw a random
number with flat distribution, 0 < 𝑅2 < 1, scattering occurs according to eq. 1.13
and 1.15 if 𝑅2 < 𝐴, else absorption occurs.

As expected for a Monte-Carlo method, it is crucial to follow a sufficient number
of photons to get reliable results. This can be computationally challenging, mainly
because of the calculation needed to obtain the parallel velocity component of a
scattering atom (eq. 1.10). This probability distribution is not invertible analytically
and the so-called rejection method (see Press et al. 2007, section 7.3.6) is needed to
invert it which is numerically a very expensive operation.

The emissivity of Lyman-𝛼 photons in such simulations can be set assuming a list
of point sources. In particular, this is convenient if the emitting region is not spatially
resolved in the simulation. At smaller scales and higher resolution, the emissivity
can be given by an additional field, attributing an intrinsic emissivity to every
cell in the simulation volume. In the following, we assume the radiative transport
simulation to be run on a static configuration of density/velocity/temperature/dust
as a post-processing step. This means that these fields do not evolve in time during
the transport simulation. This is based on the assumption that the timescale of the
escape of Lyman-𝛼 photons is much shorter than the dynamical timescale.

1.3.2 Adaptive Mesh Refinement (AMR)

Grid-based simulations of astrophysical objects are frequently not done on a single,
uniform grid, but feature a hierarchy of grids with varying cell sizes. They typically
form a hierarchy in the sense that a coarser grid might be refined partially by a finer
grid. In this way, one can achieve a very high resolution in regions that contain the
relevant physical objects and processes, while keeping the resolution (and therefore:
the computational costs) low in other regions. The radiative transfer codes used for
the work presented here can use this technique. From the computational point of
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view, only the routines integrating the optical depth are modified to use multiple
grids. While in a uniform grid, one can simply integrate the optical depth of the
photons’ path through each cell, one has to check for every integration step whether
or not the photon has just left or entered a refined region of the simulation volume
when using AMR grids.

1.3.3 Additional Physics for Lyman-Alpha Transport in Cosmological Simulations

To simulate Lyman-𝛼 radiation in a cosmological simulation, at least two requirements
have to be fulfilled numerically. On the one hand, there is a physical process that has
to be modeled numerically, namely the Hubble expansion that leads to redshifting of
photons. This can be done by redshifting photons between scatterings according to

𝛿𝑧 = 𝐻(𝑧)𝑑
𝑐

(1.16)

with 𝐻(𝑧) the Hubble rate at the mean redshift of the simulation 𝑧 and the distance
𝑑 traveled by the photon since the last scattering (e.g. Behrens & Niemeyer 2013).
This approach is valid as long as the evolution of 𝐻(𝑧) within the simulation volume
is small.

On the other hand, cosmological volumes are typically simulated using periodic
boundaries, i.e. if the simulation box has a volume 𝑙3, the cell at a position (𝑥,𝑦,𝑧) is
identical to the cells at (𝑥+ 𝑖𝑙,𝑦+ 𝑗𝑙,𝑧+𝑘𝑙), where 𝑖, 𝑗, and 𝑘 are integers. To remove
artifacts arising at the boundaries, one has to apply these periodic boundaries as
well for the Lyman-𝛼 photons. Here, the question arises how to decide when the
radiative transfer of an individual photon is assumed to be complete (that is, when a
photon is considered to reach the observer without further scatterings), since due to
periodic boundaries, the simulation domain is now infinite in extent. One possibility
here is to define a cut-off distance. If the distance between the photon and the region
it originated from is larger than this cut-off distance, the transfer is assumed to reach
the observer without further scatterings (used by e.g. Behrens & Niemeyer 2013;
Zheng et al. 2010). The assumption is physically justified if the cut-off distance is
chosen large enough so that the Hubble expansion has effectively shifted the photon
out of resonance.

1.3.4 The Treatment of Continuum Photons

In several contexts, it is important to not only follow the propagation of Lyman-𝛼
photons, but also continuum radiation. A simple approach here for continuum
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radiation in the UV is to run the same algorithm for these photons as for the Lyman-
𝛼 photons, since the Lyman-𝛼 line is the most important contributor to the optical
depth for these photons as well (e.g. Verhamme et al. 2006).

1.3.5 Speeding Up Calculations and Parallelization

As has already been mentioned, simulations of Lyman-𝛼 radiative transfer are
computationally demanding. To speed up calculations, one strategy is to avoid
so-called core scatterings (Dijkstra et al. 2006). Most scatterings of a Lyman-𝛼
photon in the line center do not change its frequency significantly. In an optically
thick environment, this means that Lyman-𝛼 photons may scatter thousands of times
without moving significantly in frequency or space. In those environments, these
core scatterings can be avoided by forcing scatterings of photons in the line center
to occur on high-velocity atoms. In these scatterings, the photons will typically
be scattered out of the line center. For photons not in the line center and/or for
photons in optically thin environments, this suppression leads to artifacts and should
be avoided. In the other cases, it is justified to suppress core scatterings by simply
’cutting off’ the Maxwellian distribution of the velocity components of the scattering
atoms that are perpendicular to the infalling photon. The desired random velocity
components can be generated via:

𝑢⊥ ∝
√︀
𝑥2

𝑐 − ln𝑅1 cos 2𝜋𝑅2 (1.17)

where 𝑅1 and 𝑅2 are again random number with flat distribution between 0 and 1.
𝑥𝑐 parametrizes the cut-off. As Laursen et al. 2009 point out, 𝑥𝑐 is a function of
the local optical depth and the frequency of the infalling photon. Their formula for
calculating 𝑥𝑐 is also implemented in the code(s) the author developed and used for
the publications presented in chapter 4.

Another important way of speeding up the calculations is parallelization, i.e. using
multiple processors at the same time. The code(s) developed in the course of this
thesis are both MPI- and OpenMP parallelized, i.e. they use both multiple threads
to parallelize work in a single process (a single instance of a program) and multiple
processes.

1.3.6 Used Implementations of the Radiative Transport

For the work presented in this thesis, two implementations were used to follow the
transport of Lyman-𝛼 photons, named LyS and Sedona. LyS was used in Behrens &
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Niemeyer 2013, while Sedona was used in Behrens et al. 2014 and Behrens & Braun
2014. Both are based on C++. While LyS was built from scratch and designed
for use with Enzo and Ramses grid (AMR) structures, Sedona was developed on
the basis of the library BoxLib to handle Nyx’ (Almgren et al. 2013) (AMR) grid
structure. The main reason for switching codes was the need to run simulations done
by Nyx, and the fact that a prototype of a radiative transfer code was available from
the developers of Nyx, i.e. a piece of code containing nothing but the computational
infrastructure for such a code, but without any relevant physics. Developing a new
Lyman-𝛼 code on this base was considered simpler than integrating the Nyx/BoxLib
infrastructure into LyS. Additionally, this also has the advantage that we were able
to use the built-in parallelization of BoxLib. While the Sedona code used in Behrens
et al. 2014 and in Behrens & Braun 2014 is parallelized by virtue of the underlying
BoxLib library, but needed minor modifications, the code LyS that was used in
Behrens & Niemeyer 2013 was parallelized completely by hand.

LyS implemented a basic Lyman-𝛼 transport scheme, emission from a list of point
sources, isotropic/dipole phase functions, the acceleration scheme explained in section
1.3.5, handling of redshifting due to the Hubble flow, and the handling of periodic
boundaries with a fixed cut-off distance (see section 1.3.3).

Sedona has the same features (except for the Hubble flow handling and the periodic
boundaries), but includes the capability to account for dust, with a Greenstein phase
function for the anisotropic scattering on dust (see equation 1.15). It also allows
to follow the transport of continuum photons near the Lyman-𝛼 line. Emission of
photons can come from point sources and/or by an emissivity field in the simulation
domain. Sedona also has a ’scripting’ capability: Simple distributions of gas and
dust can be set up using a simple text file instead of editing the code of the program.
Linear or radial velocity fields can also be added in the same way. This was used for
the simple models of LAEs in Behrens et al. 2014.



CHAPTER 2
Large-Scale Structure Surveys and the Influence of Lyman-Alpha
Radiation Transport

The fact that the Lyman-𝛼 line is the most powerful emission line in star-forming
galaxies makes it a potential tool for observations of the large scale structure of the
Universe by mapping out a large number of LAEs and use them to reconstruct the
matter distribution. Since the atmosphere is transparent for Lyman-𝛼 radiation at
redshift above ∼ 1.5 and the star-formation history peaks somewhere around 𝑧 ∼ 2
this is feasible even with ground-based telescopes, reducing the costs of such an
endeavor which is currently undertaken by the HETDEX collaboration (Hill et al.
2008).

The resonant scattering of Lyman-𝛼 photons on their way from their source to an
observer can modify observed properties of LAEs in a non-trivial way. One important
question with respect to large-scale surveys is therefore if and how the transport
within a galaxy and in the environment correlates the observed Lyman-𝛼 properties
like flux and spectra with e.g. the kinematics and gas/dust distribution of the emitter
and its surroundings. In principle, these correlations could spoil a measurement of
the large-scale distribution of matter by, for example, systematically shifting the flux
of emitters in certain environments below the detection threshold. Therefore, it is
crucial to understand how important these effects are and how they could potentially
be corrected for. To motivate this problem in more detail, we will turn to a simple
toy model.

Lyman-𝛼 radiation originating from star-forming galaxies or other sources of
ionizing radiation is, due to the resonant nature of the line, scattered by neutral
hydrogen even at low densities. The photons are mainly affected by the spatial

15
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density and velocity structure: The probability of interaction along the path of a
photon, 𝑃𝐼 = 1 − 𝑒−𝜏 , exponentially goes to 1 with both the density (𝜏 ∝ 𝜌) and the
cross section (𝜏 ∝ 𝜎), and the cross section is exponentially reduced by a bulk velocity
shift of the intervening gas1. For example, for a gas at a temperature 𝑇 = 1 × 103 K,
the optical depth is reduced by a factor of ≈ 5 if the gas has a bulk velocity as small
as 8 km/s parallel to the direction of the infalling photon (for a Lyman-𝛼 photon
that is in the line center). Anisotropies and inhomogeneities in the density and in
the velocity fields are therefore imprinted onto the escaping Lyman-𝛼 radiation.

This can be illustrated easily by considering a long slab of gas with a central,
isotropic point source of Lyman-𝛼 radiation in its center, as depicted in Fig. 2.1.
We assume for now that the slab is optically thick, so that along the short axis 𝑎 of
the slab, the optical depth is about 106 from the center to the edge, while it is 107

along the long axis 𝑏, and that the Lyman-𝛼 photons are isotropically emitted at line
center frequency. In this case, photons will undergo many scatterings (∼ 106) before
leaving the slab. Scattering shuffles their directions, and may shift their frequency
out of the line center until they can escape. Since axis 𝑎 is ten times shorter than 𝑏,
the probability for a photon to escape in the direction of axis 𝑏 is reduced, because
it is more probable for them to diffuse out of the slab along the 𝑎 axis. The flux as
a function of the inclination | cos 𝜃| = �⃗��⃗�, where �⃗� is the direction of the escaping
photon, is shown in Fig. 2.2. We see that indeed the flux is clearly peaked along the
short axis.

b

a

θ

Figure 2.1: Illustration of a slab of gas with a central source.

1 This is true close to the line center, see 1.3
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Figure 2.2: Lyman-𝛼 flux as a function of inclination for a homogeneous slab with an axis
ratio of 10 for three cases: optically thick (blue), optically thin (green), optically thick with
additional dust content (blue) (𝜏𝐷 ∼ 1). The scatter in the latter plot comes from the fact
that only 6% of the photons escape the slab in this case.

If we assume the optical depth to be much lower, as it might be the case in the
ionized intergalactic medium, and set the optical depth along axis 𝑎 to 𝜏 = 1, we
still observe the flux to be peaked towards the short axis. While in the case of a
large optical depth, photons mainly diffuse in real space and frequency due to many
scatterings, in the case of low optical depth, only few scatterings occur. In this case,
we can approximate the fraction of photons that escape in a certain direction by
the fraction of photons 𝐹 that were emitted in that direction and actually were
transmitted in that direction:

𝐹 = 𝑒−𝜏 (2.1)

This means that we assume that a photon is not scattered back into its initial
direction by subsequent scatterings; every scattering ’removes’ the photon out of
this line of sight. Since 𝐹 is larger for directions along axis 𝑎, the flux is relatively
enhanced. This so-called 𝑒−𝜏 -approach does not apply in optically-thick regions in
general, because for a photon that is scattered out of the line of sight, there is a
non-vanishing probability to get back into the line of sight after numerous scatterings
in these regions (e.g. Laursen et al. 2010).
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So far, we have only introduced an anisotropic density distribution: Adding
an anisotropic velocity field would also affect the optical depth severely, with the
additional complication that in this case, the local optical depth also depends on
the direction of the photon. While the spectra originating from the simple, static
slab are typically symmetric, a velocity field could also introduce asymmetric spectra
depending on viewing angle, due to the fact that e.g. receding gas will have higher
optical depth for blue photons, while it will be reduced for red photons.

Adding dust can render the effects of the anisotropies stronger in terms of the
variations in flux. Since a higher optical depth leads to more scatterings, inducing
more changes of direction, the pathlength increases when 𝜏 increases. The probability
of being absorbed by dust is proportional to this pathlength, so dust becomes more
effective in absorbing photons.

Although the simple toy model of a slab is of course much too simple to capture the
complexity of real astrophysical conditions, it highlights how anisotropies can influence
observed Lyman-𝛼 properties. Analogous to the optically thin and thick cases of the
simple slab discussed above, we can identify the regimes of the intergalactic medium
(IGM) with low densities (< 10−6 cm−3 for hydrogen, dust content negligible) and
the ISM where neutral hydrogen densities and dust content can be very high (e.g. ∼
1 cm−3 for hydrogen).

Going back to the toy model proposed above, we see that in the optically thin
case, it represents a very sketchy model of a filament with an embedded isotropically
emitting galaxy. For large-scale surveys like HETDEX, this toy model implies that
when we observe along the long axis of a filament, we might miss sources in the
filament because photons are efficiently scattered out of our line of sight, while we
do observe fractionally more sources residing in filaments that we observe along the
short axis. In our toy model, this effect is very strong. Yet, our model is far from
realistic. In particular, our configuration is static and has a very simplified geometry.
In the work done by Zheng et al. 2011; Zheng et al. 2010 and Behrens & Niemeyer
2013, cosmological simulations were used to estimate the effect on the measured
matter distribution in a more realistic and consistent way. Their findings will be
presented in the next section.

With respect to radiative transfer in the ISM, the optically thick (and dusty) slab
model is only a very rough illustration, since we expect the geometry of LAEs to be
either approximately spherical or disk-like, possibly with a very clumpy morphology.
This will be investigated in detail in chapter 3. Assuming that emitters have a
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disk-like structure and - analogous to the slab model - a higher flux towards face-on
directions, one would expect the transport of Lyman-𝛼 radiation in the ISM to
influence large-scale surveys only as a source of noise, since one might assume that
the orientations of the disk are distributed randomly and independent of the large-
scale environment. However, under certain plausible conditions, the anisotropy of the
emitters themselves could influence the measurements of the large-scale structure,
namely if there is a correlation between the large-scale structure and the orientation
of galactic disks. This will be discussed in the second section of this chapter on the
basis of the work by Hirata 2009.

2.1 Contamination by Attenuation in the Large-Scale Structure
In their work, Zheng et al. 2010 and Zheng et al. 2011 analyze the radiative transfer
of Lyman-𝛼 photons within a cosmological simulation with a box size of 100 Mpc/h
at a redshift of 𝑧 = 5.7. Apart from the Lyman-𝛼 physics as summarized in section
1.3, they also include the Hubble flow and apply periodic boundary conditions (see
section 1.3.3), but ignore dust. For each halo in their simulation volume, they define
an intrinsic Lyman-𝛼 luminosity 𝐿𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 derived from the halo mass 𝑀ℎ:

𝐿𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = 1042 0.68𝑀ℎ

1010𝑀⊙
erg/s (2.2)

Here, 𝑀⊙ is the mass of the sun. This relation is a result of combining the relation
between intrinsic luminosity and star formation rate from Furlanetto et al. 2005 with
a relation between star formation rate and halo mass found in the used simulation
(see Trac & Cen 2007). They launch a number of tracer photons from the center
of each halo with mass above 5 × 109M⊙. Although the ISM not resolved in the
simulation (resolution ∼ 32 kpc) and the achieved densities are correspondingly
low, the anisotropic and inhomogeneous IGM surrounding the emitters can affect
the observed emitter statistics, as has been illustrated in the introduction of this
chapter. Nevertheless, the halo cores where the photons are launched are optically
thick, which makes it necessary to follow their escape with the full radiative transfer
simulation.

To quantify the influence of the large-scale environment on the Lyman-𝛼 properties,
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Zheng et al. 2010 calculate the correlations of the large-scale density contrast1 𝛿,
its derivative with respect to the line of sight2 𝜕𝛿

𝜕𝑧
, the velocity component along

the line of sight 𝑣𝑧 and the velocity gradient along the line of sight 𝜕𝑣𝑧

𝜕𝑧
with the

observed fraction of Lyman-𝛼 emission, 𝜀 = log(𝐿𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡/𝐿𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐). These quantities
are evaluated from the simulations by calculating them from a smoothed dark matter
density field (smoothed on scales of 4 Mpc/h) in the linear regime, i.e. using the
linearized continuity equation to connect the overdensity or density contrast 𝛿 and
velocity field �⃗�:

�̇� + 1
𝑎

▽ ·�⃗� = 0 (2.3)

𝑎 is the scale factor. In the linear regime, different Fourier modes of the density field
evolve independently and grow linearily. Therefore, the time derivative of the density
field �̇� can be rewritten on linear scales as 𝑓𝐻(𝑎), where 𝑓 is the growth factor.
Using this, we can calculate the desired quantities in terms of the Fourier-transform
of the density field, 𝛿�⃗�:

�⃗� = 𝑓𝐻𝑎
∑︁

�⃗�

𝑖𝑘𝑧

𝑘2 𝛿�⃗� exp(𝑖𝑘�⃗�) (2.4)

𝜕𝑣𝑧

𝜕𝑧
= −𝑓𝐻𝑎

∑︁
�⃗�

𝑘2
𝑧

𝑘2 𝛿�⃗� exp(𝑖𝑘�⃗�) (2.5)

𝜕𝛿

𝜕𝑧
=

∑︁
�⃗�

𝑖𝑘𝑧𝛿�⃗� exp(𝑖𝑘�⃗�) (2.6)

This means that not the (non-linear) density/velocity field present in the simulation
is used, but the linear approximation. This is done to remove the influence of the
dense halo cores, since Zheng et al. 2010 are interested in the effects of the large
scale structure. The results are shown in figure 2.3.

Intuitively, one would expect the density contrast 𝛿 near the location of an emitter
to be correlated with a low observed fraction, since the probability for a photon
escaping from that emitter to be scattered out of the line of sight is higher. This is
indeed the case, Zheng et al. 2010 find an increase in observed fraction by a factor of

1 as usual, the overdensity or density contrast 𝛿 is defined as the local density over the mean density,
𝛿 = 𝜌/𝜌

2 In the following, we assume that the direction of observation is along the 𝑧-axis.
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Figure 2.3: Correlations of large-scale environmental density (top left), line-of-sight density
gradient (top right), line-of-sight velocity (bottom left), and line-of-sight velocity gradient
(bottom right) with observed Lyman-𝛼 fraction as reported in Zheng et al. 2010. (c) AAS
Reprinted with permission (Figure 21 in Zheng et al. 2010)
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∼ 5 at low density contrasts (see figure 2.3, upper left panel). However, they find the
line-of-sight velocity gradient to have much larger impact on the observed fraction:
The velocity gradient boosts the observed fraction by an order of magnitude. Zheng
et al. 2010 explain this by noting that velocity gradients change the local Hubble
rate. A positive velocity gradient along the line of sight increases the local Hubble
rate, which in turn shifts photons away from the line center, reducing the optical
depth photons have to penetrate to reach the observer.

Zheng et al. 2011 analyze these results in terms of the effects on the observed
large-scale density structure. To do this, they construct mock observations, using an
observation threshold on the apparent luminosity of their emitters. For comparison,
they construct a halo catalogue with the same number density, and a ’shuffled’ LAE
catalogue with the apparent luminosity randomly shuffled among all emitters to
remove any correlations between environment and LAE properties. Finally, they
calculate the 2-point correlation function (2PCF) as a function of parallel separation
and perpendicular separation (𝑟𝑝 and 𝜋) from these data sets. The 2PCF is defined to
be the excess probability to find a source at distance (𝑟𝑝,𝜋) from a source compared
to a sample of objects with a random, flat distribution in space. We show their
plot in figure 2.4. In the left center panel, the unbiased 2PCF of the halos is shown.
As expected, the 2PCF has approximately spherically shaped contours, indicating
that the probability to find a galaxy with a line-of-sight separation 𝑟𝑝,𝑠 from another
galaxy is about the same as the probability to find a galaxy at a perpendicular
separation 𝜋𝑠 = 𝑟𝑝,𝑠. On the other hand, the 2PCF of the LAE sample (top left panel)
shows an elongation along the perpendicular direction, the contours are severely
deformed by the effects of the radiative transport. As the left bottom panel shows,
this deformation does not occur if one randomly shuffles the LAE properties among
the emitters. The deformation therefore originates from the correlations of the
environment of emitters and their Lyman-𝛼 properties.

As Zheng et al. 2011 suggest, this elongation pattern is due to the strong correlation
between line-of-sight velocity gradient and observed fraction. The mechanism for
this is illustrated in figure 2.5, left panel. In gray, the density contours are shown
for a density fluctuation illustrated as a plane wave. Dots represent emitters, the
ellipsoids illustrate the angular distribution of relative transmitted flux. For better
understanding, we plot an illustration of density, line-of-sight velocity, and line-
of-sight velocity gradient in figure 2.6. The velocity gradient follows the density
gradient, and because of the correlation between velocity gradient and observed
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fraction, one expects emitter in the denser regions in the left panel of figure 2.5 to
transmit photons preferentially perpendicular to the line of sight, since the velocity
gradient within the overdensity is negative along the line of sight (see figure 2.6, label
’c)’), while it is close to zero perpendicular to it. This means that emitters in this
region have a lower probability of being detected. Emitters in underdense regions
in turn transmit Lyman-𝛼 radiation preferentially in the directions parallel to the
observer, since the line-of-sight velocity gradient is positive in these directions (see
figure 2.6, label ’a)’), so emitters in these regions have higher probability of being
detected. Emitters with zero line-of-sight velocity gradient (label ’b’ in figure 2.6)
have no preferred escape direction. If the density mode is perpendicular to the line
of sight (right panel of figure 2.5), the situation is reversed1. Now overdense regions
seem more overdense to the observer because of the higher probability for emitters
in the overdense region to be detected, while the underdense regions appear even
less dense.

However, Behrens & Niemeyer 2013 (see section 4.1) investigate these effects on the
basis of a cosmological simulation with a smaller box size (50 Mpc/h), but at higher
resolution (1 kpc vs. 32 kpc physical) and with full treatment of the hydrodynamics
instead of a hybrid-scheme2 as used by Zheng et al. 2010, at redshifts of 𝑧 = 2 − 4.
We calculate correlations of the observed fraction of Lyman-𝛼 emission with the
large-scale structure in the same way as Zheng et al. 2010, but smooth the density
field on a larger scale of 10/12/15 Mpc/h at 𝑧 = 2/3/4 to be in the linear regime. As
can be seen in figure 5 in section 4.1 (note that the 𝑦-axis shows observed fraction
relative to the mean), we obtain similar correlations for the local overdensity 𝛿 (upper
left panel): Higher densities suppress the observed fraction by ∼ 30%. On the other
hand, we do not find correlations as strong as Zheng et al. 2010, in particular for the
line-of-sight velocity gradient. While the observed fraction changes by an order of
magnitude in their simulation, we find a change of about 20%. With respect to the
other analyzed correlations, we refer the reader to section 4.1.

We also calculated the 2PCF arising from the radiative transfer effects. It is shown

1 We note that for this statement, Zheng et al. 2011 employ a new assumption: They assume that the
relative flux in a direction does not only depend on the velocity gradient in this direction, but also on
the gradient in all other directions. Otherwise, the right panel of figure 2.5 would show equal flux to the
observer independent of the local density, since the line of sight velocity gradient is zero for all sources.

2 This means that the dark matter evolution was simulated using a high-resolution N-body simulation,
while the gas was prescribed onto the dark matter distribution as a function of the local dark matter
distribution, see Trac & Cen 2007.
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Figure 2.4: 2PCFs from Zheng et al. 2011 in real space (left column), redshift space (center
column), and apparent redshift (right column) for samples of LAEs (first row), halos (second
row), and a sample of LAEs for which the Lyman-𝛼 properties have been randomly shuffled
(last row). The 2PCFs are shown as a function of parallel separation (𝑟𝑝) and orthogonal
separation (𝜋). (c) AAS Reprinted with permission (Figure 7 in Zheng et al. 2011)
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Figure 2.5: The mechanism causing the observed deformation of the 2PCF as depicted by
Zheng et al. 2011. Dots indicate emitters, the ellipsoids around it the relative flux escaping in
a given direction. The background shading illustrates density modes parallel and perpendicular
to the observer. Lyman-𝛼 photons from galaxies in an overdense region escape predominantly
in the direction of the filament, while those from emitters in underdense regions escape along
the line of sight. This leads to suppression of modes parallel to the observer and enhancement
of modes perpendicular to the observer. (c) AAS Reprinted with permission (Figure 9 in Zheng
et al. 2011)

in figure 12 in section 4.1. The sample is again a threshold sample with approximately
the same number density as in Zheng et al. 2011. We do not find evidence for a
deformation of the 2PCF for the LAEs (right panel), the 2PCF looks very similar
to the 2PCF of the shuffled LAE sample (center) and the 2PCF of the halos (left
panel). To analyze this further, we used a multipole expansion of the 2PCF. The
deformation of the 2PCF should be clearly visible in the quadrupole, which is plotted
in figure 14, section 4.1, where the black/red/green line shows the quadrupole for
the halo/LAE/shuffled LAE sample. We do not find a significant contribution to the
quadrupole compared to the multipole expansion of the halo/shuffled LAE sample.

The difference between our results and the results of Zheng et al. 2011; Zheng et al.
2010 can be partly explained by the fact that the redshifts at which the simulations
were done are different. The higher mean density (∼ 100 times higher, comparing
𝑧 = 4 analyzed by Behrens & Niemeyer 2013 and 𝑧 = 5.7 analyzed by Zheng et al.
2010) at the higher redshift of 𝑧 = 5.7 increases the impact of the environment on
the Lyman-𝛼 transport locally. Additionally, the hybrid scheme employed by Zheng
et al. 2010 could artificially boost the correlation of the gas distribution and the
dark matter distribution compared to a full hydrodynamical treatment of the gas.
Finally, it is possible that our box volume is too small to detect the signal, since we
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Figure 2.6: Illustration of density, line of sight velocity, and line of sight velocity gradient for
a plane-wave density perturbation.

only have 1/8 of the volume of Zheng et al. 2010.
In an analytical framework, Wyithe & Dijkstra 2011 show how the connection

between the environment of the emitters and observed Lyman-𝛼 properties can be
taken into account. They focus on the effects in the power spectrum and derive
expressions for the influence of the local velocity gradient (parametrized by the
quantity 𝐶𝑣), the local density (𝐶𝜌) and the local ionization (𝐶𝛤 ) in a first-order
approximation. For the modified power spectrum 𝑃𝐿𝑦𝛼(𝑘,𝜇) as a function of the true
matter power spectrum 𝑃 (𝑘), they derive

𝑃𝐿𝑦𝛼(𝑘,𝜇) = 𝑃 (𝑘)(𝑏(1 + 𝐶𝛤𝐾𝜆) + 𝐶𝜌 + (1 − 𝐶𝑣)𝑓𝜇2)2 (2.7)

If no radiative transfer effects are present (all 𝐶-parameters equal to zero), this
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equation is reduced to the usual relation between the matter and galaxy power
spectrum, with 𝑏 the galaxy bias (Kaiser 1984) and 𝑓𝜇2 the redshift distortion term
(Kaiser 1987). 𝐾𝜆 is a function of the mean free path 𝜆 of ionizing photons, effectively
parametrizing how the density of Lyman-𝛼 sources and the resulting fluctuations
in ionization are related. We can already see from this equation that there is a
problematic degeneracy between redshift distortions (last term in the parentheses),
galaxy bias (first term) and the 𝐶-parameters introducing radiative transfer effects.
This means that naively, if the radiative transfer effects are not negligible, large-scale
surveys cannot distinguish between them and effects originating from the growth
factor 𝑓 or the bias factor 𝑏.

To be more specific, the 𝐶-parameters are proportional to

𝐶𝜌 ∝ 𝜕(log(𝑇 ))
𝜕(log 𝜌)

⃒⃒⃒
𝑇0,𝜌0

(2.8)

𝐶𝑣 ∝ 𝜕(log(𝑇 ))
𝜕(log(𝑑𝑣𝑧/𝑑𝑟))

⃒⃒⃒
𝑇0,𝛤0

(2.9)

𝐶𝛤 ∝ 𝜕(log(𝑇 ))
𝜕(log𝛤 )

⃒⃒⃒
𝑇0,𝛤0

(2.10)

In these equations, 𝜌 is the hydrogen density, 𝑑𝑣𝑧/𝑑𝑟 is the line-of-sight velocity
gradient, 𝛤 is the local photoionization rate, and 𝑇 is the Lyman-𝛼 transmission.
The 𝐶-parameters measure how strongly the transmission varies with the local
density/velocity gradient/ionization parameter, and have to be evaluated from models
for the radiative transfer. We discuss here the results from the simple analytic model
that Wyithe & Dijkstra 2011 present (their section 3.2). From equation 2.7, we can
see how the different 𝐶-parameters affect the power spectrum. This is also shown
in figure 2.7 for the spherically averaged power spectrum. The grey line shows the
case where 𝐶𝛤 = 𝐶𝜌 = 𝐶𝑣 = 0, whereas the other lines show the power spectrum
in the case where 𝐶𝜌 (dashed), 𝐶𝜌 and 𝐶𝛤 (solid), or 𝐶𝜌, 𝐶𝛤 , 𝐶𝑣 (long-dashed)
are ̸= 0. As we can see, the contribution from 𝐶𝜌 simply reduces the amplitude
of the power spectrum. This is consistent with the finding of Zheng et al. 2010
that dense regions tend to suppress the observed Lyman-𝛼 fraction. In the simple
model considered, having contributions from 𝐶𝑣 alone has a similar effect. Adding
the contribution from 𝐶𝛤 increases power on large scales, since overdense regions
tend to have higher ionization parameters, making it easier for photons to escape
in the large-scale environment of these regions. Including all contributions results
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in a power spectrum of similar shape, but with slightly lower amplitude due to the
inclusion of 𝐶𝑣.

Wyithe & Dijkstra 2011 also investigate the findings of Zheng et al. 2010 and
Zheng et al. 2011 in terms of their more general analytic framework. In their
terminology, the observed correlation of large-scale velocity gradient and observed
fraction translates to a high value of 𝐶𝑣 > 1, corresponding to the change of the
transmission with respect to a velocity gradient being large. The power spectrum as
a function of parallel and transverse separation of such a case is shown in figure 2.8
(right panel). The interpretation of this plot is similar to the 2PCF, but the units
on both axes are now ℎ/Mpc instead of Mpc. For comparison, the left panel in the
figure shows the power spectrum with all 𝐶-parameters equal to zero. As we can
see, the model qualitatively reproduces the deformation observed by Zheng et al.
2011. With respect to Behrens & Niemeyer 2013, their model indicates that, given
the 𝐶𝑣 implied by the derivative of the relative observed fraction 𝜀 with respect to
the line-of-sight gradient, a small deformation would have been expected (𝐶𝑣 = 0.5,
private communication with M. Dijkstra). In this respect, the current results remain
inconclusive with respect to the question if there is a significant deformation of the
measured 2PCF, but it seems plausible that the possible effect is much smaller at
redshifts relevant for large-scale surveys to date than found by Zheng et al. 2011 at
a correspondingly higher redshift. In particular, Behrens & Niemeyer 2013 also find
that the correlations strongly decline at lower redshift, rendering radiative transfer
effects ineffective (see 4.1, figure 7).

Additionally, it is also worth noting that Greig et al. 2013 point out that the
problem can be overcome by breaking the degeneracy of radiative transfer effects
and usual clustering effects by using information from the bispectrum (which is
a higher-order measure of the statistical properties of the sample), but to do this
precisely, information on the strength of the effect is beneficial, apart from the fact
that the bispectrum is naturally more difficult to measure than the power spectrum
or 2PCF.
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Wyithe & Dijkstra 2011)
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Figure 2.8: Shown is the power spectrum as a function of transverse and parallel separation
(𝑘⊥, 𝑘||) for the analytical model without any radiative transfer effects (left panel) and for two
model including the effects. While the middle panel has 𝐶𝑣 < 1, the right panel has 𝐶𝑣 > 1,
leading to the deformation observed in the simulations by Zheng et al. 2011. Note that the
axis here are in 𝑘-space. Reprinted with permission (Figure 3 in Wyithe & Dijkstra 2011)
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2.2 Contamination from Anisotropic Escape and Tidal Alignment
The second effect that we will discuss in detail here can affect clustering statistics by
connecting the properties of large scales probed by surveys with the local conditions
on scales of the ISM of an emitting galaxy, namely by the statistical alignment of the
orientation of galaxies within the large-scale environment due to tidal interaction.
Such a mechanism was proposed and studied by Hirata 2009. Additionally to tidal
alignment, one needs a varying detectability of emitters with inclination for this
mechanism to become effective.

For illustration, if we assume that a population of disky galaxies has less line
flux escaping edge-on than face-on, and these galaxies have spins that are aligned
perpendicular to the large-scale density modes, we find that observations will miss
more sources in modes parallel to our line of sight depending on the flux limit of
the survey. This would ultimatively result in a systematic error of the measured
correlation functions. An illustration of the mechanism outlined above is shown in
figure 2.9.

Hirata 2009 discuss this effect using a linear model for the intrinsic alignment of

Figure 2.9: Illustration of the Hirata-effect. �⃗� denotes the orientation of the considered mode
of the density field, �⃗� the line of sight. If galaxies, depicted as ellipticals here, are aligned
within the large-scale density field, and the observability depends on the orientation towards
the observer, emitter statistics can be systematically affected because the probability of missing
a source is higher in certain environments. Reprinted with permission (Figure 1 in Hirata
2009)
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galaxies in the large-scale tidal field. We will briefly summarize this work here.
We call 𝑃𝐴(Q|�⃗�) the probability distribution of a galaxy located at �⃗� to have

orientation1 Q. Without intrinsic alignment, we find that 𝑃𝐴 is independent of
�⃗� (and constant), but in the presence of tidal alignments, 𝑃𝐴 will depend on the
large-scale density field at �⃗�. We define a selection function

𝑃𝑆 ∝ 1 + 𝛶 (Q�⃗�|�⃗�) (2.11)

that yields the probability for detecting a galaxy with orientation Q at position �⃗�

given that the line of sight is �⃗�. 𝛶 introduces the anisotropy here; in the isotropic
case, it would be zero since the detection probability of a galaxy would not depend
on its orientation towards the observer. Connecting both the probability of a certain
orientation and the detectability resulting from this orientation yields the quantity

𝜀(�⃗�|�⃗�) =
ˆ

𝑆𝑂(3)
𝑃𝐴(Q|�⃗�)𝛶 (Q�⃗�|�⃗�)𝑑3Q (2.12)

where we integrated over all orientations, i.e. the rotation group. The effect modifies
the relation between the observed galaxy density 𝛿𝑔 and the true matter density 𝛿𝑚

in redshift space. Hirata 2009 find

𝛿𝐺(�⃗�) = (𝑏+ 𝑓𝜇2)𝛿𝑚(�⃗�) + 𝜀(�⃗�3|⃗𝑘) (2.13)

where the frame of reference has been transformed to be along �⃗�3. The terms in
parentheses represent the bias factor 𝑏 (Kaiser 1984) relating the galaxy density with
the matter density, and the usual redshift distortion (Kaiser 1987) induced by the
peculiar motions of the galaxies, 𝑓𝜇2 = 𝑓 �⃗�3�⃗�.

The task now is to give an expression for 𝜀. We skip the technical details of the
calculation here and state the result relating the observed galaxy power spectrum to
the true matter power spectrum 𝑃𝑚, as given by Hirata 2009:

𝑃𝑔(�⃗�) = (𝑏− 𝐴

3 + (𝑓 + 𝐴)𝜇2)2𝑃𝑚(�⃗�) (2.14)

The term 𝐴 is an expansion coefficient that incorporates the effects of the tidal

1 Q is considered a rotation matrix indicating how to transform an observer frame into a frame aligned
with the axis of the galaxy.
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alignment and selection bias and is related to 𝜀:

𝜀(�⃗�|�⃗�) = 𝐴𝑠𝑖𝑗(�⃗�)�⃗�𝑖�⃗�𝑗 (2.15)

with 𝑠𝑖𝑗 the dimensionless tidal field:

𝑠𝑖𝑗 = (▽𝑖 ▽𝑗 ▽−2 − 1
3𝛿𝑖𝑗)𝛿𝑚(�⃗�) (2.16)

Before stating 𝐴 for the particular case of disk galaxies, we can already see from
equation 2.14 that the tidal alignment modifies the power spectrum in two ways: 𝐴
reduces the bias 𝑏, and it contributes to the redshift distortion term. As Hirata 2009
point out, the first contribution is degenerate with the galaxy bias 𝑏, while the latter
is degenerate with the growth factor 𝑓 . Of course, these degeneracies pose a problem
for large-scale surveys, since the different effects cannot be disentangled by using the
power spectrum/2PCF alone as described above for the Zheng effect.

To quantitatively examine the impact of the Hirata effect, one has to determine
𝐴. We summarize how this can be done for galaxies dominated by a thin disky
component. One starts by noting that the number density 𝑁(𝐹𝑖,�⃗�) of galaxies as a
function of logarithmic intrinsic flux 𝐹𝑖 and orientation �⃗� can be written as

𝑁(𝐹𝑖,�⃗�) = 𝐹−𝜂
𝑖 (1 +𝐵𝑠𝑖𝑗�⃗�𝑖�⃗�𝑗) (2.17)

In this equation, 𝜂 is the slope of the flux function, i.e. the cumulative luminosity
function �̄� has the property

d ln �̄�
d ln𝐹𝑚𝑖𝑛

= −𝜂 (2.18)

with 𝐹𝑚𝑖𝑛 the flux limit of the survey. 𝐵 parametrizes the amplitude of the tidal
alignment effect on the orientations.

Integrating this over all orientations to find the number density above a certain
flux 𝐹0 yields after some calculations:

𝑁(> 𝐹0) ∝
ˆ 𝜋

0
𝛷(𝑖)𝜂(1 +𝐵𝑠33𝑃2(cos 𝑖)) sin(𝑖)𝑑𝑖 (2.19)

where cos 𝑖 the inclination, 𝑃2 is the Legendre polynomial, and 𝛷(𝑖) = 𝐹/𝐹𝑖 encodes
the inclination dependence of the flux. Comparing this with the definition of 𝜀, one



2.2 Contamination from Anisotropic Escape and Tidal Alignment 33

sees that the anisotropy of the selection function comes from 𝑠33. Therefore, one can
write

𝜀(�⃗�|�⃗�) = 𝐵𝑠33

´ 𝜋

0 𝛷(𝑖)𝜂𝑃2(cos 𝑖) sin(𝑖)𝑑𝑖´ 𝜋

0 𝛷(𝑖)𝜂 sin(𝑖)𝑑𝑖
= −𝐵𝑠33𝜓 (2.20)

and comparing with the definition of 𝐴 in equation 2.15, we finally find that

𝐴 = −𝜓𝐵 (2.21)

Hirata 2009 proceeds to express 𝐵 in terms of the parameters used by Bernstein
2009 to quantify 𝐵 which we will skip here. They conclude that for a ’pessimistic
case’, where 𝛷(𝑖) ∝ cos(𝑖)0.4 and a parameter 𝐵 at the 2𝜎 upper limit according to
Hirata et al. 2007, |𝐴| becomes ∼ 0.039, leading to a contamination of about 6%.

As we have seen, the critical physical ingredients for estimating the systematic
errors due to the Hirata effect in a large-scale survey are

1. A model for the tidal alignment of galaxies itself, here realized by a linear model
and parametrized via 𝐵

2. A model for the dependence of the flux on the orientation of the galaxy towards
the observer, labeled 𝛷(𝑖) in the case of disky galaxies

In the special case of LAEs, the flux dependency 𝛷(𝑖) can differ dramatically from
the model used by Hirata 2009. As has been argued in the beginning of this chapter,
the reason is the resonant scattering of Lyman-𝛼 photons in an optically thick
hydrogen distribution. It is therefore very important to quantify this dependency,
e.g. by numerical simulations, which requires detailed modeling of LAEs. Indeed,
realistic models of individual disk galaxies, as presented by Verhamme et al. 2012 and
Behrens & Braun 2014 indicate that the inclination dependency of flux for Lyman-𝛼
radiation is very complicated and can differ significantly from the treatment in Hirata
2009. Interestingly, even for the radiative transfer in a cosmological volume with low
resolution (1 kpc), Behrens & Niemeyer 2013 find a significant variation of flux with
respect to the inclination (see figure 15 in section 4.1). We will discuss the current
state of the art of modeling LAEs in the next chapter.

It is worth noting that also the other ingredient of the Hirata model, namely the
alignment of the galaxies’ orientation within the large-scale structure, is subject
to considerable uncertainty. For luminous red galaxies (LRGs) there is some ob-
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servational evidence that there is such a correlation (e.g. Faltenbacher et al. 2009;
Hirata et al. 2007; Mandelbaum et al. 2006). A number of publications have tried
to investigate these issues in simulations. The problem can be split into two parts,
namely

• the alignment of dark matter halos with their large-scale environment and

• the alignment of galaxies with their dark matter halos.

Several authors found evidence for a non-vanishing alignment of dark matter halos
with the large-scale structure (e.g. Aragon-Calvo et al. 2007; Codis et al. 2012;
Libeskind et al. 2013). These authors find an alignment of halo spin parallel to
the direction of the filament for low-mass halos, and an orientation perpendicular
to the filament above a certain mass threshold (which may also depend on other
quantities, see Libeskind et al. 2013). The reported spin-flip is explained by the fact
that low-mass halos grow by accretion, while high-mass halos grow from (major)
merger events, flipping their spin. However, Trowland et al. 2013 find that at high
redshifts, most of the halos are orientated perpendicularly, and only the low mass
halos exhibit a flip spin at low redshift.

The alignment of galaxy spins with the spin of the host halo is also a subject of
ongoing research, especially because it is still computationally challenging to run
simulations for a large volume of well-resolved, realistic galaxies. There is agreement
in that a correlation between both quantities exists, but the exact amplitude and
shape is a matter of debate (e.g. Codis et al. 2014; Dubois et al. 2014; Hahn et al.
2010). In particular, there is evidence for a statistically significant misalignment
of galaxy spins with the halo spin. The (mis)alignment is influenced by resolution
effects, i.e. the correlation between halo and galaxy spin changes with resolution (see
Hahn et al. 2010).



CHAPTER 3
State of the Art: LAE Modeling

In this chapter, we briefly review the literature on the modeling of LAEs for sim-
ulations of the radiative transport. We start with simplified, isotropic models and
extend our discussion to anisotropic, simplified models. These two groups of models
have in common that they are designed to be toy models with simplified geometries
that catch important physical mechanisms of the radiative transfer of Lyman-𝛼
photons, but not the complexity of a realistic emitter. In the third section, we turn
to more complicated models, derived from self-consistent simulations of individual
galaxies or a number of galaxies embedded in a cosmological volume. We leave out
the subject of Lyman-𝛼 modeling by semianalytic models (e.g. Dayal et al. 2011).

3.1 Isotropic Simplified Models
The simplest models of LAEs that have been investigated in the literature are models
of a homogeneous sphere (or a slab, but we will neglect those here), possibly with
an isotropic radial velocity field. Lyman-𝛼 photons are emitted at the center of
the sphere, and at line center in frequency space. The main reason for considering
these models is the existence of analytic expressions for the spectra emerging from
them, at least in the static case (Dijkstra et al. 2006; Harrington 1973; Neufeld 1990).
Since the numerical calculation of the radiative transport only became feasible in
the last 10-20 years, these models were the only ones that could be studied. In the
recent literature, these models are mostly used for testing the employed radiative
transfer codes. Nevertheless, they give important first insights into the origin of
spectral features of LAEs. Additionally, this class of models has also been studied
as a simple model of a forming galaxy surrounded by approximately spherically
distributed collapsing gas (e.g. Dijkstra et al. 2006), and as a model for neutral gas
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clouds illuminated by an external source (e.g. Verhamme et al. 2006).
We show some results for the static, spherical model in figure 3.1. We find a

symmetric, double-peaked spectrum for these models, while there is effectively no
flux at the line center with frequency 𝑥 = 0 (at least in the optically thick regime)
where the photons were inserted. The reason is that in the line center, the optical
depth is too high for photons to escape. Photons with a frequency close to the line
center do not travel large spatial distances, since they are scattered many times.
Only if they are scattered out of the line center into the ’wings’ of the Voigt profile
(see 1.3), they travel some distance before they are scattered again. Scatterings of
photons far away from the line center shift them back into the line center on average.
Typically, photons escape after a few of those excursions to the wings (Adams 1972).
Since the gas is static, the optical depth for a photon at frequency +𝑥 is the same as
for a photon at −𝑥, so the resulting spectrum must be symmetric. The two peaks
reflect the typical frequency at which a photon can escape in a single flight without
being scattered again. Analytically, one finds that the position of the peaks is related
to the optical depth in the line center 𝜏0 and the Voigt parameter 𝑎 (Dijkstra et al.
2006):

𝑥𝑝𝑒𝑎𝑘 = ±0.92(𝑎𝜏0)1/3 (3.1)

If we add an isotropic radial velocity field that is zero in the center of the sphere
and grows linearily further out with a maximum of 𝑣𝑚𝑎𝑥 at the boundary of the
sphere1 𝑅 (i.e. Zheng & Miralda–Escude 2002),

𝑣𝑟 = 𝑟

𝑅
𝑣𝑚𝑎𝑥 (3.2)

we find solutions as depicted in figure 3.2, here for three different values of 𝑣𝑚𝑎𝑥.
Focusing on the 20 km/s case (blue line), we see that the spectrum becomes asym-
metric. This is intuitive, since for photons with negative frequencies −𝑥 (which we
can also call ’red’) moving outwards, the optical depth is reduced due to the bulk
flow - in the rest frame of the outflowing gas, these photons appear even redder,
lowering the effective cross section. On the other hand, photons in the blue part of
the spectrum are closer to the line center in the rest-frame of gas, reducing their

1 We set 𝑣𝑟 = 0 for 𝑟 > 𝑅
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Figure 3.1: Spectra of a homogeneous, isothermal (𝑇 = 2 × 104 K) sphere with an optical
depth of 𝜏0 = 105 (green), 106 (blue), and 107 (red). Overplotted in black are the corresponding
analytical solutions as obtained by Dijkstra et al. 2006. Taken from Behrens 2011.
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Figure 3.2: Spectra of a homogeneous, isothermal sphere with Lyman-𝛼 photons launched at
the center and with a frequency 𝑥 = 0. Compared to figure 3.1, a radial velocity field has been
added, given by 𝑣𝑟 = 𝑟

𝑅 𝑣𝑚𝑎𝑥. The lines correspond to different choices of 𝑣𝑚𝑎𝑥 as indicated in
the legend. Taken from Behrens 2011.
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probability to escape. In short, the optical depth for photons moving outwards at
at frequency of +𝑥 and −𝑥 is not the same as it was in the static case, leading to
asymmetry in the spectrum. For higher velocities, the peak at the blue side of the
spectrum (𝑥 > 0) completely vanishes (red line). In the case of inflowing gas that
we do not plot here, the situation is exactly reversed, and the resulting spectrum is
the same as for the expanding case except for a transformation 𝑥′ = −𝑥. Although
these models are far from realistic, the observation that inflowing and outflowing
material tendy to leave a signature in the red or blue part of the spectrum is a robust
statement. Spherical models are typically parametrized by the neutral hydrogen
(and/or dust) column density 𝑁𝐻 (𝑁𝐷 for dust), the temperature of the gas 𝑇 and,
in case of a radial velocity field, by 𝑣𝑚𝑎𝑥 as introduced above.

A different class of models, the so-called shell model, was originally presented
by Ahn et al. 2003 and further studied by e.g. Verhamme et al. 2006 and Wang
2009. It is well-known that star-forming regions frequently feature an expanding
shell of neutral gas (e.g. Chakraborti & Ray 2011; Heiles 1979; Heiles 1984; Suad
et al. 2014). The stellar feedback of young, heavy stars originating from a recent
star burst produces an expanding hot gas bubble, ionizing gas within this so-called
HII bubble and pushing the outer, neutral material outwards. Since such regions are
also expected to emit strong Lyman-𝛼 radiation, it is natural to investigate models
of such an expanding shell with Lyman-𝛼 photons emitted from the center. The
shell again is typically assumed to be spherical, and so the system can parametrized
by the radial gas column density 𝑁𝐻 , the temperature 𝑇 of the gas, the thickness
of the shell 𝑑, and the inner radius of the shell 𝑟𝑖. In figure 3.3, an illustration of
such a setup is shown. Additionally, one needs to specify the expansion velocity 𝑣𝑒𝑥𝑝

that is assumed to be constant in the shell. A typical spectrum of such a shell model
is shown in figure 3.4. It shows its highest peak in the red part of the spectrum,
which is consistent with the fact that the gas is outflowing (marked by the vertical
line). But the mechanism that leads to this distinct peak is different from the sphere
models described above: Here, photons that scatter off the inner boundary of the
shell escape efficiently if they are scattered by an angle close to 180∘, because this
induces a large change of their frequency proportional to the outflow velocity. As
described by Verhamme et al. 2006, the peak position is related to the outflow
velocity: The frequency shift gained by scattering off the inner boundary has its
maximum for a scattering angle of 180∘ with a shift of twice the outflowing velocity
over the speed of light(see equation 1.9), which translates into 𝛥𝑥 ≈ −15 in the
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case shown in figure 3.4. This so-called Doppler boost leading to efficient escape of
Lyman-𝛼 photons is of particular interest for the cosmological era prior to (complete)
reionization, since the escaping, redshifted photons may penetrate the surrounding,
neutral IGM without further scattering. If this model is a good approximation,
galaxies at redshifts as high as 𝑧 ∼ 10 might be observable in Lyman-𝛼 with the
next generation of instruments, e.g. JWST1 (Dijkstra 2010; Dijkstra 2014; Dijkstra
& Wyithe 2010; Dijkstra et al. 2011).

Verhamme et al. 2008 and Schaerer & Verhamme 2008 fit shell models to real
observational data of Lyman Break Galaxies (LBGs) and LAEs, also introducing an
additional dust column density as a model parameter. They identify variations in
the hydrogen column density as the main driver of the differences in the observed
spectra, and they successfully reproduce the spectra of some well-studied objects
using existing knowledge about physical properties of these objects (also see Vanzella
et al. 2010). They also published the resulting spectra for a grid of models in
parameter space (Schaerer et al. 2011). Verhamme et al. 2014 discuss two different
model types for HII shells around star-forming regions in the context of Lyman
continuum (i.e., ionizing radiation with wavelengths < 912 Å) leakers. While the
first is simply an isotropic, low optical depth variation of the isotropic shell model,
the second model features a clumpy shells with covering factors of less than 1 (see
below for more publications on clumpy models). Their main conclusion is that if
the spectrum of an LAE shows a peak with a small shift from the line center, the
probability for this emitter to leak Lyman continuum radiation is enhanced. They
propose to test this hypothesis on several known LAEs.

In the more recent literature, there exists some debate on the extent to which such
shell models are able to reproduce observed spectra of LAEs. For example, Kulas
et al. 2012 identify several different groups of spectra, using an observed sample
of LAEs at 𝑧 = 2 − 3 and find that while shell models qualitatively match some
of these groups, they fail to fit the spectra and the parameters derived from other
observations of the objects at the same time. In particular, the gas temperature
and/or the outflow velocities from fitting the spectra do not match the observed
values. One can also argue that there is a degeneracy between the column density
and the outflow velocity parameters in the shell model: Low column densities can
mimic high outflow velocities and vice versa, especially at low spectral resolution of

1 James Webb Space Telescope
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Figure 3.3: Shown is an illustration of the shell model. The black ring represents a slice
through the hydrogen/dust shell moving outwards. Photons are emitted in the center.

observations (e.g. Chonis et al. 2013). McLinden et al. 2011 additionally find that
for their observed spectra at 𝑧 = 3.1, the relative shifts of the red and the (smaller)
blue peak is inconsistent with the shell models.

Apart from these considerations, shell models implicitly assume that the expanding
H2 region exhibits spherical symmetry, an assumption that is not realistic. In
particular, it is known from observations that specific lines of sight with a lower-than-
average optical depth exist, for example due to stellar feedback blowing a ’hole’ in the
gas distribution (e.g. Chonis et al. 2013). Anisotropies of this kind could also help
to understand the large equivalent widths (EWs) found for some LAEs, exceeding
500 Å which is inconsistent with the observed initial mass distribution (Zheng et al.
2014). This could be explained if Lyman-𝛼 photons preferentially escape along some
lines of sight, boosting the number of photons observed in these directions.

Before turning to the research done on anisotropic, simplified models of LAEs, we
briefly review a different family of models that we label here as ’clumpy’ models.
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Figure 3.4: Spectrum of a shell model with parameters 𝑁𝐻 = 1020.2 cm−2, 𝑇 = 105 K,
𝑣𝑒𝑥𝑝 = 300 km/s, monochromatic point source, no dust. The vertical line marks the typical
red peak showing up for this type of model. It results from photons that are scattered at the
inner boundary of the shell back into the interior, resulting in a frequency shift that reduces
the optical depth.

These models have in common that they do not model the ISM as a continuous
sphere or shell, but in terms of a distribution of clouds or clumps of gas. This is
mainly motivated by the fact that the ISM is known to be clumpy, with dense, cold
clouds embedded in a more diffuse, hot phase (e.g. Hennebelle & Falgarone 2012),
and by the so-called Neufeld scenario (Neufeld 1991). This scenario suggests that
Lyman-𝛼 photons can escape from a clumpy, dusty medium more easily than from a
homogeneous medium with (formally) similar optical depths under certain conditions.
In particular, it suggests that the effective optical depth for Lyman-𝛼 photons is
drastically reduced with respect to the homogeneous case, whereas the optical depth
for continuum photons stays about the same. The key idea here is that Lyman-𝛼
photons simply bounce off the boundary of the dense clouds due to their very large
scattering cross section (compared to the continuum photons), while continuum
photons penetrate the clouds, rendering their absorption by dust in these clouds
probable. Lyman-𝛼 photons do not face absorption because they rarely enter the
clouds. They scatter on the surface of various clouds until they leave the ISM. An
illustration of such a model and the Neufeld scenario is shown in figure 3.5.
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Figure 3.5: Illustration of a clumpy LAE model. Shown is a slice. The grey area represents the
low-density, high-temperature intercloud medium, while the black circles represent dense, dusty
clouds. Photons are emitted in the center (yellow star). The Neufeld scenario is illustrated by
the two rays. The red one represents the path of a continuum photon. Due to its small cross
section with hydrogen, it penetrates the clouds on its way out and therefore is attenuated by
dust, and might finally be absorbed. The Lyman-𝛼 photon (depicted with a blue line) has a
large cross section and therefore rarely enters the clouds. Instead, it bounces off the boundaries
of the clouds and leaves the region. As described in the text, this mechanism works only under
certain conditions. Note that clouds can have individual velocities, and the emission region
can be extended.

Several authors analyzed models inspired by this scenario, e.g. Haiman & Spaans
1999; Hansen & Oh 2006; Richling 2003, and Surlan et al. 2013. Shimizu et al.
2012 used a simple subgrid model to include this effect in cosmological simulations.
However, Duval et al. 2014 and Laursen et al. 2013 show that the conditions under
which the Neufeld scenario actually boosts the Lyman-𝛼 escape fraction are quite
special. The velocity dispersion of the clouds must be very low (< 10 km/s), the
hot phase of the ISM must have densities < 10−7 cm−3, the embedded clouds need
to have densities well above the observational values, and outflows, if existing, are
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only allowed to have velocities of < 10 km/s. Laursen et al. 2013 and Duval et al.
2014 therefore conclude that these conditions will be rarely met in the ISM. Apart
from the failure of the Neufeld scenario in explaining the observed EW excess, the
clumpy models typically do not show spectra that are qualitatively different from
the continuous (shell) models.

3.2 Anisotropic Simplified Models
As already mentioned above, the fact that the ISM is known to be clumpy and
open questions like the one for the origin of the high-EW LAEs led several groups
to consider anisotropic models. Whereas the models described in the preceding
section all had spherical symmetry (at least approximately in the case of the clumpy
models)1, the models considered here deviate strongly from spherical symmetry.
Zheng & Wallace 2014 discuss spherical gas distributions like the sphere models
discussed above, but with a deviation from spherical symmetry in velocity structure
and/or density structure along the 𝑧-axis, i.e. the models remain axisymmetric,
and the resulting anisotropic Lyman-𝛼 properties can be investigated in terms of
the angle 𝜃 between the line of sight of an observer and the 𝑧-axis. In particular,
they discuss the so-called density gradient models where the local hydrogen number
density 𝑛 is given by

𝑛(𝑧) = �̄�(1 − 2𝐴 𝑧

𝑅
) (3.3)

with �̄� the mean number density, 𝑅 the radius of the sphere and 𝐴 the asymmetry
parameter. 𝐴 = 0 corresponds to the isotropic case. For 𝐴 = 0.5, the density becomes
zero at 𝑧 = 𝑅. As expected, such a model introduces an inclination dependency of
the flux and spectrum. For example, for a value of 𝐴 = 0.5, they find that the flux
escaping along the positive 𝑧-axis is 2.4 times larger than the flux escaping towards
−𝑧 (in this case, the typical column density is 𝑁𝐻 = �̄�𝑅 = 1019 cm−2). We show the
flux as a function of angle in figure 3.6 (left panel). Assuming an intrinsic EW of the
Lyman-𝛼 radiation and further assuming that the continuum radiation is unaffected
by the gas due to its low cross section, they calculate the resulting distribution of
EWs as a function of angle of observation, and find that the distribution is broadened

1 Some clumpy models discussed above, e.g. employing a small number of large clouds, have intrinsically
anisotropic Lyman-𝛼 properties. However, the publication mentioned above did not analyze these
anisotropies explicitly, but integrated the spectrum over all lines of sight.
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towards high values for large asymmetry parameters 𝐴. This is natural, since some
observers along the +𝑧 axis see up to a factor of 1.7 more Lyman-𝛼 photons than
expected for the isotropic case. As a consequence, these observers also see a EW
higher than the intrinsic EW by a factor of 1.7. The spectrum is double-peaked for
these models since the gas is static, and there is a correlation between the offset of
the peaks from the line center, the widths of the peaks and the EW. This is explained
by the fact that photons escaping through regions with reduced column density are
not shifted as far into the wings as photons escaping from the high-density regions.

As a second type of model, they discuss models with a velocity gradient. The
velocity field at a location �⃗� is given by:

�⃗�(�⃗�) = 𝑟

𝑅
𝑉 �⃗�𝑟 + 𝑧

𝑅
𝛥𝑉 �⃗�𝑧+ (3.4)

In this equation, �⃗�𝑟 denotes a unit vector pointing radially outwards, �⃗�𝑧+ is a unit
vector along the +𝑧 axis, 𝑉 and 𝛥𝑉 are constant velocities. The first term describes
an isotropic expansion and is identical to the prescription for the original sphere
models described in the previous section. The second term introduces a deviation
from spherical symmetry in terms of an additional inflow/outflow towards the ±𝑧
axis parametrized by 𝛥𝑉 . Due to the velocity field, the optical depth along the ±𝑧
axis is reduced. We show the resulting flux in figure 3.7 (left panel). As expected,
this results in a boost in flux of about a factor of 2 (for 𝛥𝑉 = 200 km/s) and EWs up
to a factor of 2 higher for observer along the ±𝑧 axis. Again, they find a correlation

Figure 3.6: Left: flux as a function of angle of observation for the ’density gradient’ model
for three different values of 𝐴. The flux is normalized to the isotropic case. Right: coefficients
of the multipole expansion of the emerging flux distribution. Reprinted with permission (C)
AAS (Figure 2 in Zheng & Wallace 2014)
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Figure 3.7: Left: flux as a function of angle of observation for the ’velocity gradient’ model
for three different values of 𝐴. The flux is normalized to the isotropic case. Right: coefficients
of the multipole expansion of the emerging flux distribution. Reprinted with permission (C)
AAS (Figure 6 in Zheng & Wallace 2014)

between the EW that is observed along a certain line of sight and the peak shift.
As a third family of models, Zheng et al. 2014 present a case where a spherical

gas cloud undergoes expansion only within a certain solid angle, i.e. an area of the
form of a cone with a certain opening angle 𝛩 is expanding, while the rest of the gas
remains static. Within a cone defined by |𝑧|/𝑟 < cos𝛩, the velocity field is given by

�⃗�(�⃗�) = 𝑟

𝑅
𝑉 �⃗�𝑟 (3.5)

and zero otherwise. For 𝑉 = 0, this is again reduced to the isotropic (static) case.
This is called the ’bipolar wind’ model, because it is motivated by the existence of
bipolar outflows in galaxies (e.g. Rubin et al. 2013). The results in terms of the EW
as a function of angle of observation are similar to the velocity gradient case. The
spectra are similar to a static spherical problem when observed perpendicular to the
𝑧-axis, but resemble the expanding sphere when observed along the 𝑧-axis.

Behrens et al. 2014 (see section 4.2) further investigate anisotropic models, but
focus on modifications of the originally isotropic shell models that were described
in the previous section. The motivation here is not only to understand the features
of Lyman-𝛼 spectra and EW distributions, but also to find a relation between the
Lyman-𝛼 transmission and the observability of Lyman-continuum photons (also see
Verhamme et al. 2014, as described above).

We consider again a point source for the Lyman-𝛼 photons, but with a finite
width in frequency space given by a Gaussian. As a first modification, we consider
isotropically expanding shells with a conical region removed at the top and bottom
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(which we define to be the ±𝑧 direction, see figure 2 in section 4.2 for an illustration).
In addition to the parameters of the shell model, this introduces only one new
parameter, namely the solid angle subtended by the cone, 𝛺, that we can also
parametrize by the opening angle of the cone, 𝛼. The flux variation as a function
of angle of observation 𝛩 (again defined as the angle between the 𝑧 axis and the
line of sight) is approximately constant for angles smaller than 𝛼, jumps to a lower
value above 𝛼 and remains approximately constant afterwards: Below 𝛼, observers
see the unscattered photons streaming through the hole at the top/bottom. Above
that angle, photons are scattered by the shell, and some are scattered into lines of
sight that lead to escape through the holes. Therefore, the flux at these inclinations
is reduced (see figure 7 in section 4.2). The spectrum at large angles resembles
the shell spectrum (see figure 3.4), but observers looking down the carved-out hole
at the top/bottom see a large peak at the line center, i.e. the unscattered, initial
Gaussian. Width and height of this peak depend on the width of the Gaussian. For
typical column densities, observers looking down the holes see up to a factor of ∼ 1.7
(6 when dust is included) more Lyman-𝛼 flux than expected from isotropic escape.
Under the assumption that continuum photons are not affected by the gas shell, this
means also a boost in observed EW by the same factor.

As a second class of models, Behrens et al. 2014 introduce the bipolar shell models.
They are different from the bipolar models presented by Zheng et al. 2014 in the
sense that they are again based on the shell model and that the density distribution
is actually deformed by a non-spherical velocity field. The velocity field is given by

�⃗�(�⃗�) = �⃗�𝑟(𝑣𝑏 cos𝛩 + 𝑣𝑐) (3.6)

where 𝑣𝑏 parametrizes the anisotropic velocity component and 𝑣𝑐 the isotropic
expansion. Such a velocity field will deform an initially spherical shell by radially
displacing it by a distance 𝑠:

𝑠 = (𝑣𝑏 cos𝛩 + 𝑣𝑐)𝑡 (3.7)

The density field evolves accordingly. In particular, with increasing time 𝑡 the shell
becomes less dense due to its expansion (because mass is distributed in a shell of
identical thickness, but larger radius), and the drop in density occurs faster in regions
at low 𝛩 because these regions expand faster. An illustration of different evolutionary
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stages of this type of model is given in figure 1 in section 4.2. As is evident from
equation 3.7, for 𝑣𝑏 = 0 this is the original, isotropically expanding shell model.
Typically, the variation in flux here is less drastic and more continuous than in the
shell with holes model. The reason is that the change in column density is not as
abrupt as in the shell with holes case, and that the change is not as large (see figure
4, section 4.2 for a detailed comparison of the column density as a function of angle).
The expected EW boost from this class of models is only few ∼ 10%. An example for
the Lyman-𝛼 properties of these models is shown in figure 5 and 6 in section 4.2. The
spectra differ depending on whether we investigate the ’early’ (𝑡 = 0) or ’late’ case
(𝑡 ∼ 0.1): In the early case, the spectra are asymmetric, double-peaked, and look
similar along all lines of sight. In the late case, the optical depth for photons escaping
along the ±𝑧 axis is so low that observers located in these direction can see parts of
the intrinsic gaussian spectrum as a peak at the line center. However, the peak is
not as dominant as in the shell with holes models, and it is not distinguishable from
the rest of the spectrum if the gaussian input spectrum is wide (> 100 km/s) so that
the peak merges with the rest of the spectrum. Nevertheless, we note that similar to
the shell with holes model, there is a correlation of a peak at the line center and the
line of sight having relatively low optical depth.

As a third family of models, Behrens et al. 2014 investigate the so-called cavity
models. These are the only class of models that have no direct connection to the
shell model, and can be thought of as an extreme version of a late stage of a bipolar
wind in a galaxy. While the wind has cleared a cavity along the ±𝑧 axis, there is a
ring-like, homogeneous gas distribution around it, here defined by the intersections
of two parabolae. Illustrations of such models are given in figure 3, section 4.2.
Additionally to the anisotropic density distribution, we introduce a linear velocity
field described by

�⃗�(𝑧) = �⃗�𝑧
𝑧

𝑧𝑚𝑎𝑥

𝑣𝑙 (3.8)

where 𝑣𝑙 parametrizes the maximum velocity at the tip of the ring-like density
structure with 𝑧-coordinate 𝑧𝑚𝑎𝑥.

As for the shell with holes models, the cavity models have a large total change
in column density as a function of 𝛩 due to the cleared cavity in the center, but
the change does not occur abruptly. The resulting flux variation with angle boosts
the EW typically by a factor of about 3 for lines of sight that pierce through the
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cavity, independent of the inclusion/exclusion of dust (see Figure 8 in section 4.2 for
an example). The flux variation resembles the variation in the shell-with-holes case,
with the modification that the transition is smooth, as expected. The spectrum has
a complicated shape compared to the other models. For lines of sight through the
cavity, it is double-peaked and asymmetric, and if the intrinsic line width is small
(< 100 km/s), it shows a third peak at the line center. As 𝛩 grows larger, the blue
peak in the spectrum vanishes. Above the effective opening angle of the inner cavity,
the distinct peaks vanish.

Similar to Zheng et al. 2014, Behrens et al. 2014 find correlations between the
observed EW and the position of the peak in the spectrum. Behrens et al. 2014
quantify this by running a parameter study for the three families of models, varying
the column densities, velocity parameters and - in the case of the cavity models - the
shape of the gas rings (see table 2 in section 4.2 for a detailed list of parameters).
The main result is that the probability of observing a peak at the line center is
increased by a factor of a few along lines of sight that pierce through the regions
of low optical depth (see figure 13 in section 4.2). In turn, this implies that the
probability of finding emitters leaking Lyman continuum radiation is increased if the
emitter is an LAE with an emission peak near the line center, or an flux excess near
the line center. This result is in accordance with Verhamme et al. 2014 for isotropic
models. However, our results apply also in the regime of high column densities in
the presence of significant anisotropy, whereas Verhamme et al. 2012 are restricted
to low effective column densities.

Recently, Gronke & Dijkstra 2014 presented a set of clumpy Lyman-𝛼 models. In
contrast to earlier work on clumpy models (see previous section), they focus on the
directional dependence of the resulting Lyman-𝛼 properties due to the existence of
individual lines of sights with low optical depth. These models are different from the
others described in this section in the sense that they do not have an axisymmetric
setup, i.e. there is no generally preferred direction of escape (in the work previously
presented, this was typically the ±𝑧 axis). Instead, lines of sight with low optical
depth arise at random angles (𝜑, 𝛩) owing to the clumpy structure of their setup
with low average covering factors. Their models are inspired by Laursen et al. 2013
who did not consider the directional dependence explicitly. Gronke & Dijkstra 2014
define the boosting factor 𝑏 as a parameter connecting the observed EW along a
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specific line of sight with the intrinsic EW,

𝐸𝑊𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑏× 𝐸𝑊𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 (3.9)

In these terms, Laursen et al. 2009 only calculated the average �̄� by averaging over
all lines of sight. Gronke & Dijkstra 2014 follow Laursen et al. 2013 in assuming
values for the density and temperature for the intercloud medium and the clouds,
but focus on the distribution of boosting factors. The velocity of the clouds is given
by a radial component modeling the outflow and a random contribution given by a
velocity dispersion 𝜎𝑣 ∼ 10 − 40 km/s:

�⃗�(𝑟) = 𝑣𝑚𝑎𝑥

(︂
1 − 𝑟

𝑟𝑚𝑖𝑛

)1−𝛼

)︂0.5

�⃗�𝑟 + �⃗�𝑟𝑎𝑛𝑑𝑜𝑚(𝜎𝑣) (3.10)

with 𝑟𝑚𝑖𝑛 the minimum distance from the center (the first term is set to zero for
𝑟 < 𝑟𝑚𝑖𝑛). 𝛼 controls the acceleration of the clouds with radius. While they reproduce
the average boosting factor �̄� from Laursen et al. 2013, they find broad variability of
𝑏 from line of sight to line of sight. For example, for their ’fiducial’ parameter set,
they find about 10% of the lines of sight to have 𝑏 > 3�̄� and about 1% with 𝑏 > 7�̄�.
In figure 3.8, we show the relative enhancement in Lyman-𝛼 (continuum) escape
fraction in the upper left (upper right) panel as a function of (𝜑,𝛩). The resulting
boost in EW is shown in the lower left panel, while the lower right panel shows the
distribution of boost parameters 𝑏. However, a more realistic choice of parameters
(their ’realistic’ parameter set) yields variations that are consistent with Poisson
noise, indicating that the statistical anisotropies are too small to have significant
effect (see figure 3.9 for a plot of the resulting boost). They argue that this is in part
due to the inefficiency of the Neufeld scenario even for individual lines of sight, but
also due to the fact that in the realistic scenario, the emitting region is assumed not
to be point-like but extended, averaging out random directional fluctuations of the
optical depth for continuum photons and consequently in the EW distribution.
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Figure 3.8: Results for the ”fiducial” parameter set of Gronke & Dijkstra 2014. Upper left:
projected relative enhancement of Lyman-𝛼 escape fraction as a function of the angles (𝜑,𝛩).
Upper right: projected relative enhancement of continuum escape fraction as a function of
the angles (𝜑,𝛩). Lower left: projected EW boost 𝑏 as a function of the two angles. Lower
right: cumulative Distribution of 𝑏 in fractions of sky coverage. The different lines show the
result for different sizes of the angular bins, with the darker lines corresponding to smaller
bins. The solid vertical line shows the average �̄�. The red lines show the distribution for
the resolution that was used in the other panels,with the dashed lines showing the standard
deviation. Reprinted with permission (Figure 1 in Gronke & Dijkstra 2014)
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Figure 3.9: Results for the ”realistic” parameter set of Gronke & Dijkstra 2014. Left:
projected EW boost 𝑏 as a function of (𝜑,𝛩). Right: cumulative Distribution of 𝑏 in fractions
of sky coverage. The different lines show the result for different sizes of the angular bins, with
the darker lines corresponding to smaller bins. The solid vertical line shows the average �̄�. The
red lines show the distribution for the resolution that was used in the other panels,with the
dashed lines showing the standard deviation. Reprinted with permission (Figure 2 in Gronke
& Dijkstra 2014)



3.3 Towards Realistic LAEs 51

3.3 Towards Realistic LAEs
While the previous section considered simplified models with only few parameters and
a more or less simple geometry, the models in this section have in common that they all
aim for more realistic and therefore morphologically and geometrically complicated
models of LAEs. They are typically based on the outcome of hydrodynamical
simulations of individual galaxies or small cosmological volumes, focusing on a
small group of galaxies. Different from the publications presented in 2.1 which
marginally resolve the ISM at best, the publications summarized here typically have
high resolutions of 500-18 pc. We start by considering work on small cosmological
volumes and turn to isolated galaxies later.

3.3.1 Models Based on Cosmological Simulations

Tasitsiomi 2006 present results from a zoom-in simulation of an individual halo (stellar
mass 1010 M⊙) with an effective resolution of 29 pc at 𝑧 ∼ 8 in a small cosmological
volume. They include the transfer of Lyman-𝛼 photons, but no continuum radiation
and no dust. The source of the Lyman-𝛼 photons is assumed to be predominantly
recombination after ionization by Lyman continuum photons from young, hot stars.
They inject the Lyman-𝛼 photons spatially distributed in the cells that have an

Figure 3.10: Left: spectrum of the emitter studied by Tasitsiomi 2006, with (dotted) and
without (solid line) attenuation by the neutral IGM. The dashed line shows the spectrum
with attenuation of IGM only in the blue part of the spectrum, the long-dashed line indicates
the rest-frame line center. Right: surface brightness map of the emitter. Reproduced by the
permission of the AAS (Figure 10 in Tasitsiomi 2006)
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intrinsic luminosity above a certain threshold to reduce computation time. They
calculate the emerging spectrum integrated over all lines of sight, and find it to be
nearly symmetric and double-peaked with hints of a slightly enhanced blue peak
resulting from gas streaming into the halo as explained in the first section of this
chapter. We show the spectrum emerging from the emitter in figure 3.10 (solid line).
To simulate observations of an object at this redshift, one has to correct for the
effect of the neutral hydrogen between the object and the observer. Before complete
reionization, this is called the Gunn-Peterson trough (Gunn & Peterson 1965) known
from quasar spectra (e.g Becker et al. 2001). Effectively, it scatters all photons
bluewards of the line center out of the line of sight since the Hubble flow will shift
these photons in resonance with the neutral IGM after traveling some distance from
the emitter. Partially, this will also occur for the red side of the spectrum due to
the (thermal) motions of the intervening gas. The attenuated spectrum is shown in
figure 3.10 (dotted line). Tasitsiomi 2006 note that the effect of the inflowing gas on
the shape of the spectrum is probably quite low because the column densities are so
high that a velocity shift of a few hundred km/s does not significantly reduce the
optical depth for blue photons.

Laursen et al. 2009 present a set of 9 zoom-in simulations1of halos taken from

Figure 3.11: Surface brightness map for one of the emitters studied by Laursen et al. 2009.
Left: excluding dust effects. Right: including dust effects. Reprinted with permission (c) AAS
(Figure 4 in Laursen et al. 2009)

1 We skip the discussion of Laursen & Sommer-Larsen 2007 since Laursen et al. 2009 directly extends
this work. Laursen & Sommer-Larsen 2007 present calculations for one LAE without dust.
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Figure 3.12: Spectra of the emitters studied in Laursen et al. 2009 for both a dust-free case
(dotted) and including dust (solid lines). Reprinted with permission (c) AAS (Figure 10 in
Laursen et al. 2009)

a cosmological volume with stellar masses of 6 × 106 - 3 × 1010 M⊙ and effective
resolutions of 491 to 137 pc at 𝑧 = 3.6. They do not only include Lyman-𝛼 photons
from recombination, but also from gravitational cooling and the UV background.
However, 90% of the Lyman-𝛼 photons are generated by recombination of Lyman-
continuum photons emitted by young stars. In figure 3.12, we show the resulting
spectra from all nine studied emitters, both including effects of dust on the radiative
transfer (solid lines) and excluding it (dotted lines). They find the counter-intuitive
result that while the dust cross section for Lyman-𝛼 photons is independent of
frequency, the effect of dust on the emerging spectrum is not: Dust tends to remove
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more flux far away from the line center than near the line center. The reason is the
interplay of the absorption by dust with the scattering on neutral hydrogen. Photons
that diffuse far out into the wings are those residing in dense environments where
the optical depth emerging from hydrogen is high. These photons are therefore the
ones that are scattered often and have large path lengths, which makes them subject
to severe attenuation. On the other hand, photons escaping at the line center are
typically located in low-density environments and escape after fewer scatterings,
rendering absorption less probable. Additionally, dust is mostly present near the
dense regions where it was produced. In figure 3.11, we show a surface brightness
plot of the emerging Lyman-𝛼 radiation of a single emitter without (left) and with
dust (right) for illustration. They find an escape fraction of Lyman-𝛼 of about unity
for the two emitters with less than 1010 M⊙ dynamical mass, and about 30% escape
fraction above this mass, with a trend to lower escape fraction for higher mass.
Additionally, Laursen et al. 2009 find a dependency of flux on orientation of up to a
factor of 4.

Yajima et al. 2012 present simulations of a cosmological volume with a resolution
of 342 pc and simulate radiative transfer for the 10 most massive galaxies at six
redshifts between 3.1 and 10.2 with stellar masses of about 1010 M⊙ at 𝑧 = 3.1. They
include Lyman-𝛼 from both recombination and collisional excitation, continuum
radiation, ionizing radiation, and dust. The Lyman-𝛼 emissivity here is derived from
the ionization state due to the ionizing radiation transport. They find varying EWs
(∼ 67-21 Å) and increasing escape fractions (∼ 0.13-0.6) with decreasing redshift,
indicating an evolution of the emitters. The Lyman-𝛼 luminosity, however, does
evolve only by a factor of 2. Their spectra are typically single-peaked and slightly
bluer than the intrinsic Gaussian spectrum, which they consider to be due to strong
ionization near the sources and large outflow velocities.

For completeness, we also mention here the work by Barnes et al. 2011 that focuses
on Damped Lyman-𝛼 absorbers (DLAs) as a source of extended Lyman-𝛼 emission,
employing a cosmological zoom-in simulation of 3 objects at a resolution of 514 pc
(𝑧 ∼ 3). They only follow Lyman-𝛼 photons (modeled as central point source) and
do not include dust. They find the absorption region of the objects to be generally
smaller than the Lyman-𝛼 emission region, with the central source illuminating
neutral clouds further outside. Additionally, they find a dependency of the Lyman-𝛼
properties on angle of observation.

It is worth noting that while the publications above partially comment on anisotropic
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escape (e.g Barnes et al. 2011; Laursen et al. 2009; Yajima et al. 2012), they do not
focus on it. To investigate the effects of anisotropies in the ISM and disentangling
them from effects of the circumgalactic medium (CGM) and IGM, one can use
simulations of isolated galaxies.

3.3.2 Models Based on Simulations of Isolated Galaxies

Verhamme et al. 2012 present a detailed simulation of an isolated disk galaxy1with a
stellar mass of about 6.8 × 108 M⊙ (dust mass 8.7 × 106 M⊙) and a resolution of
18 pc. The hydrodynamical simulation includes cooling from gas and metals, an
effective description of the dense ISM by a polytropic equation of state, star formation
according to a Schmidt law and stellar feedback from supernovae explosions with
metal enrichment. They follow the evolution of the galaxy over a time span of 6
Gyr. Lyman-𝛼 and continuum photons are launched at the position of young star
clusters2. The intrinsic spectrum for the Lyman-𝛼 photons is a Gaussian with fixed
width (20 km/s FWHM), while the continuum is assumed to be flat in a range of
±2 × 104 km/s. The intrinsic EW is set to 200 Å, which fixes the ratio of continuum
photons emitted per wavelength and the total number of Lyman-𝛼 photons. In figure
3.13, we show where photons escape in their simulation, that is, where they were
scattered last before escaping directly (colored contours), the density (grey contours),
and the velocity field (arrows). Dust is included in the simulations, and is formed
from metals proportional to the neutral hydrogen column density.

The most important finding of their work is the fact that the ISM renders the escape
of photons highly anisotropic. Most Lyman-𝛼 photons escape face-on, corresponding
to an inclination | cos𝛩| ≈ 1. This can clearly be seen in figure 3.14 taken from
their paper. Here, the red solid line shows the probability of a Lyman-𝛼 photons to
escape as a function of inclination | cos𝛩|. The probability of escaping face-on is
enhanced by a factor of about 15. The black solid line shows the fraction of photons
that are not absorbed and escape, given that the photon was initially emitted with
an inclination | cos 𝜃|. The flat line at 5% indicates that the average escape fraction
is about 5%, and that the probability of escape/absorption is independent of initial

1 In fact, they present a high-resolution and a low-resolution simulation. We focus here on the high-
resolution simulation (labeled G2 in the paper)

2 In such simulations, the mass resolution is to low to cover individual stars. Instead, so-called star
particles are used to trace the stellar mass. These particles can be thought of as tracers of stellar
clusters.
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Figure 3.13: The simulated galaxy G2 from Verhamme et al. 2012. Shown is a slice in density
(grey contours), the projected number of photon escaping from a region (colored contours) and
the velocity field (arrows; scale in the lower left shows amplitude). Reprinted with permission
(c) ESO (Figure 7 in Verhamme et al. 2012)
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Figure 3.14: Escape fraction 𝑓𝑒𝑠𝑐 as a function of inclination of the escape direction (red)
and probability 𝑃 for a photon to escape if it has an initial inclination cos 𝜃 (black), shown
for continuum (dashed) and Lyman-𝛼 photons (solid) as obtained by Verhamme et al. 2012.
Reprinted with permission (c) ESO (Figure 8 in Verhamme et al. 2012)

emission direction which is a consequence of resonant scattering: Since photons
change direction many times before escape/absorption, their initial direction does not
matter. The dashed black/red lines show the same data for the continuum photons.

Here, having an initial emission direction close to face-on favors escape by a factor
of 2 over edge-on directions (black dashed line) because continuum photons are
rarely scattered on hydrogen compared to Lyman-𝛼 radiation. Also, the escape
towards face-on directions is favored, but only by a factor of 3 in the case of the
continuum photons (red dashed line). This is again a consequence of the continuum
not being subject to resonant scattering. Comparing the two species, we see that
the observed EW changes depending on the direction of observation because of this
difference in directional boosting for Lyman-𝛼 /continuum: The ratio of observed
Lyman-𝛼 photons and observed continuum photons per wavelength is larger in
face-on directions. As figure 3.15 shows, this is indeed the case. Shown is the EW
observed along random lines of sight. The 𝑥-axis shows the absolute value of the
inclination for the corresponding line of sight. While the EW becomes negative
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edge-on (indicating absorption and not emission in the Lyman-𝛼 line), it rises to
100Å for face-on directions. The spectra from their simulation show differences with
respect to the line of sight as well: While it is double-peaked observed edge-on with
a slightly enhanced red peak due to outflowing gas, it shows a single red peak for
face-on directions.

The strong inclination dependency of Lyman-𝛼 radiation in this disk galaxy
simulation is a result that implies a possible bias in large-scale surveys as described
in 2.2. Another result is that the Neufeld scenario fails to enhance the Lyman-𝛼
escape, since Lyman-𝛼 photons are primarily produced in the dense, dusty clouds
(in which young stars typically live) where they are absorbed very efficiently. This
is the reason that the observed EW never reaches or exceeds the intrinsic EW - in
terms of the boosting factor 𝑏 from Gronke & Dijkstra 2014, they reach a maximum
of 𝑏 ∼ 0.5 despite the large directional dependency.

Besides Verhamme et al. 2012, there is no study of the inclination effect in an
isolated disk galaxy simulation except for Behrens & Braun 2014 (see section 4.3 for
a reproduction). In this work, we investigated the Lyman-𝛼 transfer in a simulation
originally presented in Braun et al. 2014. The galaxy simulation includes a complex
model for the interplay between a multiphase ISM, the star formation, feedback,

Figure 3.15: EWs as observed along random lines of sight for the simulation in Verhamme
et al. 2012, shown as a function of the inclination cos 𝛩. The line shows a polynomial fit to
the distribution. Reprinted with permission (c) ESO (Figure 10 in Verhamme et al. 2012)
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and the turbulent energy, called MIST1. While Verhamme et al. 2012 assume a
constant contribution of turbulent motions to the Doppler frequency (see section
1.3), in turn influencing the cross section of the photons in neutral hydrogen, we
can use the subgrid scale turbulent energy assigned to each cell in the simulation
domain (see Schmidt & Federrath 2011). Star formation is regulated self-consistently
by the feedback, including both thermal and turbulent feedback, yielding a star
formation rate following a Schmidt law (i.e. the star formation rate is a function
of the gas density). The resolution of the simulation is ∼ 30 pc. It starts from a
marginally stable gaseous disk with a gas mass of 1010 M⊙, and evolves into a clumpy
disk with star-forming regions being formed and successively disrupted by feedback.
We performed calculations of the radiative transfer on snapshots 1, 1.5, and 2 Gyr
after initialization. In our setup, we closely follow Verhamme et al. 2012 to ensure
comparability. However, the simulated disk galaxy is morphologically different from
theirs which is a result of the different dynamics included in the simulation. In
particular, their disk consists of few massive clumps, with large underdense regions
between them, while our disk features small clumps connected by a large number of
small, transient spiral arms. A visualization of the disk galaxy can be seen in figure 1
(section 4.3). The first column shows the projected neutral hydrogen density for the
different snapshots, the second shows the dust distribution, and the third one shows
the local Lyman-𝛼 luminosity for the three snapshots. In contrast to Verhamme et al.
2012, we launch both Lyman-𝛼 and continuum photons according to the local Lyman
continuum photon density that is calculated by the feedback module. Nevertheless,
this method also traces the recent local star formation. Lyman-𝛼 photons are emitted
in frequency space according to a Gaussian with a width of 10 km/s. Continuum
photons are emitted with a flat spectrum in the range of ±2 × 104 km/s, the intrinsic
EW is set to 200 Å. The set of simulations we call the ’fiducial’ one uses the dust
model of Verhamme et al. 2012 but with a reduced dust content (lowered by a factor
of 25) for ease of interpretation. We also ran a so-called ’realistic’ set, using the
original dust model by Verhamme et al. 2012. Our main conclusions are the same
for both sets.

We can confirm the existence of a strong anisotropy in Lyman-𝛼 properties as
found by Verhamme et al. 2012. There are, however, some discrepancies with their
results. Our escape fraction in the fiducial case is higher for both Lyman-𝛼 photons

1 Multi-phase Interstellar medium, Star formation, and Turbulence
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(14 to 20 % vs. 5 %) and continuum photons (about 80% vs. 22%) due to the fact
that we reduced the dust content artificially: In the realistic case, we find 0.2-14%
for the Lyman-𝛼 photons. Additionally, we find a top-bottom asymmetry for the
Lyman-𝛼 properties: It is easier for photons to escape towards the top (+𝑧 -axis)
than to the bottom (−𝑧-axis). We suggest this to be a result of an asymmetry in
the outflows that arise from the supernova feedback.

More importantly, we find a strong variation of the Lyman-𝛼 properties from
snapshot to snapshot. This can be seen in figure 3 (section 4.3). It is the same type
of plot as figure 3.14 from Verhamme et al. 2012, but for the three snapshots from
left to right. The solid, red line shows the distribution of escape directions. The slope
and amplitude change strongly from snapshot to snapshot. This results in variations
of the observed EW distribution, shown in figure 4 for the fiducial case (section
4.3). Similar to figure 3.15, the plot shows the EW observed by a set of randomly
chosen lines of sight, with blue symbols corresponding to the 1 Gyr snapshot, red
symbols for the 1.5 Gyr snapshot, and the data for the 2 Gyr snapshot in green.
Different from figure 3.15, we show the data as a function of the inclination cos𝛩
and not as a function of | cos𝛩| to account for the top-bottom asymmetry. The
maximum and average values for the observed EW change with snapshot to snapshot.
In particular, the observed maximum EW in approximately face-on directions rise
from 50 to about 225 Å from 1 Gyr to 2 Gyr (also note the top-bottom asymmetry
for 1.5 and 1 Gyr here) for the fiducial runs. Analysis reveals that the origin of these
differences in time are small (< 500 pc) cavities in the gas distribution, carved out
by supernova explosions. We show some examples of these cavities in figure 6 in
section 4.3 (lower panel). The black contours indicate the Lyman-𝛼 emissivity, the
colored contours indicate density. In these regions, the stellar feedback has created
cavities with lines of sight that have low optical depth. The lines of sight are typically
orthogonal to the plane of the disk, therefore boosting face-on escape. About 50%
of all transmitted Lyman-𝛼 photons escape from these cavities in the 1.5 and 2
Gyr snapshot. The pronounced top-bottom asymmetry in the 1.5 Gyr is therefore
explained by the fact that the transmitting cavities in this snapshot feature cavities
letting photons dominantly pass towards the +𝑧-axis, while the 2 Gyr run exhibits
cavities transmitting to the top and to the bottom, therefore reducing the asymmetry.
The 1 Gyr snapshot does not feature large transmitting bubbles, and therefore has
low EWs in general and in especially relatively low EWs in face-on directions. One
important property of the actively transmitting cavities is that they still inhabit
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very recent star formation. This is only possible for a very short period in time in
small star-forming regions, since the feedback will also cut off gas supply for star
formation. For large stellar clusters in the simulation, the dynamics are dominated
by the gravitational potential of the stars. In this case, we expect the star-forming
region not to be completely disrupted by the feedback. Instead, we expect it to
cyclically switch between states of low and high star formation and therefore weak
and strong Lyman-𝛼 emission. Our conclusion is that this points towards a temporal
variability of LAEs on the time scale of the star formation.

Apart from these findings, we also tested the influence of various physical parame-
ters on the radiative transport. As expected, increasing dust or neutral hydrogen
mass reduces escape fractions and EWs. We also studied a dust-free case. Here,
we find the EW to be boosted up to 450 Å for face-on directions, while edge-on
observers see Lyman-𝛼 in absorption.
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ABSTRACT

We investigate the correlations between the observed fraction of Lyman-alpha (Lyα) emission from star-forming galaxies and the
large-scale structure by post-processing snapshots of a large, high-resolution hydrodynamical simulation with a Lyα radiative transfer
code at redshifts z = 4, 3, 2. We find correlations of the observed fraction with density, density gradient along the line of sight,
velocity, and velocity gradient along the line of sight, all within the same order of magnitude (tens of percent). Additionally, a
correlation with the angular momentum of the dark matter halo is detected. In contrast to a previous study, we find no significant
deformation of the two-point correlation function due to selection effects from radiative transfer in the intergalactic medium within
the limited statistics of the simulation volume.

Key words. large-scale structure of Universe – radiative transfer – galaxies: high-redshift – intergalactic medium

1. Introduction

Galaxies with strong Lyman-alpha (Lyα) emission features, so-
called Lyα emitters (LAEs), are powerful probes of galaxy evo-
lution and cosmological large-scale structure. There are indica-
tions that LAEs, or some subset thereof, evolved into today’s
Milky Way type galaxies (Guaita et al. 2010), hence their prop-
erties may shed light on our own Galaxy’s youth. Also, future
observations might be able to detect the first galaxies via Lyα
emission (e.g., Dijkstra & Wyithe 2010).

Lyα emitters can be detected very efficiently in narrow-
band or integral-field spectrographic surveys such as the
Hobby-Eberly Telescope Dark Energy Experiment (HETDEX;
Adams et al. 2011). It has been proposed that they act as trac-
ers of the underlying matter distribution at higher redshifts than
currently accessible for galaxy redshift surveys. Specifically,
HETDEX aims to use the power spectrum of ∼800 000 LAEs to
measure the Hubble parameter H(z) and angular distance DA(z)
at redshifts between z = 1.9 and 3.5 with percent-level accuracy
in order to constrain the early dynamics of dark energy.

Every interpretation of LAE observations needs to take into
account the resonant nature of Lyα scattering (e.g., Cantalupo
et al. 2005; Dijkstra et al. 2006; Adams et al. 2009; Zheng et al.
2010; Yajima et al. 2012; Schaerer et al. 2011; Hansen & Peng
Oh 2006). The large cross section of Lyα photons scattering with
neutral hydrogen (HI) strongly correlates the observed Lyα spec-
tra and apparent luminosities along any given line of sight with
the density and velocity structure of the intervening HI (Dijkstra
et al. 2006; Laursen et al. 2011). As a result, large amounts of
information are encoded in the observations. On scales of the
emitting galaxies and their circumgalactic material, Lyα spec-
tra are very sensitive to the presence of clumps, dust, and in- or
outflows (Zheng & Miralda-Escude 2002; Dijkstra et al. 2006;
Laursen et al. 2009b; Schaerer et al. 2011; Barnes et al. 2011).

? Appendices are available in electronic form at
http://www.aanda.org

Recent simulations also highlight the possibility of a strong in-
clination dependence of the Lyα observed fraction which, in
turn, depends on the morphology of the gaseous disk (Laursen
& Sommer-Larsen 2007; Yajima et al. 2012; Verhamme et al.
2012). Mapping the theoretical predictions, mostly from nu-
merical simulations, to properties of observed LAEs has only
just begun (e.g., Nagamine et al. 2010; Shimizu et al. 2011;
Forero-Romero et al. 2011; Dayal & Ferrara 2012) and promises
to be a rich field of research in the coming years.

On the other hand, correlations of apparent LAE luminosi-
ties with the matter distribution induced by Lyα radiation trans-
port (RT) effects can also contaminate the clustering statistics of
LAEs on larger scales. If they reach out to scales relevant for
the extraction of cosmological parameters, they need to be ac-
counted for by corrections in the LAE power spectrum in real
and redshift space. This effect was demonstrated by Zheng et al.
(2011a, hereafter ZCTM11) using a Monte-Carlo Lyα RT cal-
culation on the background of a cosmological simulation snap-
shot at z = 5.7. Details of their setup and further investiga-
tions of the luminosity, spectra and observed fractions of LAEs
in their simulation can be found in Zheng et al. (2010, here-
after ZCTM10) (see also Zheng et al. 2011b for details on ex-
tended LAE halos). They found significant correlations of the
Lyα observed fraction, i.e. the fraction of photons that are not
scattered out of the line-of-sight during their passage through
the intergalactic medium (IGM), with the smoothed IGM den-
sity and velocity fields. By far the biggest effect was seen in
correlations with the velocity gradient field, accompanied by a
strongly anisotropic signature in the two-point correlation func-
tion for LAEs in redshift space. If present also at lower redshifts,
an effect of this magnitude would seriously affect the interpreta-
tion of LAE large-scale structure surveys like HETDEX. This
was investigated in more detail in Wyithe & Dijkstra (2011) by
means of analytic and numerical models for LAE spectra with
in- and outflows, which the authors used to calibrate a mod-
ified parametrization for the LAE power spectrum. Using an

Article published by EDP Sciences A5, page 1 of 13

64 4 Accepted Publications



A&A 556, A5 (2013)

Alcock-Paczynski test, they then showed that the accuracy of
HETDEX measurements could potentially be seriously compro-
mised by Lyα RT effects. In Greig et al. (2013), this analysis
was extended to include the LAE bispectrum which allows the
degeneracy betweeen the Lyα RT effects and the gravitational
redshift-space distortion that is present at the level of the power
spectrum alone to be broken.

Although they were most extensive numerical investigation
of Lyα RT on cosmological scales, the methodology and resolu-
tion of the simulation analyzed by ZCTM10/11 were inadequate
to capture the nonlinear hydrodynamics in the circumgalactic
medium (CGM) surrounding LAEs. Instead of a full hydro-
dynamical simulation, ZCTM10/11 employed a hybrid scheme
which assumed hydrostatic equilibrium for the gas in virialized
halos. Consequently, no outflows were present in their simula-
tion, and the infall was purely gravitational with no hydrody-
namical modifications on CGM scales. In Wyithe & Dijkstra
(2011), galactic outflows were modeled in a simplified way that
was also assumed to be independent of the environment on lin-
ear scales. The exact degree to which nonlinear flows on scales
.100 kpc are correlated with their large-scale environment is
still unclear, but can plausibly be assumed to be non-vanishing.
In this case, the well-known strong sensitivity of LAE properties
on CGM/IGM flows (e.g., Dijkstra et al. 2007; Iliev et al. 2008;
Laursen et al. 2011) will be reflected to some extent in the large-
scale statistics. Including the effects of fully hydrodynamical in-
and outflows was one of the main motivations for this work.

Another question raised by ZCTM10/11 is the redshift de-
pendence of the observed correlations. This is particularly im-
portant for HETDEX which will cover a redshift range which is
significantly below the one explored by ZCTM10/11.

In this work, we revisit the analysis of ZCTM10/11
using Lyα RT on the background of snapshots of the
MareNostrum-Horizon simulation (Ocvirk et al. 2008) at red-
shifts of z = 2, 3, and 4. The MareNostrum simulation has a spa-
tial resolution of 1 kpc (physical) and includes a model for su-
pernova feedback driving galactic outflows in a self-consistent
fashion. In addition to evaluating the correlations of the Lyα
observed fraction with the IGM density and velocity on linear
scales, we tested for a possible dependence on the orientation of
the halos’ angular momentum relative to the line of sight, serv-
ing as a proxy for the orientation of the galactic disk. We find
a positive result, indicating that tidal alignment of halos might
give rise to additional spurious signals in redshift space distor-
tions (Hirata 2009).

Our numerical techniques for Lyα RT are summarized in
Appendix B. We describe the details of the simulation and our
postprocessing runs in Sect. 2. Our results for the correlations
of large-scale density and velocity fields with Lyα observed
fractions are presented in Sect. 4.

2. Lyα radiation transport calculations and analysis

2.1. The horizon-MareNostrum galaxy formation simulation

We applied our radiative transfer code LyS (see the Appendix
for details) to snapshots taken from the Horizon-MareNostrum
Galaxy Formation run which was presented and described in
Ocvirk et al. (2008). The simulation was run using an updated
version of the adaptive-mesh refinement (AMR) code Ramses
(Teyssier 2002), including metal dependent cooling, star for-
mation, a simple supernova feedback model and UV heating.
The box had a comoving size of 50 Mpc/h with a physical res-
olution of 1 kpc. Star formation took place in the interstellar

medium (ISM), defined as gas with a number density greater
than 0.1 nH/cm3. The dark matter particle mass was 8 × 106 M�
with a total particle count of 10243. The simulation was run as-
suming a standard ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7,
ΩB = 0.045, H0 = 70 km s−1/Mpc and σ8 = 0.9. For more
information on the spectroscopic properties of galaxies in the
simulation, see Gay et al. (2009).

2.2. Preprocessing

We rebuilt the AMR hierarchy of the MareNostrum run and cal-
culated the temperatures of the gas cells from the specific pres-
sure assuming photoionization equilibrium (Katz et al. 1996).
In the ISM regions, the breakdown of single component fluid
description leads to artificially high temperatures. To overcome
this problem, we enforce an upper limit of 2.5 × 104 K on the
ISM temperature.

In order to find the emission spots for the Lyα photons,
we used the HOP algorithm (Eisenstein & Hut 1998) to pro-
duce a halo list. We used a standard set of parameters (δouter =
80, δsaddle = 200, δpeak = 240) and rejected particle groups that
consist of less than 600 particles after the regrouping process,
corresponding to a cut-off mass of 4.8 × 109 M�. With this cut-
off, we have a sample size of ∼42 000/49 000/51 000 emitters at
redshift 4/3/2. The mass range of these emitters is 5× 109 M� to
3.1 × 1012/8.0 × 1012/3.3 × 1013 M� for z = 4/3/2.

3. Our simulations and analysis

The Lyα RT was run as a postprocessing step on simulation
snapshots at redshift z = 2, 3 and 4. In addition to the fiducial
case, we re-ran our simulation at redshift 4 with a) the Hubble
flow; b) the peculiar velocity field; and c) both turned off for in-
terpretation and comparison. To achieve this, we set the Hubble
constant in Eq. (B.1) to zero and/or set the total bulk velocity v
in Eq. (A.2) to zero so that the restframe of each gas cell is iden-
tical to the restframe of the emitter. The thermal motion of the
gas is, however, not affected by this procedure. We also ran the
redshift 4 snapshot along three different lines of sight. For de-
tails on the initialization of spectra and luminosities, we refer the
reader to Appendix B. The spatial resolution of our output array
is 16.3 kpc/h (comoving), corresponding to 0.67/0.74/0.91′′ at
redshift 4/3/2.

The output matrix was converted into physical fluxes and
surface brightnesses. By integrating over the spectral informa-
tion of the output matrix, we obtained surface brightnesses of
each (iy, iz)-pixel. For each halo, we ran a friend-of-friend algo-
rithm to find the apparent luminosity of the source. If the pixel
covering the central position of the halo had a surface bright-
ness exceeding a threshold η, we added its flux to the flux of
the source, and connected adjacent pixels that are above the
threshold.

Using the total flux of each source obtained with
this procedure, we defined the source’s inferred apparent
luminosity Lapparent. As a result, we can compute the fraction

ε =
Lapparent

Lintrinsic
(1)

of the intrinsic luminosity that was detected. Since this quantity
measures the part of the intrinsic luminosity that an observer
would see, it plays the role of an observed fraction, and hereafter
we will refer to it by this term. We note that in our case, the
difference between intrinsic and inferred luminosity is not due
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to destruction of photons by dust, but due to the application of a
detection limit.

To prevent source blending, we identified and ignored
sources that would swallow up other emitters during the post-
processing, although these blended source are quite rare (∼5% of
the total number) and did not affect our results very much.

The chosen value of the surface brightness limit η is arbi-
trary in the sense that we did not include dust and did not model
the systematic errors of a real observation in detail. We used a
similiar value to the one used by ZCTM10,

η = 5 × 10−19 erg s−1 cm−2 arcsec−2. (2)

This particular value was chosen to be well above the noise level
in the output data. We note that this threshold is orders of magni-
tude smaller than the detection threshold of HETDEX, for exam-
ple, which is η ' 10−17erg s−1 cm−2 arcsec−2. We chose a lower
value to be comparable with ZCTM10 but also not to degrade
statistics by having only a few sources detected.

The observed fraction of Lyα along a specific line of sight is
related to the density and velocity structure along the line of sight
(Wyithe & Dijkstra 2011); note that ZCTM10 and ZCTM11
stress the importance of the structure in the perpendicular di-
rections. In order to find the correlations between the dark mat-
ter distribution in the MareNostrum simulation and the observed
fractions on linear scales relevant for LAE redshift surveys, we
closely followed the strategy described by ZCTM10. The dark
matter particles were interpolated onto a grid using a cloud-in-
cell algorithm and smoothed out on a scale of 10/12/15 Mpc/h
with a top-hat filter of this diameter. We chose this filtering
scale to obtain the density field in the linear regime at red-
shift 4/3/2 consistent with our calculations below. From the
smoothed density field, we calculated the linear velocity field
and density/velocity gradients along the line of sight.

The smoothed density and velocity fields are well described
by linear theory. From the continuity equation

δ̇ = −1
a

div u (3)

one finds the peculiar velocity field uk in Fourier space:

uk = f Ha
ik
k2 δk. (4)

We are only interested in the line-of-sight component of the ve-
locity field which we assume to be parallel to the x-axis here

ux = f Ha
∑

k

kxi
k2 δkeik·r. (5)

The spatial derivative of the velocity field in the line of sight is
given by

∂ux

∂x
= − f Ha

∑

k

k2
x

k2 δkeik·r· (6)

We also calculate the angular momentum of the individual halos
directly from the particle data.

4. Results

4.1. Overview

Figure 1 shows a spectrally integrated image of the LAEs in the
box as seen by an observer located along the positive z-axis.
In Fig. 2, the spatially integrated spectrum of an emitter with

Fig. 1. Lyman-α image of a small part (∼5 × 5 Mpc) of the simulation
volume at redshift 4. The observer is located along the positive z-axis,
the snapshot corresponds to z = 4.

Fig. 2. Typical Spectrum of an emitter with a mass of 1.9 × 1010 M�.
Shown is the spectrum for the fiducial simulation (solid line), the sim-
ulation without any peculiar velocities and Hubble flow (dotted line),
and a simulation where peculiar velocities were enabled but the Hubble
flow was switched off (dashed line). Wavelength is given with respect
to the observer’s restframe. For the fiducial simulation, the redshift due
to the Hubble flow within the simulation box was ignored.

a mass of 1.9 × 1010 M� is shown for three different setups: the
solid line shows the spectrum of the fiducial run, the dotted line
shows a run with all peculiar motions and the Hubble flow arti-
ficially set to zero, and the dashed line is obtained from a sim-
ulation where only the Hubble flow was switched off. For the
case without peculiar motions and Hubble flow, we clearly see
the typical double-peaked spectrum that one would get from a
static sphere (see Fig. B.21). Deviations from this solution result
from anisotropic density fields. Turning on the velocity field, we
obtain the typical spectrum of an infalling sphere (see Fig. B.3)
which is intuitive since the region in the halo’s vicinity should
show clear infall. Photons are thereby shifted to the blue side
of the spectrum, undergoing only a few scatterings after leaving
the halo. If we switch on the Hubble flow, the situation changes.
Blue photons leaving the ISM are shifted back into the line cen-
ter and scattered in the intervening IGM. As a consequence, the
observed flux is significantly reduced because photons are scat-
tered out of the line of sight. We note again that these photons

1 We note that in Fig. 2, wavelength is shown instead of frequency.
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Fig. 3. Luminosity function from our simulation at z = 4 for three
different lines of sight. The observer is set along the x-axis (circles),
y-axis (boxes), and z-axis (diamonds), respectively. Triangles without
error bars show the distribution of the intrinsic luminosity, hollow cir-
cles the observed luminosity function for z = 4.5 (Wang et al. 2009),
and the flipped triangles the luminosity function for z = 3.7 as ob-
served by Ouchi et al. (2008). The line depicts the log-linear fit to the
data, yielding a power law with α = −1.19. Number density is in units
of Mpc−3/ log (L).

Fig. 4. Surface brightness profiles for two sources with observed frac-
tions of ∼30%, with masses of 1.9 × 1010 M� (black solid line) and
7 × 1011 M� (blue dashed line). The horizontal dashed line indicates
the detection threshold. On average, there were only 2 pixels per source
above the detection threshold, and over 90% are detected in less than
5.5 pixels.

are not destroyed by dust, but they contribute to a noise level of
diffuse emission. The Hubble flow transports photons from the
blue to the red side of the spectrum. Once photons have left the
line center to the red side they will be further redshifted, making
subsequent scatterings more and more improbable.

The surface brightness profiles for two sources are shown
in Fig. 4. It is worth noting that while ZCTM10 reported ex-
tended Lyα halos (r ∼ 300 kpc) with surface brightnesses of
∼10−20 erg s−1 cm−2 arcsec−2 at z = 5.7 we find more compact
sources. These differences might be partly attributed to the lower
redshift in our simulation. Additionally, as we resolve the ISM
at least marginally, most of the scatterings happen in the ISM
where the optical depth is high because of high HI densities. This
shifts the photons out of resonance and reduces the optical depth
of the immediate surroundings of the halo. Since later IGM scat-
terings happen far away from the emitting halo, they contribute
to a diffuse background rather than to an extended Lyα halo.

One can also obtain the luminosity function for our simu-
lation, shown in Fig. 3 for the three different lines of sight at
redshift 4. We also show the intrinsic luminosity function (tri-
angles) of our simulation. The overall shape of the luminosity
function is not changed by the RT process. The drop at the low
luminosity is due to incompleteness, since LAEs that are below
the detection limit have an apparent luminosity of zero. The de-
tection threshold and the assigned intrinsic luminosity introduce
a free parameter in our model, shifting the luminosity function
by a constant factor. Since we are mostly interested in changes
of the observed fraction relative to the mean, we ignore this shift
here.

4.2. Correlations between large-scale structure
and observed fraction

In this section we focus on our results from the redshift 4 snap-
shot.

Figure 5 shows how the observed fractions correlate with the
dark matter overdensity δ, the density gradient along the line
of sight, the line-of-sight velocity and the line-of-sight velocity
gradient, all evaluated at the positions of the sources for three
different lines of sight. The observed fraction is given relative to
the mean observed fraction

∆ε =
ε

ε̄
· (7)

The mean observed fraction ε̄ is 30/63/87% for our fiducial runs
at redshift 4/3/2. ZCTM10 find a lower mean observed fraction
of a few percentage points at redshift 5.7. Laursen et al. (2011)
also calculated observed fractions from nine simulated galax-
ies at 3.5. Although their sample is small, their mean observed
fraction is around 24% (we also note they do include photon de-
struction by dust).

We use the full sample of emitters and generate the plots
of the correlations applying a moving average to the data set,
averaging over 4000 emitters per data point. As described above,
densities and (linear) velocities are obtained from the smoothed
dark matter particle data. Density gradient, velocity, and velocity
gradient plots depend on the line of sight chosen, so we plot the
relevant component xi or the derivative with respect to xi, where
xi = x, y, z for observers located along the respective axis.

The correlation between density and velocity gradient fol-
lows directly from the continuity equation (see Eq. (3)).
Statistically, this also holds for the individual components of
the divergence, i.e., the line-of-sight velocity gradient. The cor-
relation between line-of-sight velocity and line-of-sight density
gradient is quite intuitive: halos beyond a large-scale overden-
sity move towards it and hence towards the observer, and vice
versa. Both correlations are shown in Figs. 10 and 11. Because
of this direct connection between the two pairs of observables,
we discuss each of the pairs together.

As can be seen in Fig. 5, correlations differ between differ-
ent lines of sight. Although the trends are mutually consistent,
deviations of up to 10% are clearly visible. We interpret this as
a consequence of cosmic variance. Investigation indeed shows
that the halo distribution and velocity fields clearly differ among
different lines of sight, which can be expected for a box of this
size. As an example, in Fig. 8, the x/y/z component of the halos’
velocity is plotted against the x/y/z coordinate. For this plot, ve-
locities are directly obtained from the dark matter particles, but
the linear approximation we use to build the correlation plots
shows the same behavior, i.e., a large-scale, sine-like signal. This
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Fig. 5. Correlations between observed frac-
tion and large-scale structure. On the y-axis,
the relative observed fraction is shown in all
four plots. The x-axis shows density (upper
left), the-line-of-sight velocity gradient (upper
right), the line-of-sight density gradient (bot-
tom left) and the line-of-sight velocity (bot-
tom right). The three different lines correspond
to observer’s location along the x-axis (black
solid), y-axis (red dashed), and z-axis (green
dotted).

Fig. 6. Same as Fig. 5, but here the lines cor-
respond to the fiducial case (black solid), a run
without peculiar motions and Hubble flow (red
dashed), and a simulation with peculiar veloc-
ities but without Hubble flow (green dotted) as
seen by an observer along the z-axis.

Fig. 7. Same as Fig. 5, showing the redshift de-
pendence of the correlations. The data for a red-
shift of z = 4 (black solid), z = 3 (red dashed),
and z = 2 (green dotted) is shown. The observer
is located along the z-axis.
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Fig. 8. Averaged line-of-sight component of the halo velocities versus
their location along the line of sight at z = 4 for three lines of sight
parallel to the x-/y-/z-axis (black solid/red dashed/green dotted). To il-
lustrate the scatter, the distribution of halos is plotted in gray for the
x-axis data.

Fig. 9. Projected dark matter density along the x-/y-/z-axis (black
solid/red dotted/green dashed line), smoothed on a scale of 10 Mpc/h
for z = 4.

velocity distribution reflects the density structure in the box, as
can be seen by comparison with Fig. 9.

4.2.1. Density

As can be seen in the top-left plot in Fig. 5, larger overdensi-
ties are correlated with lower observed fractions. The effect is
quite strong with about 30% in amplitude. We interpret this as
a result of diffuse scattering around halos in overdense regions.
Interestingly, the signal is highly suppressed if we switch off ei-
ther the Hubble flow or the peculiar velocity field (see Fig. 6,
upper left subplot). Turning off the velocity field renders the
spectra nearly symmetric. Photons that leave the ISM are not
subject to further scattering, because neither local gas flows nor
Hubble expansion can shift the photons back into the line cen-
ter. This interpretation is also supported by calculations of the
mean optical depth of the box. While in the line center, the op-
tical depth (assuming a temperature of 2 × 104 K and taking the
mean HI density from the simulation volume) is still τ ∼ 102,
a shift of 1 Å (in the local frame at z = 4) reduces the optical
depth to τ ∼ 10−3. This also makes clear why velocity fields are
so crucial in the radiative transfer.

When we turn on the peculiar velocity, the signal remains
weak, but there is a slight decrease in observed fraction for halos
in underdense regions. We interpret this as a result of the small
halos being domimant in these underdense regions. The ISM in

Fig. 10. Correlation between the line-of-sight density gradient and the
line-of-sight velocity for all three lines of sight at z = 4, x-axis (black
solid), y-axis (red dashed) and z-axis (green dotted). The gray dots show
the scatter, each point representing one halo (for the x-axis data). See
text for details.

Fig. 11. Correlation between the density and the line-of-sight velocity
gradient for all three lines of sight at z = 4, x-axis (black solid), y-axis
(red dashed), and z-axis (green dotted). The gray dots show the scat-
ter, each point representing one halo (for the x-axis data). See text for
details.

small halos does not push the photons as far out into the wings
as in the larger ones, so the probability of being scattered in the
IGM is increased. Also switching on the Hubble flow leads to
our fiducial case: the Hubble flow together with the peculiar ve-
locities leads to more numerous scatterings in overdense regions
compared to the underdense regions.

4.2.2. Line-of-sight velocity gradient

The top right plot shows the correlation between line-of-sight ve-
locity gradients and observed fractions. Here, we obtain qualita-
tively the same result as ZCTM10, although with a much lower
amplitude; larger velocity gradients lead to a higher observed
fraction. As has been discussed above, one can see that the ef-
fects of density and velocity gradient are anti-correlated as ex-
pected from linear theory (cf. Fig. 11). For this reason, there
is no meaningful way to completely disentangle the two physi-
cal mechanisms. However, the dominant effect from the velocity
gradient can be understood because a higher velocity gradient
corresponds to a higher local effective Hubble flow. Since most
of the photons that leave a halo are blue, the higher the effective
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Hubble flow, the faster the photons are transported through the
line center and into the red wing. If we turn off the Hubble
flow, the effect is reversed: a positive local gradient suppresses
the emitters. In this case it might be caused by the redshifting
through the line center taking place on a much larger length scale
because the peculiar velocity gradient is much smaller than the
Hubble flow.

It is worth pointing out that while in our simulations the am-
plitude of the correlation with line-of-sight velocity gradient is
of the same order of magnitude as for the other correlations ex-
amined, ZCTM10 find a larger amplitude for the line of sight
velocity gradient by about one order of magnitude. There are
several factors that might be at play here. First of all, ZCTM10
worked at a higher redshift of z = 5.7. The mean density is
about 2.5 times higher at that redshift and therefore, the opti-
cal depth in the IGM is naturally higher, leading to more scat-
terings in the diffuse large-scale environment. This might leave
a stronger imprint of the bulk velocity fields (and their spatial
evolution) in the observed fraction. Secondly, whereas ZCTM10
semi-analytically map the baryons onto the results of a pure
N-body simulation, our gas distribution follows from a high-
resolution hydrodynamical simulation that includes the effects
of nonlinear in- and outflows which reduce the correlations with
flows on linear scales. Additionally, we resolve the ISM at least
marginally, leading to a large number of scatterings in the dense
regions where the photons are emitted. After being processed
through the ISM, the photons have already been shifted from the
line center to some extent. This also leads to less scattering in
the IGM, further reducing the impact of the large-scale velocity
field on the observed fraction.

4.2.3. Line-of-sight density gradient

This correlation is shown in the bottom-left plot of Fig. 5.
Because of the orientation of the observer towards the box, neg-
ative values here indicate that the density decreases in the di-
rection of the observer. This makes the general trend in the plot
plausible: observed fractions are lower if there is an interven-
ing large-scale overdensity region between the emitter and the
observer. The effect becomes smaller when turning off Hubble
flow and peculiar velocities, as can be seen in the lower-left
plot of Fig. 6. This is probably because the density of the envi-
ronment becomes less important, as discussed in the preceding
paragraphs. In contrast to ZCTM10, we find a prominent peak
in the density gradient signal, at a value of around zero. We at-
tribute this effect to the fact that halos with a density gradient
of ∼0 are predominantly located inside lower density regions
and voids. Because of the correlation of higher observed frac-
tions with lower densities, those halos have a higher observed
fraction. Analysis shows that these low density halos (δ < 0)
populate the region around ∂xiδ ∼ 0, and that their mean ob-
served fraction is about 6% higher than the mean observed frac-
tion of halos in denser regions. The mean density at the location
of halos with a density gradient between –0.03 and 0.0 h/Mpc,
for example, is reduced by a factor of 50% compared to the full
sample. Additionally, one can also notice that large absolute den-
sity gradients correspond to halos that are near the large-scale
overdensity, and therefore in a region where the density is in-
creased. For example, the mean large-scale overdensity for halos
with a density gradient <−0.08 h/Mpc is roughly twice the mean
of the whole sample. Since this increases the optical depth also
for the halos on the near side of the halo, it could also account
for the dip at large negative density gradients. This hypothesis is

also supported because the effect does not fully vanish when the
velocity field is set to zero, cf. Fig. 6.

4.2.4. Line-of-sight velocity

In the bottom-right plot, the correlation between line-of-sight ve-
locities and observed fractions is shown. The box is orientated
so that halos moving into the direction of the observer have pos-
itive velocities. The plot’s shape and the peak around zero stay
the same even if we turn off the peculiar velocities in the sim-
ulation, as can be seen in the lower-right plot in Fig. 6. This
indicates that the correlation is dominated by the density gradi-
ent, which looks nearly the same as the velocity signal when we
turn off peculiar velocities. This is quite plausible since the den-
sity gradient and velocity fields are highly correlated, cf. Fig. 10.
With Hubble flow and peculiar velocities switched on, we see a
much larger amplitude and a strong suppression at positive ve-
locities. Since halos with positive velocity move towards the ob-
server while those with negative velocities recede, we interpret
this as a consequence of the Hubble flow that suppresses blue
halos more strongly than the red ones.

4.3. Evolution with redshift

In Fig. 7, the results for the dark matter correlation are shown for
the redshift z = 2, 3, 4. For this part of the analysis, the smooth-
ing scale of the dark matter particles was adjusted to stay in
the linear regime at lower redshifts. As has been discussed in
a preceding section, the detection limit and the prescription of
the intrinsic luminosity are somewhat arbitrary. Since the total
mean density of the universe increases with redshift, we get dif-
ferent mean observed fractions at lower redshifts. At redshift 4,
we have a total observed fraction of 30% at redshift 2 it has risen
to above 80%. For individual emitters, the observed fraction can-
not be much larger than unity, so a higher total observed fraction
can result in a compression of the correlation signal.

We find that correlations decline in amplitude with decreas-
ing redshift. Since the mean density of the IGM decreases, the
influence of the environment of the halos weakens. For the cor-
relation of the observed fraction with the line-of-sight velocity,
the drop of the Hubble rate from ∼400 km s−1/Mpc at z = 4
to ∼200 km s−1/Mpc at z = 2 further reduces the influence of
the Hubble flow on the observed fractions from halos that move
towards the observer (vr > 0).

While for the density gradient and the line-of-sight veloc-
ity, this decline in amplitude preserves the overall trend, for the
density and the line-of-sight velocity gradient the lowest red-
shift z = 2 shows a slight turnaround. For this redshift, halos in
dense regions and in regions with a smaller velocity gradient are
preferred by a few percentage points. One possible explanation
is that the medium in dense regions is hotter at this later stage
of structure formation and, therefore, contains less neutral gas.
Since overdensities and low velocity gradients are coupled, this
also affects the velocity gradient correlation.

In Table 1, we show the results for linear fits to the general
trends seen in the correlations. They were calculated ignoring
the dip on the left side in the density gradient and velocity plots
(i.e., the left edge of the velocity- and density-gradient range).
Because of the nonlinearity of the density correlation, the fitted
value for this plot strongly depends on the chosen range for the
fit. We obtained our fitted value by ignoring the steep decline
below δ = 0.
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Table 1. Evolution with redshift.

z = 4 z = 3 z = 2
∂δ∆ε –0.48 –0.15 –0.05
∂∂rδ∆ε –3.0 –1.94 –0.78
∂vr ∆ε 1.9 ×10−3 1.1 × 10−3 3.0 ×10−4

∂∂rvr ∆ε 0.41 0.2 –0.08

4.4. Effects on the two-point correlation function

We calculate the two-point correlation function (2PCF) for
our simulation data following Landy & Szalay (1993) using a
standard estimator that is frequently written as:

ξ(r⊥, π) =
DD − 2DR + RR

RR
, (8)

where DD is the pair count of galaxies in the simulations, RR is
the pair count of random positions drawn from a uniform distri-
bution, and DR is the count for pairs consisting of one random
location and one galaxy, all separated by a distance π along the
line of sight and r⊥ orthogonal to that.

The real space 3D-2PCF as a function of line of sight sepa-
ration (π) and orthogonal separation (r⊥) is shown in Fig. 12 for
halos (left), LAEs (middle) and a shuffled LAE sample (right)
for our fiducial case with the Lyα detection limit set as ex-
plained above. The shuffled LAE sample was constructed fol-
lowing ZTCM11 by randomly shuffling the properties of the
simulated LAEs (S-LAE) to get rid off any correlation between
apparent luminosity/observed fraction and the spatial location
within the box. For all three samples, the number density was
fixed to 4×10−2 Mpc−3 h3 which corresponds to a (apparent) lu-
minosity threshold of 0.6×1042 erg/s for the LAE/S-LAE sample
and a mass threshold of 3.6×1010 M� for the halos. The redshift
is z = 4 for which we obtained the largest amplitude in corre-
lations (see above). Near to an orthogonal separation of ∼0, the
plot shows relatively strong fluctuations. Those are induced by
the small sample size near r⊥ ∼ 0 and by the finite resolution of
our output grid, resulting in source blending; the projected dis-
tance of LAEs in this region is too small to disentangle them.
We do not find a significant deformation of the 2PCF. ZCTM11
report an strong elongation pattern in the 2PCF along the line-
of-sight direction which they attribute to a correlation between
observed fraction and line-of-sight velocity gradient. In Fig. 13,
we plot the relative deviation of the LAEs’ 2PCF with respect to
the shuffled sample, ξdiff = (ξLAE − ξS−LAE)/ξS−LAE. As can be
seen, there is no indication of a deformation. We also tried differ-
ent higher detection limits and luminosity thresholds, but did not
find a significant elongation pattern. Also, the correlation with
line-of-sight velocity gradient is not stronger with a higher de-
tection threshold. We conclude that in contrast to ZCTM11, we
do not find a significant elongation in the line-of-sight direction.

In addition to the visual inspection of the 2PCF contours,
we computed its quadrupole moment in order to quantitatively
verify the absence of a distortion effect from Lyα RT. In Fig. 14,
we show the normalized quadrupole Q(s) (e.g., Chuang & Wang
2013) as defined by

Q(s) =
ξ2(s)

ξ0(s) − 3/s3
∫ s

0 ξ0(s′)s′2ds′
(9)

where ξ0(s)/ξ2(s) is the monopole/quadrupole contribution as a

function of s =

√
π2 + r2

⊥.

Even for a threshold of 1× 10−17 erg s−1cm−2arcsec−2 which
removes 90% of all emitters, no significant signal was found in
the magnitude of the quadrupole moment.

Again, this result can at least in part be attributed to our lower
redshift. The amplitude of the selection effect induced by the
RT and the observation threshold strongly depends on the op-
tical depth in the IGM. The denser and more neutral IGM in
ZCTM10/11 results in a stronger dimming of the central regions
of a source, leading to a lower observed fraction. By tuning the
observation threshold alone, this cannot be mimicked.

On the other hand, the linear analysis by Wyithe & Dijkstra
(2011), evaluated with coefficients estimated from our results,
indicates that our box size may be insufficient to measure a sig-
nal. Specifically, Wyithe & Dijkstra (2011) present an analyti-
cal model for estimating the impact of the radiative transfer on
the clustering signal. The parameters Cv and Cρ defined in their
Eqs. (12) and (13) measure how the relative transmission of the
IGM is affected by fluctuations in the velocity gradient and den-
sity field, respectively. These quantities are comparable by con-
struction to ∂∂rvr ∆ε and ∂δ∆ε used above.

We compare with our results in Table 1 by computing Cv

and Cρ with values estimated from our data, namely the frac-
tion of photons scattered in the IGM, F ≈ 0.7, the mean IGM
optical depth, τIGM ≈ 1.5, and the luminosity function power
law index, β = 2.2. We obtain Cv ≈ 0.6 and Cρ ≈ −1 from the
analytic model, which is broadly consistent with our values for
∂∂rvr ∆ε and ∂δ∆ε. At this level of Cv, the analysis of Wyithe &
Dijkstra (2011) would suggest a small but noticeable deforma-
tion of the 2PCF. We consequently cannot rule out that the ab-
sence of a signal in our results is affected by our limited statistics.

4.5. Impact of inclination on the observed fraction

In Fig. 15, the correlation between observed fraction and the in-
clination angle between the line-of-sight and the angular mo-
mentum of the dark matter halo is shown for all three redshifts.
For this plot, we use the full sample of simulated LAEs. We
use the dark matter angular momentum as a proxy for the disk
orientation in order to avoid ambiguities in the definition of the
disk plane, given the marginal resolution of galactic disks in the
MareNostrum simulation. Of course, the scatter between disk
orientation and halo angular momentum reduces the signal from
disk orientation effects on the Lyα observed fraction as seen, for
instance, in Bett (2012). On the other hand, this choice provides
a more direct measure of the impact of halo tidal alignment on
the clustering statistics, to be discussed below. For simplicity, we
will refer to galaxies viewed along the direction of their halo an-
gular momentum as face-on, even though the viewing direction
may not be exactly normal to the disk plane.

For face-on galaxies, the observed fraction is increased by
∼15% with respect to edge-on galaxies. This is intuitive, since
photons preferentially escape perpendicular to the disk because
of the reduced optical depth compared to the path through
the disk plane. Since this is a local effect, it is independent of the
chosen line of sight and is not affected by switching off/on the
peculiar velocity field or the Hubble flow.

Strong inclination dependence has also been found by vari-
ous groups (e.g., Laursen & Sommer-Larsen 2007; Yajima et al.
2012; Verhamme et al. 2012) in simulations of isolated disk
galaxies. Their results also showed a strong sensitivity on the
morphology of the ISM, with a denser and clumpier structure
exhibiting a significantly more pronounced dependence on view-
ing angle. In order to assess the full extent of LAE emission
characteristics as a function of inclination angle, high-resolution
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Fig. 12. 2PCF as a function of line of sight (π) and perpendicular distance (r⊥) for halos (left plot), observed LAEs (middle), and S-LAE sample
(right) in real space at z = 4. The dashed contours correspond to ξ = 1, contours are separated by 0.4. The number density of all threshold samples
is 4 × 10−2 Mpc−3 h3. The plots were averaged over three different lines of sight to reduce cosmic variance.

Fig. 13. Ratio of the 2PCF of S-LAE and LAEs ξdiff = (ξLAE −
ξS−LAE)/ξS−LAE. Contours are separated by 15%; the dashed contour cor-
responds to a value of 0. Number densities and thresholds are the same
as in Fig. 12.

Fig. 14. Q(s) for z = 4 halo sample (black solid), LAE sample (red
dashed), and S-LAE sample (green dotted line). Number density is 4 ×
10−2. The spikes at 2–3 Mpc/h are due to poles.

simulations which provide a fair representation of the ISM mor-
phology are required. Our results, based on a simulation with
marginal spatial resolution of galaxies which results in a very
smooth ISM structure, can therefore only provide a lower bound
on the expected magnitude of the effect.

We do not find a significant evolution of the inclination
dependence with redshift. This is surprising, since one might
expect the disk-like shape to become more prominent at lower

redshift because of the higher total mass in the ISM. Further in-
vestigation is needed to resolve this issue, but one has to keep in
mind that comparisons of the signal’s amplitude can be difficult
between different redshifts (cf. Sect. 4.3).

The signature of orientation dependence and tidal alignment
on redshift space distortions (RSD) has been analyzed by Hirata
(2009) who concludes that the effect is degenerate with grav-
itationally induced RSD (i.e., the Kaiser effect, Kaiser 1987)
and may amount to several percentage points for reasonable as-
sumptions about alignment and inclination dependence of the
observed flux. However, it is easy to see that the coefficient that
measures the orientation dependence (named ψ in Hirata 2009)
can be made much larger if one assumes a very steep transi-
tion from edge-on to face-on flux, such as the one observed by
Verhamme et al. (2012) in their case G2. The smoothness of the
transition seen in our results (Fig. 15) can be attributed to two ef-
fects that have already been mentioned above. First, the spread of
disk orientations with respect to halo angular momentum washes
out the overall signal, and second, the spatial resolution is inad-
equate to capture the full extent of the expected orientation de-
pendence. While the former is physical and will be present in
real data, the latter is an artifact of our method.

These results are highly suggestive that LAEs can provide a
sensitive probe of gravitationally induced tidal alignment. This
could reduce the accuracy of growth factor measurements from
surveys like HETDEX; however, additional information from
the galaxy bispectrum can break the degeneracy (cf. Krause &
Hirata 2011), but it also offers the attractive opportunity to search
for tidal alignment in LAE survey data and to test the predictions
of CDM structure formation. For instance, recent results from
large N-body simulations show an alignment along large-scale
structure filaments for lower-mass halos, whereas the angular
momenta of high-mass halos preferentially align perpendicular
to the direction of filaments (Codis et al. 2012). Further work
is needed to explore the potential of LAEs as tracers of cosmic
alignment.

5. Conclusions

Our numerical analysis clearly shows that resonant scattering in
the CGM and IGM can strongly suppress observed Lyα fluxes.
We find mean observed fractions between 30% at z = 4 and
around 80% at z = 2. We stress that we do not include de-
struction by dust, hence the suppression in flux only results
from anisotropic escape of photons from their halos and diffuse
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Fig. 15. Correlation between the relative observed fraction and the in-
clination of the halos with respect to the observer. An inclination of 1
corresponds to a face-on emitter, 0 corresponds to edge-on. The lines
show data from z = 4 (black), z = 3 (red), and z = 2 (green).

scattering in the IGM. These results are consistent with Laursen
et al. (2011).

We do find correlations between the large-scale density and
velocity fields and the observed Lyα fraction. This broadly con-
firms the results of ZCTM10 who report a much stronger effect
at higher redshifts. Apart from their overall smaller amplitude,
the correlations seen in our work differ from those found by
ZCTM10 in their relative strength. Whereas the velocity gradi-
ent has by far the strongest effect in their results, in our case it
is comparable in magnitude to the correlations of Lyα observed
fraction with large-scale density, density gradient, and velocity
fields. This appears more natural to us since density and velocity
gradient are correlated via the continuity equation.

All of the correlations with large-scale fields that we found
have plausible interpretations in terms of resonant scattering
with neutral hydrogen modulated by density and Doppler shift.
Owing to the strong correlations between the density and veloc-
ity fields in the linear regime, it is not always possible to un-
ambiguously identify the dominant effect. By artificially turning
off the peculiar velocity and Hubble flow terms in the scattering
cross sections, we were able to separate the effects of density and
velocity to some extent. The results are consistent with intuitive
expectations: the effect of large-scale overdensity is largest and
similar to the velocity gradient, followed closely by velocity and
density gradient.

For all correlations except orientation dependence we find a
strong decrease of their amplitude from redshift 4 to 2. Despite
the strong impact of the radiation transport on the observed
fluxes, we do not reproduce the clustering signal found by
ZCTM11. Even at z = 4 where the correlations are strongest,
we fail to detect a significant change in the 3D 2PCF. Although
the lower redshift of our studies is expected to reduce the cluster-
ing signal, a comparison with the analytical model by Wyithe &
Dijkstra (2011) suggests that this is not the full explanation. The
values we find for the dependence of the observed flux on the
large-scale velocity gradient would, according to their model,
lead to a small but detectable deformation in the 2PCF. It is
therefore plausible that the limited statistics due to our finite
box size are partly responsible for our failure to detect non-
gravitational clustering from Lyα RT effects.

We also found a distinctive correlation between the Lyα
observed fraction and the angular momentum of the dark
matter halo, which we interpret as a signal of the orientation

dependence of LAE fluxes. Although the amplitude of the sig-
nal is only ∼15% in our numerical analysis, we assume that
it can be substantially larger in reality as our results are lim-
ited by poor spatial resolution of the ISM. In this case, partial
alignment of halo spins with the large-scale tidal field may give
rise to contaminating contributions to redshift space distortions
(Hirata 2009; Krause & Hirata 2011). On the other hand, our re-
sults combined with recent high-resolution simulations of LAEs
(Verhamme et al. 2012) suggest that LAEs provide a sensitive
observational probe of tidal alignment.
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Appendix A: The physics of Lyα transport

A.1. General

Lyα photons emitted in starforming regions of a galaxy undergo
resonant scatterings that result in a stochastic movement in space
and frequency. As in many previous studies, we denote the fre-
quency of a Lyα photon with the dimensionless quantity

x =
ν − ν0

νD
, (A.1)

where νD is the Doppler frequenc; νD =
vthν0

c with the most prob-

able thermal velocity of the atoms vth =
(

2kBT
mH

)1/2
and all other

symbols have their usual meaning.
A non-zero bulk velocity of the gas u can be taken into ac-

count easily by performing a first-order Lorentz transformation
into the restframe of the macroscopic gas motion:

x′ = x − u · n
vth
· (A.2)

Following Dijkstra et al. (2006), we denote quantities measured
in the restframe of macroscopic bulk velocity with a prime. If not
mentioned otherwise, quantities are measured in the frame of an
observer which is at rest with respect to the center of mass (but
notice the remarks on the Hubble flow in Appendix B). Here, n
is the direction of the photon.

A.2. Absorption and reemission

The scattering cross section of a Lyα photon can be written as

σL = f12

√
πe2

mecνD
H(a, x′) (A.3)

with f12 the Einstein coefficient and H(a, x′) the Voigt profile
that depends on the dampening parameter a = ∆ν

2νD
. ∆ν is the nat-

ural line width; Therefore, the optical depth τ for Lyα traveling a
distance l with frequency x through a gas with neutral hydrogen
number density nH is

τ =

∫ l

0
σL nHdl′. (A.4)

The probability P of a photon of passing through an optical depth
τ without being absorbed is equal to

P = e−τ. (A.5)

Neutral hydrogen atoms on which the scatterings occur follow
a specific velocity distribution because of their random ther-
mal velocity and the macroscopic gas velocity, since photons are
red/blueshifted in the frame of the scattering atom. It is conve-
nient to split the thermal velocity into components parallel and
orthogonal to an incoming photon. The PDF of the parallel com-
ponent is

P(vz) =
ae−v

2
z

π[(x′ − uz)2 + a2]
H−1. (A.6)

The other two components orthogonal to the direction of the in-
falling photon follow a Gaussian distribution.

Absorption is quickly followed (∆t ∼ 10−9 s) by reemission.
The frequency of the reemitted photon depends on the scattering
atom’s velocity because the scattering is coherent in the atom’s

restframe, but not necessarily in the reference frame of an ob-
server. If ua denotes the atom’s velocity in the frame of the ob-
server, then the relation between the frequency of the infalling
photon xi and the reemitted photon xr satisfies

xr = xi +
ua · (nr − ni)

vth
, (A.7)

where ni/nr is a unit vector in the direction of the in-
falling/reemitted photon. We neglect the recoil on the scattering
atom here, because it has been shown to have no significant ef-
fect on the radiation transport (Zheng & Miralda-Escude 2002).
The distribution of the remission’s direction is determined by a
phase function. Depending on the frequency of the infalling pho-
ton, different phase functions have been proposed for the angular
distribution of Lyα photons. As shown in Tasitsiomi (2006), for
numerical simulations the differences between the phase func-
tion are quickly washed out by the resonant scatterings. For that
reason we use an isotropic phase function that can be written as

P(nr|ni) = const. (A.8)

Since the frequency of the photons generally changes because
of the scatterings, the photons perform a random walk in space
and frequency (Harrington 1974). The cross section quickly de-
creases when a photon leaves the line center, so the mean free
path will increase drastically for a photon left/right of the line
center. Typically, photons leave an optical thick medium after a
couple of scatterings on atoms to which they appear strongly red-
or blueshifted because in that case it is probable that the photon
is reemitted with a frequency far away from the line center mea-
sured in the reference frame of the observer.

Appendix B: LyS – A Lyα simulation code

Our implementation of a Monte-Carlo code for Lyα radiation
transport is called LyS. It is capable of tracking photons in
grids with AMR. LyS is OpenMP-parallelized, so on machines
with multiple cores, each core can handle one photon at a time.
Additionally, MPI was implemented to deal with the large data
set of the MareNostrum galaxy formation simulation.

Similar to other codes, LyS solves the radiation trans-
fer problem for individual photons via the following iterative
algorithm:

1. Draw an optical depth τ0 exponentially distributed
(Eq. (A.5));

2. Integrate the optical depth τwhile the photon traverses a grid
of gas cells (Eq. (A.4));

3. When τ equals τ0, a scattering point is reached. Draw the
velocity of the scattering atom from the PDF in Eq. (A.6);

4. Calculate the new frequency and direction of the scattered
photon according to Eqs. (A.7) and (A.8).

The iteration is stopped when a photon has traveled a quarter
of the box length from its source. If it reaches a box boundary
before traveling a quarter length, we apply periodic boundaries.

For the generation of the output, we use the so-called next
event estimator or peeling-off method (Whitney 2011). At each
scattering, we calculate the probability of the photon being
reemitted into the direction of the observer and reaching the
boundary of the box without additional scatterings. This might
be thought of as sending out a tracer photon at each scatter-
ing event. The probability of reaching the observer is given by
Eq. (A.5), where τ is now the optical depth along the line of
sight from the scattering point to the boundary of the box. Since
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the frequency of the reemitted photon depends on the direction
in which it is emitted, one has to assign the frequency for the
tracer photon according to Eq. (A.7). The calculated probability
is summed in the output array for each scattering. Assuming the
observer is located in the direction of the positive x-axis, the ar-
ray holds ny × nz × nλ bins for the y-/z-coordinate of the photon
and the physical wavelength.

The line-of-sight integration used in the peeling-off method
also applies periodic boundaries if the integration distance is less
than a quarter of the box length (and stops the integration if this
value is reached). This removes edge effects due to the finite ex-
tent of the box. One could also just skip sources near the bound-
aries, but this would result in the loss of many emitters, degrad-
ing the statistics. Physically, this corresponds to a flattening of
the volume in the line-of-sight direction. This is plausible since
the box is thin compared to the distance to the observer.

During the line-of-sight integration, tracer photons are red-
shifted according to the linear Hubble Law. Regular photons
are also redshifted on their path through the volume. This is
implemented by adding a term

uH = −Hdlsp (B.1)

to the bulk velocity in Eq. (A.2), where dscat denotes the distance
vector to the last scattering location of the photon and H is the
Hubble rate at the specific redshift. In this sense, each photon has
its own frame of reference, in rest with respect to the observer’s
frame, but seeing a spherical velocity field centered on the last
scattering location.

To find random numbers following the distribution in
Eq. (A.6), we use the so-called rejection method (Press et al.
2007) in an implementation similar to Laursen et al. (2009a).
The LyS implementation uses the acceleration scheme proposed
by Ahn et al. (2002) which reduces the number of scatterings
by skipping so-called core scatterings. This is done by cutting
off the velocity distribution of the scattering atom below some
value, which effectively forces photons to be scattered by atoms
to which they appear far in the blue or red. If the frequency |x|
is below a critical frequency xcw, the components of a scattering
atom’s velocity that are perpendicular to the photon direction of
flight are drawn via

v⊥,0 =

√
x2

cw − log R4 cos(2πR5) (B.2)

v⊥,1 =

√
x2

cw − log R4 sin(2πR5). (B.3)

Here, the Ri are random numbers drawn from a uniform distri-
bution.

In this paper, we focus on Lyα radiation from star forming
regions near the center of young galaxies. Taking into account
the resolution of our simulation box, it is a good approximation
to emit photons at the center of the halos. Following ZCTM10,
we choose the intrinsic Lyα luminosity of a halo proportional to
its star formation rate RSF, which is in turn a linear function of
the halo mass Mh:

Li = 1042RSF
erg s−1

yr−1 M�, (B.4)

RSF = 0.68
Mh

1010 M�
yr−1. (B.5)

Both equations should vary with redshift. The cosmic star for-
mation history reached its peak around redshift 2 (Kobayashi
et al. 2013), and the intrinsic Lyα luminosity should be modi-
fied by dust attenuation that is also a function of star formation

Fig. B.1. Comparison of the redistribution function calculated using the
analytic solution by Lee (1974) (solid lines) with our code. Shown is
the probability that a photon will be reemitted with a frequency x′ when
it has the frequency x before the scattering occurs for some values of x.

history. We ignore this here, since from the perspective of our
numerical simulation, the total intrinsic luminosity plays only
the role of a normalization, especially because we are mostly
interested in ratios between intrinsic and apparent luminosities.
We also stress that we chose this specific model to be compa-
rable to previous work, not because it is the relation predicted
by the MareNostrum simulation. Photons are emitted with a fre-
quency drawn from a Gaussian. Its width is determined by the
viral temperature of the halo:

Tvir =
GMhµmH

3kBc
· (B.6)

Here, Rvir denotes the virial radius of the halo and µ is the mean
molecular weight. In this way, we include the velocity distri-
bution of emitters that are gravitationally bound. Photons are
emitted from halos with mass ≥5 × 109 M�. Since the range
of masses and thus intrinsic luminosities is about 3 orders of
magnitude, we follow ZCTM10 in applying a weighting proce-
dure for the individual photons to reduce the total number of
photons to compute. Each halo emits at least nmin = 1000 pho-
tons independently of its mass. In total, we run the RT for
about 40 000/49 000/51 000 halos at redshift 4/3/2. To conserve
the relative intrinsic luminosities, photons are given a mass-
dependent weight.

B.1. Code verification

To verify the correctness of our radiative transfer code, we per-
form the standard tests from the literature. In Fig. B.1, the re-
distribution function f (x, x′) is shown, namely the probability
for an infalling photon with frequency x to be reemitted with a
frequency x′. In this test, only thermal motions of the scattering
atom are considered. Overplotted are the analytical solutions by
Lee (1974).

The standard test for Lyα-codes, the so-called static sphere
test, is shown in Fig. B.2 for various optical depths (τ0 =
105/106/107). In this test, photons are launched in the center an
isothermal sphere of constant density. Overplotted is the analytic
solution from Dijkstra et al. (2006). For these tests, the accelera-
tion scheme was turned off. The static sphere test was also done
with the activated acceleration scheme. It still resembles the an-
alytical solution quite well.
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Fig. B.2. Comparison between the analytical solution (solid lines) of
the spherical test case (see text) and the results obtained by LyS. Shown
is the probability distribution of the escaping photons as a function of
the dimensionless frequency x. The innermost peaks correspond to an
optical depth of 105, the outermost to 107. The third case is for an optical
depth of 106.

�20 0 20 40 60
x

0.02

0.04

0.06

0.08
P�x�

Fig. B.3. Dimensionless frequency distribution of photons escaping
from an isothermal (2 × 104 K) homogeneous sphere with column den-
sity of 2 × 1020 NH from the center to the surface. A Hubble-like ve-
locity prescription given by Eq. (B.7) is assigned. The different lines
correspond to different maximum collapse velocities: 20 km s−1 (line),
200 km s−1 (dashed), 2000 km s−1 (dotted).
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Fig. B.4. Same as Fig. B.3, but for an expanding sphere. The different
lines correspond to the maximum expansion velocities: 20 km s−1 (line),
200 km s−1 (dashed), 2000 km s−1 (dotted).

For Figs. B.3 and B.4, the static sphere problem was modi-
fied with a Hubble-like bulk velocity field. The gas was assigned
a velocity

ubulk =
vmaxr
rmax

· (B.7)

Where vmax is a certain constant maximum velocity vmax, r the
distance vector from the center of the sphere and rmax the dis-
tance from the center where |u| = vmax. Since there is no ana-
lytic solution for this test case available, we can only compare
the results from other codes. The results from LyS are in good
agreement with the plots in Faucher-Giguere et al. (2010) and
Dijkstra et al. (2006).
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ABSTRACT

We investigate the radiative transfer of Lyα photons through simplified anisotropic gas distributions, which represent physically
motivated extensions of the popular shell models. Our study is motivated by the notion that (i) shell models do not always reproduce
observed Lyα spectral line profiles; (ii) (typical) shell models do not allow for the escape of ionizing photons; and (iii) the observation
and expectation that winds are more complex, anisotropic phenomena. We examine the influence of inclination on the Lyα spectra,
relative fluxes and escape fractions. We find the flux to be enhanced/suppressed by factors up to a few depending on the parameter
range of the models, corresponding to a boost in equivalent width of the same amplitude if we neglect dust. In general, lower mean
optical depths tend to reduce the impact of anisotropies as is expected. We find a correlation between an observed peak in the –
occasionally triple-peaked – spectrum at the systemic velocity and the existence of a low optical depth cavity along the line of sight.
This can be of importance in the search for ionizing photons leaking from high- redshift galaxies since these photons will also be able
to escape through the cavity.

Key words. radiative transfer – galaxies: high-redshift

1. Introduction

There is ample observational evidence that Lyα photons scatter
through outflowing HI gas as they emerge from the interstellar
medium of star forming galaxies. In local galaxies, gas kine-
matics on interstellar scales is one of the key factors that de-
termines whether Lyα photons escape (Kunth et al. 1998; Atek
et al. 2008). Moreover, observed Lyα spectral lines in higher red-
shift (z ∼ 3) galaxies have P-Cygni type profiles which consist
of a redshifted emission line and a blueshifted absorption trough,
which are clear characteristics of the presence of an outflow (e.g.
Shapley et al. 2003). The ubiquitous presence of outflows is also
revealed by the blueshifted low-ionization metal absorption lines
in a large fraction of Lyman break galaxies (LBGs). These same
LBGs typically exhibit a Lyα emission line that is redshifted
by ∼2−3 × the outflow velocity inferred from the absorption line
data, and strongly suggest that Lyα photons have been scattered
by H  within the outflow (e.g. Steidel et al. 2010).

Modeling cold, outflowing interstellar gas is an extremely
difficult task, and practically requires simulations to fully resolve
the interstellar medium (see Dijkstra & Kramer 2012, and refer-
ences therein). Models of Lyα emitting galaxies have thus far
employed a subgrid model of scattering through the outflow, in
which the outflow is represented by a spherical shell of HI gas
(see Ahn et al. 2003; Verhamme et al. 2006, for a description
of the shell model). This spherical shell is geometrically thin
(thickness is 10% of the radius of the shell), and is parameterized
(primarily) by an HI column density, an outflow velocity, and a
dust optical depth. It has been demonstrated that these models
can provide good fits to observed Lyα line shapes (Verhamme
et al. 2008; Schaerer & Verhamme 2008; Vanzella et al. 2010).

Recently however, near-infrared spectrographs have mea-
sured rest-frame optical nebular lines from galaxies at z ∼ 2
(where it is possible to detect Hα) and z ∼ 3 (where it is
possible to detect [OIII]). The detection of these nebular lines
constrains the systemic velocity of galaxies, and therefore the
spectral shift of the Lyα line relative to their systemic velocity
(McLinden et al. 2011; Kulas et al. 2012; Hashimoto et al. 2013).
Importantly, it has been demonstrated that having both the shift
and the spectral line shape poses a challenge to the shell mod-
els for a fraction of Lyα emitting sources, i.e. since the Doppler
parameter b derived from this data seems not to fit the observed
low-ionization absorption (Kulas et al. 2012), although the exact
fraction of emitters problematic for the shell model is still de-
batable. There is also evidence for the existence of holes in the
HI distribution of some Lyα emitters that are only poorly fitted
by the shell model (Chonis et al. 2013). Hence, there is increas-
ing observational demand for models that go beyond the shell
model. Moreover, from a physical point of view the shell-model
is not satisfactory because its simple geometry does not capture
the complex structure of the gas in outflows.

Going beyond the shell model is clearly complicated: break-
ing spherical symmetry causes the predicted spectral line shapes
to depend on viewing angle. Moreover, departures from spher-
ical symmetry introduce new parameters that significantly in-
crease the volume of parameter space that can be explored. In
this paper, we investigate Lyα transfer through non-spherical
models for winds that are still relatively simple & physically mo-
tivated. Examples of models we study include: (i) shells-with-
holes; (ii) bipolar winds; and (iii) so called cavity models (see
Sects. 2.1, 2.3 for details). The first two classes of models ap-
proach a spherical shell model when either the hole becomes
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arbitrarily small, or when the anisotropic velocity component
of the bipolar model vanishes. Duval et al. (2014) have inves-
tigated different modifications of the shell model, namely statis-
tically isotropic, dusty and clumpy shells. These models are in
statistical sense still isotropic and have covering factors near 1,
yielding only few lines of sight that are optically thin, while the
models discussed here have strong anisotropies with many op-
tically thin lines of sight. Importantly, Duval et al. (2014) and
Laursen et al. (2013) have focussed on studying boosts in equiv-
alent width (EW), averaged over all sightlines. Laursen et al.
(2013) points out that there can be departures in this boost from
the average along individual sightlines, which is the main focus
of our work.

A common property of all our models is that there exist
sightlines through the wind which contain a very low (or zero)
HI-column density. Our wind models thus include possible es-
cape routes for ionizing photons (which clearly do not exist in
the shell models). This property of our models is important,
and motivated by a scenario in which ionizing photons escape
efficiently only along a fraction of sightlines. This picture is
motivated by observations of LBGs for which outflowing low-
ionization absorption line systems, which trace cold (T ∼ 104 K)
gas, are not always fully covering the UV-emitting regions1;
For example, Jones et al. (2013) find that the maximum low-
ionization covering fraction for their sample at z > 2 is 100% in
only 2 out of 8 galaxies (see also Heckman et al. 2011, who find
evidence for a low covering factor of optically thick, neutral gas
in a small fraction of lower redshift Lyman break analogues).
This covering factor of cold outflowing gas decreases with red-
shift (Jones et al. 2012, 2013), which may explain that the escape
fraction of ionizing photons increases with redshift as has been
inferred2 independently by observations of the Lyα forest and
the UV-LF of drop-out galaxies (e.g. Kuhlen & Faucher-Giguère
2012; Robertson et al. 2013). Finally, the possibility that ioniz-
ing photons escape highly anisotropically naturally explains the
apparently bimodal distribution of the inferred escape fraction in
star forming galaxies, in which a small fraction of galaxies have
a large fesc and a large fraction practically are consistent with
having fesc = 0 (Shapley et al. 2006; Nestor et al. 2011; Vanzella
et al. 2012).

From a Lyα transfer point-of-view, the existence of low
HI-column density channels can have major observational con-
sequences. For non-spherical gas distribution, Lyα generally
escapes anisotropically (see Laursen & Sommer-Larsen 2007;
Verhamme et al. 2012; Zheng & Wallace 2013, and references
therein), where the flux can vary by as much as a factor of
>10 depending on the viewing angle (Verhamme et al. 2012). We
expect this anisotropy to be potentially more extreme in models
that contain low-NHI sightlines, which we refer to as holes and/or
cavities. These cavities may correspond to regions that have been
cleared of gas and dust by feedback processes (see Nestor et al.
2011, 2013, who describe a simple blow-out model).

In this paper we study Lyα transfer through simplified mod-
els of the ISM which include outflow-driven cavities. Our mod-
els consist of several families. The shell-with-holes and bipolar-
wind models can easily be connected to the traditional shell
models, which makes it easier to interpret our results. The

1 A caveat is that the covering factor is less than unity over a range
of velocities. Cold gas moving at different velocities can cover different
parts of unresolved UV emitting sources, and it remains possible that
the covering factor integrated over velocity is 1.
2 This redshift evolution appears to be required in order to be able to
reionize the Universe (Kuhlen & Faucher-Giguère 2012).

cavity models represent a scenario in which gas is outflowing
perpendicular to a galactic disk. This paper has two main goals:
(i) to investigate the variation in flux for different viewing angles
which will give us an estimate for the expected boost in EW with
respect to the isotropic case; and (ii) to investigate whether there
are robust observational spectral signatures of the Lyα line for
sightlines that go through a cavity.

The outline of this paper is as follows: in Sect. 2 we introduce
our models. In Sect. 3.1, we discuss and interpret our results
with a focus on individual dust-free realizations of our model
families. In Sects. 3.2 and 3.3, we consider the influence of dust
and generalize our results with a parameter study.

2. Our models and parameters

In order to investigate the variation of fluxes and spectra with
viewing angle, we have to break the symmetry of the models by
introducing anisotropic velocity and/or density fields. Like the
shell model, our models are primarily motivated by situations
where galactic winds and other feedback mechanisms drive out-
flows, blowing out or ionizing neutral gas. We take into account
the asymmetry of such winds that are expected to occur particu-
larly in the transverse direction of the plane. This introduces an
anisotropy in this direction. We define the inclination as the an-
gle between the z-axis and a unit vector towards the observer. To
quantify the anisotropy of fluxes and spectra, we define a set of
observers, each observing photons within a certain angular bin.
Bins are equally spaced in cos(θ) so that each observer sees the
same area of the unit sphere, meaning that in isotropic cases, all
observers should detect a statistically equal number of photons.
As usual, we measure the frequency of escaping photons in the
dimensionless quantity x = ∆ν/νD, where ∆ν is the physical fre-
quency centered on the Lyα line center and νD is the Doppler
frequency.

2.1. The bipolar model

Here, we assume the wind to drive the expanding shell asym-
metrically. This deforms the shell over time and displaces it
anisotropically. Likewise, the density evolves with inclination,
because mass conservation ensures that the mass within a solid
angle remains constant. We define the velocity at an angle θ
to be

u(r) = er(vb cos(θ) + vc), (1)

where er is the unit vector from the center to r, vb is the magni-
tude of the anisotropic velocity component and vc is the isotropic
component. At a given inclination cos θ, the shell will be dis-
placed by some distance s from the original position,

s = (vb cos(θ) + vc)t. (2)

Here, t is some time parameter that controls the evolution of the
shell’s shape. We caution the reader that for our radiative trans-
fer, we assume a steady state, e.g. t does not evolve during the
calculation. t is given in units of the simulation box crossing
time, e.g. s becomes the box length for t = 1. The density within
the shell at a given inclination reads

ρ = ρ0
r2

i + riro + r2
o

3s2 + r2
i + riro + r2

o + 3s(ri + ro)
, (3)

where ρ0 is some hydrogen density defined such that at t = 0

N
′
H = ρ0(ro − ri). (4)
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Fig. 1. Illustration of the bipolar model for three different time parameters. Arrows indicate velocity vectors, contours the density distribution. As
the time parameter evolves from left to right, the anisotropy in the bulk velocity becomes visible in the density distribution.
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Fig. 2. Illustration of the shell-with-holes model. Arrows indicate ve-
locity vectors, contours the density distribution.

We denote this column density with an additional prime because
it is not the effective column density if t , 0. In Fig. 1, this
setup and its dependence on the time parameter is illustrated. In
practice, we parametrize vc and vb by the sum of both vtot and the
fraction fb that goes into parametrizing the anisotropic velocity
field

vb = fbvtot. (5)

2.2. The shell-with-holes model

Assuming a spherically expanding hydrogen shell around the
emitter, in one limiting case the wind emerging from the ISM
might just blow off the cap of the spherical shell in the ±z-
direction, carving a conical region out of the shell. A cut through
the density field of such a setup can be seen in Fig. 2. The solid
angle subtended by the conical holes in the shell, Ω, is the only
new parameter in this setup and can be also parametrized by the
angle θH as indicated in Fig. 2.

2.3. The cavity model

In a later stage, the galactic feedback might have completely
swept away or ionized the gas along its path, while in the plane,
cold gas is still accreted. In an extreme scenario, this leads to
a quasi-static situation where a small region along the ±z-axis

Table 1. Summary: model parameters.

Model Parameter set
Shell NH, v, b
Bipolar N′H, b, vtot, f , t
Shell-with-holes NH, v, b, Ω
Cavity NH

′′, b, parameters of the parabolae, vl

is essentially evacuated. This model is somewhat similar to the
shell-with-holes model, but due to the gaseous torus around the
cavity, there is a high probability that photons coming from ran-
dom angles are scattered so that they are eventually aligned with
the z-axis. Here, our density profile is described by the intersec-
tion of two rotated parabolae, p1(x) = a1(|x| − b1)2 + c1 and
p2(x) = a2(|x| − b2)2 + c2 where x is the perpendicular dis-
tance from the z-axis. The density at a point at distance x′ from
the z-axis and at a height h above the plane is non-zero when
h < p1(x′) and h < p2(x′).

We define rc to be the radius of the object at z = 0 and set
NH
′′

rc
= ρ. We label the column density with two primes because

it is not equivalent to the column densities in the models above
since the effective column density seen by a photon emitted at an
initial angle θ0 will non-trivially depend on this angle due to the
shape of the density distribution (see also Fig. 3) Additionally,
we add a linear velocity field

u = ez
z

zmax
vl, (6)

which is proportional to the height over the plane and parallel to
the ±z-axis. zmax is the z-coordinate of the “tip” of the density
distribution. This setup is illustrated in Fig. 3.

3. Results

3.1. Flux and spectra for individual models

In this section, we show results for three individual realizations
of our models. If not stated otherwise, we set the Doppler param-
eter b to 40 km s−1 and insert the Lyα photons with a Gaussian
distribution around the line center, where the width σ is set
to 100 km s−1. 107 photons were calculated for every realiza-
tion to ensure convergence. For the models presented here, we
show the column density and initial optical depth (for a photon
at line center) as a function of inclination in Fig. 4.
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Fig. 3. Illustration of the cavity model with three different parameter sets for the parabolae that define the density distribution. Arrows indicate
velocity vectors, contours the density distribution.
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different models discussed in Sect. 3.1 as a function of the angle θ between the line of sight an the the z-axis. Note the log-scaling in the right plot.

3.1.1. Bipolar

In the upper panel of Fig. 5, we show the flux as a function
of viewing angle for a particular case of the bipolar model
(vtot = 200 km s−1, fb = 0.5, N′H = 1020 cm−2, t = 0). Values are
given in units of the corresponding isotropic distribution among
the observers. Let F = n/N be the relative flux an observer
detects, where n is the number of photons received by the ob-
server and N the total number of photons simulated. Further, let
F0 = N/nbins be the relative flux assuming isotropy with nbins
the number angular bins. The flux in these bins can be seen as
the flux an observer at a specific inclination would obtain. F/F0
measures the relative flux relative to the isotropic case. We stress
that assuming the object to be dust-free, this quantity is propor-
tional to the EW of the observed Lyα line.

Since for the setup in Fig. 5 the time parameter is zero, the
density field is equivalent to the isotropic shell model, but the
velocity field exhibits an anisotropy, lowering the optical depth
along the z-axis by a factor of 103 with respect to lines of sight
within the xy-plane. Since the time parameter is zero, we refer
to this model as early-bipolar model. As can be seen in the up-
per panel of Fig. 5 the flux variation is small, about 15% more
photons escape at θ ≈ 0◦ than at θ ≈ 90◦. In the bottom panels
of Fig. 5, we show spectra obtained at three different observa-
tions angles. Horizontal lines in the top panel show at which
angles the spectra where evaluated. For these parameters, the

shape of the spectrum does not change significantly with ob-
servation angle. The three different lines Fig. 5 show the re-
sults for different input spectra with a width of 100/40/10 km s−1

(solid/dotted/dashed lines). As expected, a narrow input spec-
trum leads to a higher and narrower peak for small observation
angles. The flux does not change significantly with respect to the
width of the Gaussian.

In Fig. 6, we show the same quantities for a more evolved
setup with t = 0.15 which will we will refer to as the late-
bipolar case. Here, the flux distribution shows a counterintu-
itive trend; while flux is suppressed for large observations an-
gles, it is also suppressed for very small angles, leading to a
maximum at around θ = 38◦. Detailed investigation shows that
this is a geometrical effect from the deformation of the shell.
Most parts of the surface of the bipolar shell point towards the
xy-plane. Photons escaping the shell in these areas will most
likely not escape with a small angle θ. Photons that do escape
with small angles most probably escape from the poles. This
leads to enhanced flux at intermediate angles, because photons
escaping at these angles can statistically escape at every point
of the surface, while those at small/large angles are confined to
certain areas. This could also be described as a “projection ef-
fect”. Our explanation is further supported by the fact that the
effect becomes stronger for a broader input spectrum. The blue
part of the Gaussian is subject to scatterings even for photons
traversing the shell along the z-axis. The broader the spectrum,
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Fig. 5. Top: flux as a function of angle of observation for the early-bipolar model. Units are chosen so that a value of 1 would correspond to the
isotropic case. Bottom: spectrum evaluated at three different angular bins (indicated by vertical lines above). Results are shown for input spectra
with a width of 100 (blue, solid), 10 (green, dashed) and 40 (red, dotted) km s−1. Spectra are normalized to the total flux in the angular bin. Model
parameters are N′H = 1020 cm−2, vtot = 200 km s−1, fb = 0.5, t = 0.

Fig. 6. Same as Fig. 5, but for the late-bipolar model. Model parameters are N′H = 1020 cm−2, vtot = 200 km s−1, fb = 0.5, t = 0.15.
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Fig. 7. Same as Fig. 5, but for the shell-with-holes model. Model parameters are v = 200 km s−1, NH = 1020 and Ω = 10%, meaning that 10% of
the shell is subtended by the holes.

the more blue photons are scattered at the poles, redistributing
their orientation and further enhancing measured flux at inter-
mediate angles.

The spectra shown in the bottom panels in Fig. 6 again show
a peak at x = 0 for observers looking down the z-axis (bottom
left panel). For an input spectrum with a width of 100 km s−1,
it is slightly shifted. This can be attributed to the suppression of
the blue part of the input spectrum due to scatterings in the out-
flowing material. For smaller widths, the peak is clearly centered
at x = 0 again. For observers around θ = 40◦, the amplitude of
the peak is lower. If we go to larger angles, the central peak van-
ishes and the red peak visible in all of the three spectra becomes
dominant.

3.1.2. Shell-with-holes

The dependence of flux and spectra for one particular case (v =
200 km s−1, NH = 1020 cm−2, Ω = 10%) of the shell-with-holes
model is shown in the upper panel of Fig. 7.

As can be seen in Fig. 7, the observed flux decreases abruptly
at an angle of ≈25◦, which reflects the angular size of the holes
in the shell. In the lower panels of Fig. 7, we show spectra of
the photons in three different angular bins. Their positions are
indicated by vertical lines in the upper panel. The bottom left
spectrum shows the spectrum for an observer that directly looks
“down the hole”. As expected, one can clearly identify the un-
processed, Gaussian input centered around x = 0. The spectrum
in the bottom center shows a spectrum directly before the tran-
sition; the transition itself occurs so fast that we do not see it
occuring in one of the bins. The bottom right spectrum shows
an observer at an angle of ≈67◦. Here, the peak at line center

is clearly gone. Instead, the spectrum more resembles the origi-
nal shell case. We note that observers looking “down the hole”
see a Lyα line that is not shifted. In this particular setup, ob-
serving face-on will boost the flux and therefore the EW by a
factor of roughly 1.7 (assuming no scattering of the continuum
emission here). It is interesting that apart from the sharp tran-
sition at the hole’s half opening angle, the spectrum does not
evolve significantly. This can be seen by comparing the center
bottom and right bottom spectrum. We stress that both the flux
and the spectrum change very rapidly and are nearly constant
before and after the transition. Beyond the transition, the spec-
trum resembles the normal shell case. Before the transition, it
consists of two components, the initial unscattered spectrum and
another contribution from a shell-like spectrum. The latter con-
tribution comes from photons that merely scatter into the line of
sight. This implies that for decreasing hole radius the spectrum
asymptotes toward the original shell case.

3.1.3. Cavity model

In the upper panel of Fig. 8 the flux distribution for one realiza-
tion of the cavity model is shown. The model parameters here
are N′′H = 1020 cm−2, vl = 200 km s−1, we use the configuration
illustrated in the left plot of Fig. 3. Similar to the shell-with-holes
model, we get a sharp transition at some “effective opening an-
gle”. Here, flux is suppressed up to a factor of 6 for observers
looking edge-on, which as discussed above would also corre-
spond to a boost/suppression of the EW by a factor of 3 with
respect to what one expects in an isotropic environment. When
looking at the three spectra shown at the bottom of Fig. 8, one
notices that in contrast to the shell with holes case, the spectral
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Fig. 8. Same as Fig. 5, but for the cavity model. Model parameters are N′′H = 1020 cm−2, vl = 200 km s−1.

properties do not change abruptly. The amplitude of the peaks is
reduced with viewing angle, and the overall amplitude shrinks,
but the input spectrum is not visible anymore at least for the
fiducial case with an width of the input spectrum of 100 km s−1

(solid). The reason for this different behaviour is that while ob-
servers near face-on position still see a significant fraction of
photons that directly traversed the cavity, the amount of pho-
tons that merely scattered into the line of sight is much bigger.
Looking closely at the left and center spectra, one can see the
right shoulder of the Gaussian input spectrum. This modified
Gaussian is gone far away from the transition, which leads to
negligible flux around x = 0, as can be seen in the right bot-
tom plot of Fig. 8. For narrower input line, we recover the input
spectrum again. We conclude that while we get a large flux sup-
pression for this setup, observers could only distinguish from the
spectra alone whether or not they are looking down the hole or
not if the initial line is much narrower than 100 km s−1. The max-
imum amplitude of a broad Gaussian is not bright enough to be
distinguished from the rest of the spectrum.

We note that in contrast to the late bipolar model, we do not
see a suppression of the flux at small angles due to geometrical
effects although the density field in this case is clearly deformed
as well. We attribute this to the fact that the differences in op-
tical depth among different lines of sight are much larger than
in the discussed bipolar setup. In contrast to the shell-with-holes
model, in this case the transition in the spectral shape and the
flux is not as rapid, but more smoothly. This is can be explained
by considering the smooth transition in column density and opti-
cal depth as shown in Fig. 4, as well as by the fact that the escape
mechanism for the cavity model is different (see below).

3.2. The influence of dust

While not being the main focus of this paper, the influence
of dust on the aforementioned phenomena is also of interest.

Therefore, we reran the individual cases presented in the previ-
ous sections with varying dust content. We introduced dust to be
proportional to hydrogen content, following the implementation
given in Verhamme et al. (2006) with an albedo of 0.5 and an
isotropic phase function in case of scattering on dust. We quan-
tify the dust content in terms of the additional optical depth τD.
Similar to the hydrogen column density, τD is the depth through
the shell for the shell-with-holes model, the optical depth at t = 0
for the bipolar models and the optical depth in the plane for the
cavity model. The results are shown in Figs. 9−12. All runs were
perfomed using an input spectrum of width 100 km s−1, and as-
suming b = 40 km s−1.

As expected, the dependence of the flux distribution on in-
clination in general becomes larger for higher dust content. For
the shell-with-holes case in Fig. 11, we see a boost in the flux
anisotropy by a factor of 3 with respect to the dust-free case:
photons not escaping through the holes are subject to destruc-
tion by dust, so relatively the flux through the holes increases.
The same accounts for both the bipolar cases in Figs. 9 and 10,
although the effect is less strong. Interestingly, dust does not
strongly influence the cavity model as shown in Fig. 12 if one
compares to the shell-with-holes case. Surprisingly, the τD = 2
just increases the flux boost by a factor ≈20%. Analysis of the
spatial distribution with regard to the point of last scattering of
escaping photons show that most of the photons bounce of the in-
ner trough of the density distribution without penetrating deeply,
so most photons do not experience the dust opacity. This es-
cape mechanism also partly explains the smooth transition of
the spectra/flux distribution mentioned before.

3.3. Parameter study: peak position versus observation
angle

To examine the correlation of a peak at the systemic velocity
(at x = 0) with low inclination, we ran a suite of models with
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Fig. 9. Same as Fig. 5 (early-bipolar model), but for three different optical depths in dust: τD = 0 (blue, solid), 1(green, dashed), 2(red, dotted).
Model parameters are N′H = 1020 cm−2, vtot = 200 km s−1, f = 0.5, t = 0.

Fig. 10. Same as Fig. 9, but for the late-bipolar model. Model parameters are N′H = 1020 cm−2, vtot = 200 km s−1, f = 0.5, t = 0.15
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Fig. 11. Same as Fig. 9, but for the shell-with-holes model. Model parameters are v = 200 km s−1, NH = 1020 and Ω = 10%.

Fig. 12. Same as Fig. 11, but for the cavity model. Model parameters are N′′H = 1020 cm−2, vl = 200 km s−1.
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Table 2. Summary: explored parameters.

Model Parameter set

Bipolar N′H = [1019, 1020, 1021 cm−2], vtot = [100, 200, 300 km s−1], f = [0.25, 0.5, 0.75, 1.0], t = [0, 0.05, 0.1, 0.2]
Shell-with-holes NH = [1019, 1020, 1021 cm−2], v = [100, 200, 300 km s−1], Ω = [5%, 10%, 25%, 30%]
Cavity N

′′
H = [1019, 1020, 1021 cm−2], vl = [0, 100, 200, 300 km s−1]

Fig. 13. Distribution of the spectral peak for our parameter study, see
text for details. Left: distribution of peak position for observers with
θ > 42◦. Right: distribution for observers with θ < 42◦.

different parameters. We set the width of the input spectrum
to 40 km s−1 here. The parameter range for the three different
model families is shown in Table 2. In total, we ran 272 models,
all without dust. Since certain parameter combinations lead to
weak anisotropies in optical depth and column density, we re-
stricted our analysis to those for which either the flux changed
by at least 10% with respect to the observation angle and/or for
which the highest peak in the spectrum moves at least 3 units
in frequency depending on observation angle. We stress that by
these conditions, we do not select only those models that already
show the aforementioned correlation, but all those models that
show anisotropic spectra and/or fluxes in general. We end up
with a total of 179 models. In Fig. 13, we show the distribution
of the peak position for those models. In the left panel, the distri-
bution is shown for observers at angular positions θ > 42◦, while
in the right panel, we show the distribution for observers within
θ < 42◦. For the latter, there is a strong peak at x ≈ 0. While for
observers above 42◦ there is a peak at the systemic velocity as
well, it is much smaller than for observers below 42◦. Within the
scanned region of parameter space, we therefore find a correla-
tion between peak shift and inclination. For low inclination, the
probability to see a peak at x ≈ 0 is enhanced by a factor of a
few. This trend is consistent in all our three model families, but
stronger for the shell-with-holes and cavity models. This sug-
gests that a Lyα spectrum with a peak at ∆x ∼ 0 is more likely
(than random) to be associated with a sightline passing through
a hole or cavity. We stress that due to the finite spectral resolu-
tion of observations, the peaks can be washed out. In this case,
we don’t expect a distinct peak at systemic velocity, but a flux
excess near the systemic velocity.

4. Discussion and conclusions

We performed Monte-Carlo radiative transfer simulations for
the Lyα emission in three different families of models that are
all inspired by galactic winds and expanding H  shells. In con-
trast to the shell models (e.g Verhamme et al. 2006), we have
added anisotropic velocity and density components. While the
bipolar and shell with holes models are natural extensions to
the isotropic shell models, the cavity models are designed to be
more extreme with large anisotropies (and reminiscent of a wind
breaking out of a galactic disk).

We find that the anisotropies in our models lead to an
anisotropic escape of photons which is visible in the spectral
properties as well as in the flux as obtained for observers at
different angular positions. We generally find that the viewing
angle-dependence of the predicted spectrum is quite compli-
cated, with the flux in different peaks in the spectrum chang-
ing in some cases (see e.g. Fig. 10), but not in others (see e.g.
Fig. 9). Additionally, we find that the inclination effect due to
anisotropic density and velocity fields can be partly counteracted
by geometrical effects, e.g. for continously deformed shells like
in the bipolar late-type cases.

In spite of these complications there are several results to
take away from our analysis:

– In terms of the EW, we find boosts of up to ∼10% for the
bipolar model, boosts of ∼2 for the shell-with-holes model
and a factor of ∼3 for the cavity model. The inclusion of dust
enhances the boost for the bipolar [shell-with-holes] model
to ∼15% [a factor of ∼5.5]. For the cavity model, the inclu-
sion of dust increases the boost to about 3.5.

– For all of the discussed models, we find a range of param-
eters for which there is a clear correlation between an ob-
served peak at a velocity shift of zero and an inclination close
to zero. This is intuitive, since when looking down a cavity,
we expect to see the unaltered spectrum of the emitting re-
gion, not strongly affected by scatterings in intervening gas.
This can be of practical importance when searching for ion-
izing flux leaking out of high-redshift galaxies, because the
existence of such cavities will also allow ionizing photons
to escape the galaxy. Our models suggest that there is an
increased probability to find ionizing photons leaking from
Lyα emitters for which the Lyα spectrum exhibitis a peak at
systemic velocity. Due to the finite spectral resolution of ob-
servations, this peak might be washed out and show as flux
excess near the systemic velocity. It is interesting to note that
this peak corresponds to the third peak in some of our bipolar
and shell-with-holes models. This result holds up even when
the total change in flux is small; for the bipolar models, we
see the clear signature of such a peak even though the total
flux variation is as small as 10%.
Having such an observational diagnostic for sightlines go-
ing through low H  column densities is important, as it may
provide a new way to search for so-called “Lyman contin-
uum leakers”: the search for these galaxies has been highly
inefficient as it requires deep spectroscopic observations of
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galaxies, for most of which no ionizing flux is detected.
Thus far, only a handful of these galaxies have been discov-
ered, and consequently the observational constraints on the
escape of ionizing photons from star forming galaxies are
weak at best. Since this escape fraction plays a key role in
the reionization process, it is important to find observational
signatures that may help us constrain this quantity (see also
Nakajima & Ouchi 2013 and Jaskot & Oey 2013 who show
that galaxies with high OIII/OII line ratios are more likely to
be sources that leak ionizing photons).

– Especially for the cavity models, the observability of the
peak at systemic velocity depends strongly on the width of
the input line since there are many photons near line cen-
ter that are scattered into the line of sight of observers that
look down the cavity. Moreover, our simulations have infi-
nite spectral resolution. In contrast, the finite spectral resolu-
tion of real data washes out the detailed structure of the Lyα
lines. Both points suggest that looking down a low H  sight-
line does not necessarily give rise to a detectable peak in the
Lyα spectrum at x = 0. However, our analysis does suggest
that if such a line is detected, then it may be indicative of
having a low H  column density sightline to the galaxy.

– Dust in general enhances the inclination effect, but the influ-
ence differs by an order of magnitude or more between our
model families.

A preprint by Zheng & Wallace (2013) appeared recently which
also focussed on the escape of Lyα photons from anisotropic
gas distributions. While our models share some similarities with
theirs, the comparison between their spherical and our shell
model extensions are not straightforward since the different
geometries have strong effects on the flux distribution. If we
quantify the anisotropies by the maximum deviation of the line
center optical depth along lines of sight with respect to the
mean, as suggested by Zheng & Wallace (2013), then we find
much smaller amplitudes of the inclination effect in comparison
to their solid sphere models. For example, in one of our bipolar
models, the optical depths along different lines of sight might
differ by a factor of 103, while the flux does change only
by 10%. In Zheng & Wallace (2013), a difference of a fac-
tor of 2 in the optical depth can lead to an enhancement in flux as

large as a factor of 2. We have confirmed the same enhance-
ment in some of the models of Zheng & Wallace (2013) with
our code. This suggests that the deviations in the optical depth
do not translate directly into an estimate of the flux change for
different geometries.
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ABSTRACT

We present simulations of Lyman-α radiation transfer in an isolated disk galaxy with a turbulence subgrid model, multiphase in-
terstellar medium and detailed star formation modeling. We investigate the influence of inclination on the observed Lyα properties
for different snapshots. The Lyα spectrum, equivalent width distribution, and escape fractions vary significantly with the detailed
morphology of the disk, leading to variations from one snapshot to another. In particular, we find that supernova-driven cavities near
star-forming regions in the simulation can dominate the transmitted Lyα fraction, suggesting a variability of Lyman-α emitters on the
timescales of the star formation activity.

Key words. High-redshift Galaxies – Radiative Transfer

1. Introduction

Galaxies detected by their strong Lyman-α (Lyα) emission,
called Lyα emitters (LAEs), have become an important tool
in understanding cosmology at intermediate-to-high redshifts
(z > 1.5), such as for the large-scale matter distribution (Hill
et al., 2008; Adams et al., 2011) or the epoch of reionization via
the connection of LAEs and Lyman-continuum leakers (Behrens
et al., 2014; Verhamme et al., 2014; Dijkstra, 2014). The phys-
ical type(s) of objects classified as LAEs and the connection of
the observed line profiles to the physical properties of the emit-
ters are still a matter of debate, though progress has been made
in recent years (e.g., Ahn et al., 2003; Verhamme et al., 2006;
Dijkstra & White, 2010). In particular, scattering on neutral gas
shells around HII bubbles and attenuation by the intergalactic
medium (IGM) suppressing the blue part of the spectrum can ex-
plain many features of the observed spectra, such as their asym-
metry.

In some recent publications, work has been focused on un-
derstanding how anisotropies of LAEs in terms of column den-
sities and velocity fields affect observed Lyα properties with re-
spect to the observer’s position, mainly for simplified models of
LAEs (Zheng & Wallace, 2013; Laursen et al., 2013; Behrens
et al., 2014; Verhamme et al., 2014; Gronke & Dijkstra, 2014;
Duval et al., 2014). For quantifying the inclination dependence
of Lyα transmission, more realistic models of LAEs are needed,
for example, for estimating how large-scale surveys are affected
by a possible alignment of galaxies with the large-scale structure
in combination with inclination effects (Hirata, 2009) or other
correlations with the large-scale structure (Zheng et al., 2010,
2011; Behrens & Niemeyer, 2013). While a number of studies of
the Lyα transport with more realistic LAEs in cosmological con-
texts exist (e.g., Tasitsiomi, 2006; Laursen et al., 2009; Yajima
et al., 2012; Barnes et al., 2011; Faucher-Giguere et al., 2010)
only the work by Verhamme et al. (2012) (hereafter: VDB12)
investigates the effects of directional dependence on the basis of
high-resolution, dusty, isolated disk simulations in detail. Their

work includes radiative transfer calculations in the resolved in-
terstellar medium (ISM) as well as in the transfer of continuum
photons for estimating the Lyα equivalent width (EW). VDB12
find the inclination effect to be strong, leading to variations in
the observed EW from -5 to 90 Å for edge-on/face-on observers
with considerable scatter.

In this paper, we extend our previous work on simplified
models that were motivated by the existence of optically-thin
outflows in observed galaxies to a more realistic setup and
present a new study on the radiative transfer of Lyα and contin-
uum photons in an isolated disk galaxy with an advanced model
of star formation, turbulence and feedback. In particular, we use
snapshots of our model galaxy spanning 1 Gyr of its evolution
to quantify differences in Lyα properties. In the following, we
proceed to give a brief summary of the physics used in the sim-
ulations presented in Braun et al. (2014) (hereafter: BSN14) in
section 2. We explain how we post-processed the resulting snap-
shots from these simulations with our Lyman-α code in section
3. In section 4, we present our results, followed by discussion
and conclusions in section 5.

2. Simulations of isolated disk galaxies

We post-process snapshots from a simulation of an isolated disk
galaxy that was presented by BSN14 as the ‘ref’ run. We refer
the reader to this paper for the details and briefly summarize the
main ingredients of these simulations here. The simulations were
performed using the adaptive mesh refinement (AMR) code Nyx
(Almgren et al. , 2013) with an effective resolution of ∼ 30 pc.
The simulated galaxy resides within a box of 0.5 Mpc size and
is initialized as a purely gaseous disk without stars using an adi-
abatically stable, isothermal setup. Employed physics include

– self-gravity from gas and stars and additionally the gravita-
tional potential of a static NFW-shaped dark matter halo;
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– gas dynamics using the piecewise parabolic method for the
resolved motions and a subgrid scale (SGS) model for unre-
solved turbulence following Schmidt & Federrath (2011);

– cooling from gas, metals, and dust;
– multiphase ISM consisting of a diffuse warm, a clumpy cold,

and a hot phase for supernova ejecta;
– star formation at a rate depending locally on the inferred

molecular fraction and the thermal/turbulent state of the gas;
– stellar feedback in the form of a combination of thermal and

turbulent feedback from supernovae (SN) and thermal feed-
back from Lyman continuum heating both depending on the
age of the stars;

– metal enrichment due to SN;

We stress that gas dynamics, multiphase ISM, star formation and
stellar feedback model all couple to the turbulent subgrid model.
The simulation covers 2 Gyr of the evolution of the disk. Starting
from an initially smooth configuration, the gaseous disk evolves
into a flocculent disk with transient spiral features due to the dy-
namical self-regulation of star formation and stellar feedback.
With time a rather smooth and extended stellar disk forms that
features several short lived and very few longer-lived stellar clus-
ters. Along with the enrichment with metals, the SN feedback
also drives a galactic outflow carrying colder disk material with
it that mostly falls back onto the disk.

We use three different snapshots from the simulation, repre-
senting the state of the galaxy 1, 1.5, and 2 Gyr after initializa-
tion of the disk. In this regime, the star formation has settled to
a self-regulated state. Details about these snapshots are given in
table 1.

3. Lyman-α transport post-processing

We use a standard Monte-Carlo approach to post-process the
BSN14 simulations. We only summarize the additional physics
and the implementation of the radiative transfer here, for a more
thorough description we refer the reader to Dijkstra et al. (2006),
Verhamme et al. (2006), Behrens & Niemeyer (2013) among
others.

Our code which, first presented in Behrens et al. (2014), is
based on the BoxLib1 framework which is also the basis of Nyx
(Almgren et al. , 2013). This makes it straightforward to post-
process the BSN14 simulation data, apart from a few physical
prescriptions that we need for the purpose of performing the ra-
diative transfer. We describe these in detail in the following para-
graphs. For comparison with VDB12, we closely follow their
setup if possible.

3.1. Ionization state

The BSN14 simulations do not explicitly trace the ionized frac-
tion of neutral hydrogen. We therefore use the publicly-available
code Cloudy2 to produce tables that yield the neutral fraction as
a function of thermal energy, metallicity and total density in col-
lisional ionization equilibrium (Ferland et al., 1998).

3.2. Emissivity

In order to run the Monte-Carlo simulation, we need to prescribe
an initial spatial and spectral distribution of tracer photons on
the AMR grid. The BSN14 model already contains a field for

1 https://ccse.lbl.gov/BoxLib/
2 http://www.nublado.org/ (Version 08.00)

the emissivity of Lyman continuum (LyC) photons from young
stars. These trace the number density of Lyman-α photons, since
ionization of neutral hydrogen by LyC followed by case-B re-
combination yields Lyman-α radiation. We assume here that this
conversion happens locally, resulting in a direct proportionality
between LyC photon density and Lyman-α photon density. As
input spectrum, we use a Gaussian with a width of 10 km/s, cen-
tered around zero in the restframe of the given gas cell.

Additionally, we follow the radiative transfer of continuum
photons near the Lyα line to calculate the EW distribution.
Continuum photons are emitted with the same spatial distribu-
tion as Lyman-α photons, but with a flat spectrum extending out
to ±2 × 104 km/s around the Lyα line center. The total num-
ber of Lyα /continuum photons launched per snapshot is about
1.8 × 107.

3.3. Lyman-α equivalent width

To infer EWs from our radiative transfer simulations, we need to
determine the ratio of emitted line and continuum flux which is
equivalent to setting the intrinsic EW. This translates to a con-
dition for the constant luminosity of continuum photons Lc per
wavelength bin ∆λ and the total intrinsic Lyman-α luminosity
Lα,

∆Lc

∆λ
= Lα/E (1)

where E is the desired intrinsic EW. In terms of the implemen-
tation, this condition fixes the ratio of continuum- and Lyman-α
photons. We set the intrinsic EW to 200 Å. We note that we do
not derive this value from the star formation rate and the stellar
mass.

3.4. Dust distribution

Since the BSN14 simulations track the metallicity Z = ρm/ρ
where ρ is the total density and ρm is the metal density, but not
the dust grain number density nD, we have to implement a model
for the distribution of dust. We slightly modify the model used
by VDB12 (their eq. 3). The fraction of metals that settles in
dust grains is assumed to be proportional to the neutral fraction
of hydrogen fN and to the dust-to-metal ratio Rdust/metal which
is assumed to be 0.3 based on an empirical value for our own
Galaxy (Inoue, 2003):

nD = fNRdust/metalZρ/mgrain (2)

Since the transition between the fully ionized and the fully neu-
tral state is sharp, this model yields effectively similar results to
the one used by VDB12. Employing their model would change
the dust content only by a few percent. VDB12 use a value of
3 × 10−17 g for the typical grain mass. Employing this value of
the dust grain mass renders our galaxy a complete Lyα absorber
(at least for the 1 Gyr snapshot) with EWs consistently below
zero. This is plausible since our galaxy is about a factor of 10
more massive than the one in VDB12. Since we are interested
in the detailed inclination effect here and have no access to a
less massive galaxy run, we scaled the total dust grain number
density in our galaxy by a factor of about 25, i.e. reducing the
optical depth due to dust by this factor. This was implemented
by simply scaling the dust grain mass to mgrain = 8 × 10−16 g
without changing the cross section. We call this model the ’fidu-
cial’ one, but we comment on the results for the runs with the
VDB12 model that we will call the ’realistic’ runs.

2
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Table 1. Physical parameters of the used snapshots

Age Mg(M�) MHI (M�) Z (Zsol) MD (M�) SFR (M�/yr)
1 Gyr 6.8 × 109 4.1 × 109 0.47 1.1 ×107 2.8

1.5 Gyr 5.8 × 109 3.4 × 109 0.56 1.08 ×107 2.2
2 Gyr 5.1 × 109 2.9 × 109 0.58 0.96 ×107 1.7

For the interaction cross section and reemission phase func-
tion, we follow Schaerer et al. (2011), using similar parameters,
i.e. an albedo Q = 0.5, and a Greenstein phase function parame-
ter G = 0.7.

3.5. Influence of the turbulent subgrid scale energy

The Doppler parameter b governs the width of the associated
Voigt profile. The turbulent contribution to it is introduced as

b =

√
v2

th + v2
turb (3)

where vth is the typical (RMS) thermal velocity in the gas,
while vturb is the turbulent velocity component in the cell. While
VDB12 assume a constant turbulent velocity here, we derive the
typical (RMS) turbulent velocity of each cell directly from its
turbulent energy Et,

vturb =
√

2Et (4)

3.6. Morphology

In Fig. 1, we show the projected HI density, the projected dust
density, and the projected distribution of emission resulting from
the prescriptions outlined above. The 1 Gyr snapshot (upper
plots) shows an unordered density structure, a dense network of
individual bubbles and walls. In comparison, the 2 Gyr snapshot
(bottom plots) shows a concentrated profile with larger under-
dense and overdense regions and hints of spiral structures. While
the 1 Gyr snapshot shows extended emission in smaller clumps
(top right), the emission in the 2 Gyr snapshot (bottom right)
is more concentrated to a few clumps near the center. The 1.5
Gyr snapshot lies in between. As expected, the dust density ap-
proximately follows the neutral hydrogen density in all cases. As
implied by the data in table 1, the dust content does not vary sig-
nificantly between the snapshots. This implies that at least at this
stage, the accumulation of metals does not lead to an increase in
dust mass due to hots winds carrying metals away from the cool
disk where dust grains could form.

4. Results

4.1. The fiducial simulations

The spectra that emerge using the fiducial prescriptions outlined
above for the three snapshots (left/center/right panel for 1/1.5/2
Gyr) are shown in Fig. 2. Each panel features the spectrum
obtained in face-on/edge-on direction (solid line/dots) and for
≈ 45◦ with respect to the disk (dashed line). All spectra resem-
ble the typical double-peak spectrum with slightly asymmetric
peaks. The double peak, however, is barely visible in the 2 Gyr
data. Comparing the three snapshots, we find that the normalized
line flux is largest in the 2 Gyr run viewed face-on. The trough at
line center is very prominent in the 1 Gyr snapshot and gradually
decreases in depth and width in the two other snapshots. The po-
sition of the strongest peak changes; while it is the red peak for 1
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Fig. 2. Emerging spectra for all three snapshots (left to right: 1/1.5/2
Gyr). We normalize the spectral flux to the continuum far away from
the line and show it for three different inclinations: Face-on (solid line),
edge-on (dotted line) and at about 45◦ (dashed line).
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Fig. 3. Escape fraction as a function of inclination at escape in gray/red
for continuum (dashed) and Lyα (solid). In black we show the proba-
bility of transmission given that the photon was initially emitted with
inclination cos θ again for continuum (dashed) and Lyα (solid). Data is
shown for the 1 Gyr/1.5 Gyr/2 Gyr snapshot from left to right.

Gyr and 1.5 Gyr and the edge-on spectrum for 2 Gyr, the face-on
spectrum for 1.5 Gyr, the face-on and the ≈ 45◦ spectrum at 2
Gyr show a slightly higher blue peak. As VDB12 point out, the
red peak might be enhanced by scattering in outflowing material
(also see Verhamme et al., 2006). Inflowing material would pro-
duce a blue peak. We believe the peaks of the simulated spec-
tra to be related to the fact that both inflowing and outflowing
gas exist at the same time. Outflowing gas is driven outwards
by feedback, and may fall back onto the disk later. They vary
in strength and direction according to the recent star formation
history and the entailing stellar feedback in the disk.

Fig. 3 shows the distribution of escape directions (gray/red)
and the probability of a photon escaping with a certain initial
inclination (black) as a function of cos θ, where -1 and 1 cor-
respond to face-on from below (along the −z-axis) and above
the disk (along the +z-axis). Edge-on corresponds to a value
of cos θ = 0. We show the data for both continuum photons
(dashed) and Lyα photons (solid) for each of the three snapshots
(1/1.5/2 Gyr from left to right). For Lyα photons, the probability
to escape is independent of the initial direction of the photon,
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Fig. 1. Projected neutral hydrogen density/dust density/emissivity in the disk (left/center/right) for the three snapshots at 1/1.5/2 Gyr
(top/center/bottom). Each plot shows the central 40 kpc of the disk.

as also found by VDB12 (their Fig. 8). Similar to their results,
Lyα photons show in general a strong tendency to escape face-
on, but we observe that the slope is different for negative/positive
inclinations. For the continuum photon, both a weak dependence
of the escape fraction and the escape direction on inclination is
found, similar to VDB12. The amplitude of the inclination effect
is different, and the exact shape and steepness of the dependency
differs. For example, for the 1 Gyr snapshot, the escape fraction
for Lyα photons is a rather shallow and nearly linear function,
but the total range of escape fractions spans about a factor of 10,
which is comparable to VDB12. At 2 Gyr, the variation is about
a factor of 60, and the distribution is also much steeper.

The Lyα mean escape fraction varies by a factor of ≈ 3
across the snapshots, while the continuum escape fraction ap-
proximately remains constant: The mean escape fractions of Lyα
photons are 14/24/41% at 1/1.5/2 Gyr for the Lyα photons, while
75/79/81% of the continuum photons escape, respectively. The
Lyα escape fractions are broadly consistent with former studies
at lower resolution (e.g Laursen et al., 2009), but in some ten-
sion with VDB12: they infer 22% for continuum and 5% for Lyα
photons (for their simulation G2). This difference is readily ex-
plained by our having scaled the dust content down to study the
inclination effect. In fact, in the realistic case, we obtain lower
escape fractions of 0.2-15% consistent with our galaxy being
more massive.
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Fig. 4. Lyα EW as it would be observed along lines of sight randomly
chosen as a function of cos θ. The lines show the binned median.

Fig. 4 shows the EW distribution as a function of cos θ where
each data point corresponds to a randomly chosen observation
direction. The EW varies drastically from one line of sight to an-
other and shows a general trend to be larger at larger absolute in-
clination as expected. Additionally, it varies systematically from
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snapshot to snapshot: while the maximum EW is around 70 Å
for the 1 Gyr snapshot, it peaks around 230 Å for the 2 Gyr run.
The asymmetry between observers above and below the disk is
also present here. While for the 1/1.5 Gyr run the EW is signifi-
cantly suppressed for observers with cos θ < 0 , this suppression
seems to be reduced in the 2 Gyr run. For each observer, we
collected all photons within ± 10◦ of the line of sight to have
sufficient statistics. We caution the reader that the exact mini-
mum/maximum values and the strength of fluctuations changes
depending on this angular range; using ± 20◦ instead of ± 10◦
for example would shift the minimum (maximum) value to about
0 (200) Å for the 2 Gyr snapshots. Comparing with the results
of VDB12 (their Fig. 10), similar trends are seen, but both the
range of values and the shape of the distribution are different.
The scatter in our plots is generally larger, especially for the 1.5
and 2 Gyr snapshot. While it is natural to have different EW dis-
tributions in our work and VDB12 since both mean escape frac-
tion and escape fraction as a function of inclination are different,
some of the differences might also come from a different choice
of the angular range for each observer. A large angular range ef-
fectively averages out local fluctuations like cavities with small
solid angles.

In Fig. 5, we show the spatial distribution of both transmit-
ted Lyα photons (top) and the photons that were destroyed by
dust (bottom plots). The plots show the binned distributions of
the spots of last interaction with the gas, i.e. the spots of last
scattering (before escape) for the transmitted photons and the
locations of absorption for the destroyed photons. For all snap-
shots, transmission is diffuse except for few clumps that exhibit
larger transmission. Comparing the distribution of the transmit-
ted photons with the intrinsic emissivity in Fig. 1 (right), we
see that most of the emitting clumps do not show transmission.
Most of the photons launched in these places are destroyed by
dust, which is clearly visible in the distribution of the absorbed
photons. The distribution of the destroyed photons in Fig. 5 re-
sembles the emissivity map in Fig. 1, indicating that many of the
emitted photons are destroyed locally. This is expected, since the
emitting clumps are typically very dense.

Comparing the spatial distribution of the transmitted photons
among the three snapshots, the transmission is more spatially
concentrated in the 1.5 and 2 Gyr snapshots which is partly ex-
plained by the emissivity being more concentrated in these snap-
shots. Especially for the 2 Gyr snapshot, we see that most of the
Lyα photons escape from three central clumps, e.g., the largest
of those clumps contributes about half of all transmitted Lyα
photons.

To conclude, we state that there is a distinct top-bottom
asymmetry in all snapshots, and that the snapshots differ drasti-
cally in terms of Lyα properties. In the following, we investigate
these results further with focus on the differences between the 1
Gyr and 2 Gyr snapshot.

4.1.1. Differences between the snapshots

From table 1, it is clear that the total neutral gas mass decreases
with time due to ongoing star formation. Since a smaller neutral
gas mass implies a lower optical depth, this partly explains the
differences between the subsequent snapshots. One can check
this by artificially decreasing the neutral gas mass in the 1 Gyr
snapshot. Reducing the gas mass by a factor of 2 in the 1 Gyr
snapshot enhances the EW (and escape fraction) by about 40%
(see section 4.3 below), but this is not enough to explain the
boost observed between the 1 and 2 Gyr snapshot. This result
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Fig. 6. Examples for density slices through the disk at the location of
various emission spots. The disk lies along the x-axis in the plots. Top
row: examples for spots that do not exhibit significant transmission.
Bottom row: spots that show transmission. The black contours indicate
the approximate center of emission in each slice.

already gives a hint that the driving factor here is not only the
gas mass, but also the detailed morphology of the disk. To un-
derstand this local morphology, we analyzed the data of emitted
and transmitted photons by detecting large emission spots and
correlating them with clumps of escaping Lyα photons. Clumps
are detected by binning the data onto a grid, applying a luminos-
ity threshold and adding up all bins that are spatially connected.
This yields a set of emission clumps that have counterparts in
transmission and another set of emission spots that lack a coun-
terpart.

The high-transmission spots are located in the vicinity of
low-density regions due to a highly disturbed environment, or
are close to low-density cavities connecting the inner, dense part
of the disk with the ionized region around the disk. A few ex-
amples of slices of the density distribution around the centers of
emission within the disk are shown in Fig. 6. The origin of the
cavities is the star formation feedback. As turbulent and thermal
energy is released into the disk by SN, high-temperature, low-
density bubbles form and expand until they drain hot gas and
pressure through leakages into their surroundings above and be-
low the galactic disk. For example, the environment of the largest
emission clump in the 2 Gyr snapshot (see Fig. 6, bottom center)
shows a bubble in the center, connected to the outer parts of the
disk at the bottom. The column density for direct escape to the
top is also low for some lines of sight. Emission spots that are
located in a cavity usually have counterpart in the transmission,
while those that lack a counterpart in the transmitted Lyα are
typically located in, or surrounded by, dense regions in which
the Lyα photons scatter until they are eventually absorbed.

The discrimination of emission spots between those with
and without counterparts in transmission is also a distinction be-
tween different evolutionary stages of star-forming regions and
the environments. In the early stages, the LyC-emitting stars re-
side in a dense environment. Later, as the first massive stars die
in SN explosions a bubble or cavity begins to form which at the
same time stalls star formation locally. As the LyC-emitters are
short-lived, large cavities are frequently found hosting only neg-
ligible Lyα emission.

The number of large cavities associated with strong emission
spots is lower in the 1 Gyr snapshot compared to that of the 1.5
or 2 Gyr snapshots. This leads, in concert with the already men-
tioned higher neutral gas content, to the observed lower escape
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Fig. 5. Spatial distribution of escaping photons (top) and absorbed photons (bottom) for the snapshot at 1/1.5/2 Gyr (left/center/right). For the
transmitted photons, the distribution is given by the points in the simulation box where photons scattered just before it left the box. For the
destroyed Lyα photons, we binned the positions at which photons were absorbed. Each plot shows the central 40 kpc of the disk.

fraction and the lower EW in the 1 Gyr run. The strongest emis-
sion spots correlated with cavities found in the late snapshots
arise from massive stellar clusters that locally dominate gravity
and, as a consequence, host intermittent violent star formation.
Those stellar clusters are assembled via mergers of marginally
bound clusters, which are the remnants of star forming regions
in the low-metallicity regime of star formation, as described by
BSN14. On the one hand, the Lyα emitting phase in small clus-
ters ends roughly around the time at which the development of
a cavity starts, such that the Lyα radiation is most probable to
be obscured by the clump hosting the star formation originally.
Lyα radiation from small clusters contributes to the transmitted
flux only for the short time between the formation of a bubble
and the termination of Lyα emission after star formation stops
(and the formed massive stars die), since the small clusters are
created during a single event of star formation without any sub-
sequent star formation. On the other hand, feedback launched
at the location of prominent emission spots by stars that were
formed during previous duty cycles of a large cluster already
prepared a cavity reaching far into the disk’s surroundings. This
preexisting cavity serves as an escape path for radiation emit-
ted by later generations of stars, such that this kind of emission
spot is prominent in the transmission. This explanation implies
that for both small and massive clusters, the contribution to Lyα
transmission varies on the timescale of the star formation activ-
ity (∼ few 10 Myr). For massive clusters, this is identical to the
timescale of the duty cycle; for small clusters, it is the lifetime
of the star-forming region.

4.1.2. The top-bottom asymmetry

The top-bottom asymmetry can be readily explained on the basis
of the last section. Most of the radiation leaking from the emis-
sion spots (see Fig. 6 for examples) escapes toward the top of
the simulation box. The excess of the EW at negative cos(θ) in
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Fig. 7. Same as fig. 4, but for the dust prescription used in VDB12, i.e.
without the scaling of the dust content we invoked for the fiducial runs.

the 2 Gyr run compared to the younger snapshots (see Fig. 4) is
caused mostly by the most active emission spot in the 2 Gyr run
(see bottom center panel of Fig. 6) that transmits equally to both
sides (±z direction). This is not the case e.g., for the most promi-
nent emission spot in the 1.5 Gyr run (bottom left panel in Fig.
6), which contributes about 40% to the total Lyα transmission.
To further illustrate this asymmetric behavior, we plot again the
distribution of transmitted Lyα photons, this time for photons
escaping within ±10◦ to the top/bottom in Fig. 8 (top/bottom
panels) for the snapshots (1/1.5/2 Gyr at the left/right). For com-
parison, plots for the photons escaping edge-on (middle row of
Fig. 8) are also shown. Many of the strongly transmitting spots
preferentially transmit to the top.
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Fig. 8. In this plot we show the spatial distribution of transmitted Lyα
photons for the snapshots at 1/1.5/2 Gyr (left to right). In contrast to Fig.
5, we show only the photons that escaped face-on toward the positive
z-axis (top), edge-on (middle), and face-on toward the negative z-axis
(bottom). Photons within a range of ±10◦ of the principal direction were
considered. Shown are the central 40 kpc of the disk.

It is plausible that the ongoing feedback processes, namely
SN bubbles blowing up, slightly prefer a particular direction
even on longer timescales. The feedback-driven bubbles follow
the path of least resistance. This path through the surroundings
of the disk is likely to be a fossil remnant of the path of an-
other, more or less recent outflow (see Section 4.1.1). So if the
outflows launched from a particular massive stellar cluster had
a top-bottom asymmetry initially due to massive obstacles in
one direction, this asymmetry may persist for a few dynamical
timescales of the disk, i.e. a few 100 Myr.

4.2. The realistic simulations

Our results also apply if we do not scale the dust content as we
have done for the fiducial runs. In contrast, cavities become even
more effective in boosting escape of Lyα photons in this case. We
show the EW distribution for the ’realistic’ case in 7. As has been
mentioned before, the 1 Gyr run shows Lyα absorption in this
case, with a Lyα escape fraction of 0.2% on average. The 1.5/2
Gyr runs, on the other hand, show a very distinct dependence
of EW on orientation. Only the cavities identified in the fiducial
runs do significantly transmit Lyα and increase the average Lyα
escape fraction to 4 (15)% in the 1.5 (2) Gyr run. The 1.5 Gyr
snapshot therefore shows an enhanced asymmetry related to the
orientation of the main transmitting cavity. Similar to the fiducial
run, the 2 Gyr run shows transmission both to the top and to the
bottom. The strong fluctuations in EWs measured edge-on are
an artifact coming from our not applying a flux limit: The escape
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Fig. 9. Same as Fig. 4, but for different parameter variations of the 1
Gyr snapshot. We plot the median lines here only.

fraction for both Lyα and continuum photons is below 0.5% in
this region. We conclude that the significance of cavities for the
escape of Lyα photons is a robust feature.

4.3. Varying parameters

We performed an additional set of 5 radiative transfer simula-
tions on the 1 Gyr data varying a single fundamental parameter
at a time to explore its effect on the inferred Lyα properties of
the galaxy. In particular, the dust or neutral gas content were
scaled up or down by a factor of 2. In an independent run, the
SGS model was switched off to ignore the effects of small-scale
turbulence on the radiative transfer. We show only the results
for the EW distribution in Fig. 9. For comparison, the black line
shows the fiducial case. The SGS model affects the EW distribu-
tion least. Since disabling it effectively makes the Voigt profile
narrower and higher, the simulation without SGS model (stars)
shows slightly lower EWs. Photons in the line center are scat-
tered more effectively, and excursions to frequencies far away
from the line center become less probable since the velocities of
the scattering atoms are statistically lower.

Interestingly, reducing/enhancing the dust content by a fac-
tor of 2 (dashed/dashed-dotted line) has the largest effect on the
EW distribution, reducing/enhancing the maximum by a factor
of a few. Reducing/enhancing the neutral hydrogen content by
a factor of 2 (crosses/dashed line) affects the EW distribution
only by a factor of 2. The relative sensitivity to dust can be made
plausible by considering that, to first order, the hydrogen den-
sity increases the mean pathlength. Larger pathlengths make ab-
sorption exponentially more probable, and the same holds for
higher dust densities. On the other hand, the mean pathlength is
not necessarily a linear function of the hydrogen density. Adams
(1975) has shown that at least for simple geometries, the path-
length scales sub-linearly with the hydrogen density.

4.4. Dust-free case

As a last variation, a simulation ignoring dust in the radiative
transfer was performed. This is physically inconsistent with the
evolution and history of our simulated galaxy. However, it pro-
vides some information about the inclination dependence in ex-
tremely metal-poor regimes, for example, in young starburst
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Fig. 10. Same as Fig. 4, but for the 1 Gyr snapshot without dust.

galaxies. We show the EW distribution for the 1 Gyr snapshot
ignoring dust effects in Fig. 10. The absence of dust implies that
all photons launched escape the galaxy eventually. While the av-
erage EW recovers the chosen intrinsic EW of 200 Å, there are
large variations between individual lines of sight. A pronounced
inclination effect is present here as well. The intrinsic EW is ex-
ceeded by a factor of 2 and more for face-on observers, while
edge-on observers see EWs as low as -10 Å. The excess above
the intrinsic EW in face-on directions is expected. This is a geo-
metrical effect arising from the higher probability for photons to
escape in face-on directions compared to edge- on directions.

5. Discussion and conclusions

We investigated Lyα radiative transfer in simulations of an iso-
lated disk galaxy with detailed star formation, feedback and a
multiphase ISM, using snapshots of the ’ref’ simulation from
BSN14 at different timesteps.

Our results are in broad agreement with VDB12. We find a
strong inclination dependence of Lyα properties in terms of flux,
EW distribution, and spectra. This is readily explained by the
different optical depth in directions parallel and perpendicular to
the disk.

As a new result, we find variations of these properties be-
tween the snapshots at 1, 1.5, and 2 Gyr. For example, the min-
imum (maximum) of the observed EW varies from -20 to 0 (70
to 240) Å in our fiducial simulations depending on the snapshot.
While this can be partly attributed to the lower neutral hydrogen
density of the disk at later times, detailed analysis reveals the
importance of supernovae-blown cavities within the disk which
reduce the optical depth for photons locally by orders of mag-
nitude (see Fig. 6). The transmitting cavities have a lifetime of
several 10 Myr corresponding to the period of star formation and
stellar feedback. We conjure that the origin of the variations is
partly working on timescales of the star-formation activity. The
occurrence of cavities is directly connected to the recent local
star formation history, and the majority of those that become im-
portant as preferred pathways are connected to massive stellar
clusters that iteratively host star formation. This suggests that it
is difficult to quantify the statistical inclination dependence of
Lyα photons for such simulations in a meaningful way, because
it would be necessary not only to derive it for a large set of re-
alizations of galaxies, but also to keep track of the evolution of

particular emission spots. Compared to our simplified models
presented in Behrens et al. (2014) which also feature cavities,
the isolated disk galaxy has Lyα properties arising from the su-
perposition of multiple, transmitting cavities and a diffuse com-
ponent, with the cavity component becoming more important at
higher dust content.

On the observational side, our results suggest that the scat-
ter of observed Lyα properties can be severely enhanced by this
variability on relatively short timescales. To overcome this, one
would have to identify individual cavities leaking Lyα emis-
sion directly, which is difficult at high redshifts where LAEs are
not spatially resolved. As described in (Behrens et al., 2014),
it might be possible to identify LAEs for which the Lyα flux
is dominated by cavities by their excess flux at line center (see
also Fig. 2). Statistically, the distribution of EWs in a homoge-
neous sample of star-forming galaxies identified by an unbiased
star formation indicator should show a scatter attributed to the
suggested temporal variation.

It will be a further challenge to add two important aspects of
realistic galaxies and Lyα transport: the immediate surroundings
of the galaxy as a source for infalling material, and the IGM
scattering Lyα photons out of a specific line of sight and fre-
quency. For example, if streams of cool, metal-poor gas were
present, we would assume to have a bluer spectrum for pho-
tons emerging from the locations where the streams penetrate
the disk. Additionally, in these dense streams, the turbulent mo-
tion of the gas might play a significant role. Including these fea-
tures might reduce the variability of the disk, since there might
be less lines of sight that have low neutral hydrogen column den-
sity. Additionally, following the evolution of the Lyα properties
over of a galaxy in much smaller timesteps will be necessary to
further investigate this temporal variation.

We stress that the inclination dependency of Lyα proper-
ties is not only found in high-resolution simulations with de-
tailed ISM physics, but also in cosmological simulations with
kpc resolution. For example, Behrens & Niemeyer (2013) find a
∼ 15% increase in flux face-on compared to flux escaping edge-
on. This underlines how important it is to understand correla-
tions between inclination and large-scale structure, i.e. galaxy
alignment (Hirata, 2009) and the large-scale density and veloc-
ity field (Zheng et al., 2010, 2011).
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CHAPTER 5
Summary and Discussion

In this thesis, we have focused on the work compiled in the three publications
reproduced in chapter 4. While the first publication (Behrens & Niemeyer 2013) was
concerned with possible contamination of LAE surveys by radiative transfer effects,
the second (Behrens et al. 2014) focused on the inclination-dependent transmission
of simplified models representing individual LAEs. The third publication (Behrens
& Braun 2014) dealt with the detailed radiative transport of Lyman-𝛼 photons in a
single, well-resolved, isolated disk galaxy and continued to investigate the dependency
of Lyman-𝛼 properties on the line of sight of an potential observer. While these
three publications probe a variety of spatial scales, ranging from several ten Mpc in
the case of the cosmological simulation in the first work down to few ten Parsec in
the last one, they share three important links.

First, they are connected to the problem of contamination of large-scale surveys
employing LAEs as depicted in chapter 2. While Behrens & Niemeyer 2013 explicitly
considered the contamination by the large-scale density fields and kinematics, the
effect of a possible tidal alignment of the galaxies’ spin in the large-scale environment
has been a motivation for studying the inclination dependence of Lyman-𝛼 radiation
from an anisotropic LAE in Behrens et al. 2014, and the work in Behrens & Braun
2014 extends this study to the case of a more detailed, realistic LAE.

This brings us to a second connection shared by all the work presented in this
thesis: the importance of inclination-dependent escape of Lyman-𝛼 radiation. In
particular, the work done on simplified models was motivated by the finding that
in the cosmological simulation used in Behrens & Niemeyer 2013, we found an
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inclination effect1 that was comparable in amplitude to the correlations with the
large-scale structure in its amplitude, even though the ISM was resolved at scales of
kpc, and the emitters were assumed to be point-like. This underlines the importance
of considering such effects.

Simulating these effects brings us to the third point, which is that all the work
presented here touches the subject of LAE modeling and its significance to our
understanding of what LAEs are and how their properties can be explained in a
physically consistent way. While Behrens & Niemeyer 2013 modeled LAEs on the
background of a cosmological simulation, our simplified models (Behrens et al. 2014)
focused more on understanding which effects arise from simple, anisotropic models.
This allows to disentangle interaction in the IGM from the ISM scales. In the
third publication, we modeled only one very detailed emitter and analyzed how the
properties of such a realistic emitter change over time, in parts verifying our results
from the simplified models. In particular, the importance of lines of sight with low
optical depth for the inclination dependent escape in the shell with holes or cavity
models of Behrens et al. 2014 has been found in supernovae-blown cavities in our
realistic disk galaxy.

In the following, we will briefly summarize our main findings, possible caveats of
the work presented and the future prospects.

We showcased work on the numerical Lyman-𝛼 photon transport in various envi-
ronments. First, we performed simulations in a cosmological volume obtained from
the MareNostrum-HORIZON run (Ocvirk et al. 2008) to study the contamination of
cluster statistics derived from LAEs due to correlations of the observed Lyman-𝛼
properties and the large-scale environment of the emitters. This analysis deepens
and extends the work by Zheng et al. 2010. We verify the existence of correlations
between the observed fraction of Lyman-𝛼 flux and the large-scale density, velocity,
density gradient, and the velocity gradient that have intuitive explanations. For
example, we find that large-scale overdensities tend to reduce the observed fraction of
Lyman-𝛼 radiation, due to the fact that photons in those regions are subject to more
scatterings in the IGM, and the probability of those photons to be scattered by a
nearby halo is higher. However, we do not find a significant deformation of the 2PCF,

1 We found a correlation between inclination of the dark matter spin direction and the observed Lyman-𝛼
fraction. Objects with spins parallel to the line of sight statistically have about ∼ 15% higher observed
fractions compared to spins perpendicular to the line of sight.
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i.e., we do not find a significant contamination of the clustering signal. Although
we cannot exclude the possibility that our non-detection originates from the limited
volume (50 Mpc/h) of our simulations and would be detectable in a larger volume,
we can show that at the lower redshift range we investigated (𝑧 = 2 − 4) compared to
Zheng et al. 2010 (𝑧 = 5.7) and the higher numerical resolution that we have (1 kpc
vs. 32 kpc), the correlations of Lyman-𝛼 properties with the large-scale quantities are
weaker. In particular, the correlation of the line-of-sight velocity gradient with the
observed fraction of Lyman-𝛼 emission is nearly a magnitude smaller in amplitude
in our simulations. Additionally, all measured correlations become weaker at lower
redshift in our simulations, which renders it improbable to find contamination at
the redshifts probed by HETDEX and other large-scale surveys. To fully verify
these findings, a high-resolution (≤ 1 kpc) simulation with a larger volume (≥ 100
Mpc/h) would be necessary, including full treatment of the baryons and galactic
processes like star formation and feedback. To date, no such simulation is available
to us, although ongoing work by Jan-Frederik Engels in Göttingen might deliver a
sufficient simulation. Additionally, using a large n-body simulation run by Stefan
Gottloeber and collaborators1in combination with a semi-analytic model of galaxy
formation (Benson 2012) might be able to at quantify the impact on the clustering on
a broader basis, although this approach will rely on modeling the radiation transport
semi-analytically.

Apart from the sample size given by the simulation volume, our simulations
in Behrens & Niemeyer 2013 do not include dust and contain no other source of
Lyman-𝛼 photons than star formation. It is a matter of debate to which extent a
contribution from gravitational cooling to the Lyman-𝛼 flux is important, since it is
unclear how much Lyman-𝛼 flux is generated in cold streams, and what the impact
on the observational properties is: For example, Laursen et al. 2009 find less than
10% of the Lyman-𝛼 photons to be generated by gravitational cooling, but since they
are primarily emitted in the galactic outskirts and not in dense, dusty, star forming
clumps, they could contribute significantly to the escape fraction. On the other
hand, Dijkstra et al. 2006 show that the expected spectrum from Lyman-𝛼 photons
generated by gravitational cooling is preferentially blue, making absorption of this
flux in the IGM more probable. However, it is clear that including dust has major

1 For technical details, see the description at http://www.multidark.org/MultiDark/Help?page=databases/mdpl/database.
A paper describing the details of the simulation is in preparation.
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impact on the observed Lyman-𝛼 properties in an evolved population of emitters,
but including dust is also not a straight-forward task in cosmological simulations.
Most of the dust is situated in dense, cold clumps. These clouds are typically not
resolved by cosmological simulations, leading to the necessity of a subgrid model to
fully capture its effects. The same difficulty arises for studies of e.g. the inclination
effect in such large-scale simulations.

The inclination dependency that we found in the simulations in Behrens & Niemeyer
2013 partly motivated the second publication, Behrens et al. 2014. In this work,
we presented three families of simplified models of LAEs, that in contrast to most
of the models in the literature (see chapter 3) feature significant anisotropies in
density and velocity fields. The common property of the models we presented is
the existence of lines of sights with lower or zero optical depth along one principal
direction. In many cases, this leads to a dependency of the flux on the inclination
an observer has, i.e. more Lyman-𝛼 photons escape towards directions in which the
optical depth is reduced. This, in turn, results in observers at different inclinations
seeing different EWs. We find that in our simplified models, the observed EW can
be boosted by a factor of a few compared to the isotropic case. This could partly
explain the observation that many LAEs show EWs too high to be explained by the
galaxy spectra expected from star formation activity alone. We also find that in
many cases the spectrum is modified for observers along lines of sights with reduced
optical depth: In particular, those observers see the unscattered input spectrum or,
depending on the spectral resolution of the observations, an excess flux near the line
center. These findings are potentially helpful in finding Lyman continuum leakers,
i.e. galaxies that leak ionizing radiation: Since Lyman continuum is known to have
a scattering cross section three orders of magnitude lower than Lyman-𝛼 photons
(e.g. Verhamme et al. 2014), the spectral signature of a cavity along the line of sight
can help to select targets for which it is probable to also find Lyman continuum.

The simplified models of the ISM can be seen as complementary to the cosmological
simulation in Behrens & Niemeyer 2013, since they present a more detailed model
of the transport in the ISM that is not resolved in Behrens & Niemeyer 2013, but
ignore effects from the intervening IGM between the LAEs and the observer. The
IGM would reduce the observed flux, primarily in the blue part of the spectrum.
Additionally, the models are still very symmetric and homogeneous compared to the
fuzzy, chaotic structure observed in real galaxies. However, it is the purpose of such
simplified models to be crude approximations that still capture features of a complex
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physical reality, and even far simpler models of LAEs like the shell model (see section
3.1) have been proven partially useful already. In this context, an open task might be
to compare the observational effects of the different proposed anisotropic models by
Zheng & Wallace 2014, Verhamme et al. 2014, and others. While the observational
prospects for Lyman continuum have already been mentioned, we additionally note
that the models and their inclination dependency can be a basis for subgrid modeling
of LAEs and for quantifying a possible tidal alignment effect.

In Behrens & Braun 2014, we quantify the effects of anisotropic emitters in a more
realistic setup by using a simulation of an isolated disk galaxy run by Braun et al.
2014, including detailed physics of star formation, turbulence, feedback and the ISM.
The resolution of this simulation enables us to probe the effect of the ISM and its
clumpy, inhomogeneous structure on the observed Lyman-𝛼 properties. As expected,
we find a strong inclination dependency of the flux arising from the disk, similar
to Verhamme et al. 2014. Additionally, we find temporal variations of the flux, i.e.
the used snapshots of the disk galaxy at 1/1.5/2 Gyr after initialization of the disk
show large differences in their total escape fractions and EW distribution. We show
that these differences arise from the small-scale structure of the ISM. In particular,
supernovae-driven, evacuated bubbles in the disk can enhance escape due to the
reduced optical depth and the emergence of optically-thin lines of sight. Since the
bubbles are short-lived, we conclude that this variability will take place on very short
timescales, comparable to the timescale of the self-regulated star formation (∼ few 10
Myr). This mechanism is very robust against changes in the dust content. However,
we find that the transmitting bubbles partly inhabit dense star clusters in which the
stars dominate the gravitational potential. While in the less massive clusters, star
formation is suppressed by the supernova feedback, the massive clusters form stars
iteratively. It is not sure if such massive clusters exist in forming spiral galaxies or
if they are related to shortcomings of the employed physical model of Braun et al.
2014. Observational data with sufficient resolution to answer this question is not
available to date.

Apart from these uncertainties, it is obvious that the simulated disk galaxy lacks
a cosmological background and a cosmological environment, since it is isolated. For
example, tidal forces from other galaxies could strongly influence its morphology
and therefore its emissivity/transmissivity. Accretion of material from the CGM on
the other hand would also affect the local density and velocity structure, changing
the Lyman-𝛼 properties. In particular, it is well known that the blue part of the
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spectrum will be suppressed by infalling material (see section 3.1). Additionally,
the influence of the IGM on the transmitted flux has not been included in our
calculations. It therefore remains a task for the future to study Lyman-𝛼 properties
and the inclination effect in a full-fledged cosmological simulation with high resolution.
In particular, to obtain robust statements, studies of individual emitters need to be
complemented with statistics on a larger number of simulated emitters with different
initial conditions.

We have supplemented these findings in chapter 2 and 3 by summarizing the
work that has been done on contamination by radiative transfer effects and LAE
modeling in the literature. Although a lot of progress has been made, in particular
in deriving a formalism to describe contamination from large-scale structure (Hirata
2009; Wyithe & Dijkstra 2011) and in understanding at least some Lyman-𝛼 line
profiles (e.g. Verhamme et al. 2006), a lot of open questions remain: What is the full
explanation for the observed high EWs in Lyman-𝛼 galaxies? What is the origin of
the diversity of observed line profiles? How important is gravitational cooling for
Lyman-𝛼 emission? The vast observational data that will be delivered by HETDEX,
the MUSE instrument, and Subaru HyperSuprime Cam in the next years will be
helpful to address these and other questions. However, complementary simulations
will remain an important tool.
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APPENDIX A
Contributions to the Publications

A.1 Effects of Lyman-Alpha Ccattering in the IGM on Clustering Statistics of
Lyman-Alpha Emitters

The code for the simulations was partly written for the Diploma thesis of the author,
but completely rewritten and extended in the course of the first months of the PhD,
i.e. for the purpose of parallelization and to reduce memory overhead of the used
simulation. All simulations, analysis, and figures of the resulting data that were
presented in the paper were done by the author during the first year of the PhD,
except for Figure 8.1. (a figure showing a primitive code test) which was created for
the Diploma thesis.

The text of the paper was initially written by the author, and iteratively edited/re-
vised by Jens Niemeyer and the author. Before submission, the text was revised in
minor details after discussing the draft with Mark Dijkstra. The paper was finally
revised by the author according to the referee report obtained from the journal.

A.2 Beamed Ly𝛼 Emission through Outflow-driven Cavities
The code for the simulations was completely written on the basis of a stripped-down
radiative transfer code, i.e. the Lyman-𝛼 radiative transfer physics were integrated
by the author in the first/second year of the PhD. All simulations presented were
carried out by the author, and the presented models were implemented by the author.
The figures were created by the author during his PhD. The draft for the text of the
paper was written by the author and iteratively edited by Mark Dijkstra and Jens
Niemeyer. The paper was revised according to the referee report obtained from the
journal in discussion with Mark Dijkstra and Jens Niemeyer.

125



126 A Contributions to the Publications

A.3 Inclination Dependence of Lyman-𝛼 Properties in a Turbulent Disk Galaxy
The radiative transfer simulations were performed using the code mentioned in A.2.
All the simulations, analysis, and plotting was carried out by the author. The
text was written by the author and edited/supplemented by Harald Braun. Before
submission, the text was revised according to discussions with Jens Niemeyer. The
paper was edited by the author in discussion with Harald Braun and Jens Niemeyer
according to the referee report obtained from the journal.



APPENDIX B
A Non-exhaustive List of LAE Detections

Table B.1: Incomplete list of LAE detections at redshifts >2. We note that the notion of
a “confirmed” LAE depends on the used observation technique and the criteria employed to
remove interlopers. We quote the number of detections according to the publications. We
cannot rule out that some objects were reported in more than one publication without notice.
Therefore, we make a conservative estimate here for the total number of detections. Formally,
the sum of detections (including possible double-detections) is 5868. The list was partially
compiled using the list in Barnes et al. 2014.

Author # of objects confirmed Redshift

(Hu & McMahon 1996) 2 4.4

(Pascarelle et al. 1996) 2 2.4

(Hu et al. 1998) 19 3.4-4.5

(Kudritzki et al. 2000) 9 3.1

(Steidel et al. 2000) 72 3.09

(Rhoads & Malhotra 2001) 18 5.7

(Hu et al. 2002) 1 6.6

(Ajiki et al. 2003) 2 5.7

(Kodaira et al. 2003) 2 6.5

(Ouchi et al. 2003) 87 4.9

(Rhoads et al. 2003) 3 5.7

continued on next page . . .
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Author # of objects confirmed Redshift

(Dawson et al. 2004) 17 4.5

(Hayashino et al. 2004) 283 3.1

(Hu et al. 2004) 19 5.7

(Kurk et al. 2004) 1 6.5

(Rhoads et al. 2004) 1 6.5

(Santos et al. 2004) 11 2.2-5.6

(Venemans et al. 2004) 6 5.2

(Taniguchi et al. 2005) 7 6.5-6.6

(van Breukelen et al. 2005) 14 2.3-4.6

(Venemans et al. 2005) 31 3.3

(Yamada et al. 2005) 198 3-5

(Gawiser et al. 2006) 18 3.1

(Kashikawa et al. 2006) 8 6.5

(Saito et al. 2006) 41 3.2-5.0

(Shimasaku et al. 2006) 28 5.7

(Dawson et al. 2007) 59 4.5

(Gronwall et al. 2007) 162 2.1

(Nilsson et al. 2007) 3 3.15

(Finkelstein et al. 2008) 4 4.4

(Ouchi et al. 2008) 84 3.1-5.7

(Rauch et al. 2008) 27 2.67-3.75

(Grove et al. 2009) 83 2.8-3.2

(Nilsson et al. 2009) 170 2.25

(Shioya et al. 2009) 79 4.7

(Guaita et al. 2010) 250 2.1

continued on next page . . .
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Author # of objects confirmed Redshift

(Hayes et al. 2010) 38 2.2-5.6

(Hibon et al. 2010) 7 7.7

(Hu et al. 2010) 118 5.7-6.5

(Ouchi et al. 2010) 207 6.6

(Tilvi et al. 2010) 4 7.7

(Adams et al. 2011) 105 1.9-3.9

(Cassata et al. 2011) 217 2.2-6.62

(Dressler et al. 2011) 122 5.8

(Barger et al. 2012) 28 0.67-1.16

(Ciardullo et al. 2012) 104 3.1

(Hibon et al. 2012) 8 7

(Nakajima et al. 2012) 919 2.2

(Krug et al. 2012) 4 7.7

(Shibuya et al. 2012) 4 7.3

(Yamada et al. 2012) 2161 3.1

(Yang et al. 2014) 1 5.7

Total number >5000
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