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ABSTRACT OF THE DISSERTATION

An Analysis of Astrophysics and Fundamental Physics from the
Lyman-alpha Forest

by

Aaron Day

Doctor of Philosophy in Physics

University of California, San Diego, 2013

Professor David Tytler, Chair

The Lyα forest, made up of the cosmologically redshifted hydrogen Lyα

absorption lines in the spectra of distant quasars, is a sensitive probe of cosmology

and astrophysics. The shape and distribution of the Lyα absorption lines is deter-

mined by the column densities, peculiar velocities, redshifts, turbulent velocities,

temperatures, and the distribution of systems of neutral hydrogen in the space

between galaxies known as the intergalactic medium. The Lyα forest is sensitive

to the total cosmological matter power spectrum at the smallest available scales.

It provides a long lever arm for constraints on the shape of the matter power spec-

xiii



trum when used in conjunction with measurements at large scales, such as the

cosmic microwave background. It also has the potential to be used to detect the

small scale matter power suppression caused by the free streaming of fundamental

particles including known active light neutrinos or potential warm dark matter

candidates.

Focusing on the line widths, optical depth, and the power spectrum of the

flux of the Lyα forest, we find that previously published observations do not match

the outputs of fully hydrodynamic cosmological computer simulations. We present

a new measurement of the power spectrum of the flux of the Lyα forest, using 91

quasar spectra taken with the Keck HIRES spectrograph. This is the largest high

resolution data set to date by a factor of about 3. The high resolution of our data

sample gives fully resolved absorption lines. Compared to the low resolution data

set from SDSS, the HIRES data allows for more accurate subtraction of metal line

contamination, as well as a measurement of the flux power at the smallest scales.

Finally, we run a suite of 44 new computer simulations, varying cosmological and

astrophysical parameters in an attempt to find a model that matches our obser-

vational data. We find that no standard cosmological or astrophysical parameters

provide an acceptable match. This calls into question previous constraints on

cosmological parameters made from Lyα forest data sets.
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Chapter 1

Introduction

1.1 The Lyα forest

At the center of many galaxies lie super-massive black holes, which through

their accretion of matter shine as the brightest stable sources of electromagnetic

radiation in the universe. These objects are known as quasars. Quasars emit elec-

tromagnetic radiation at a nearly uniform intensity over a wide wavelength range.

The brightness and uniformity of their spectra makes them useful for the mea-

surement of absorption lines caused by matter along the line of sight. The most

abundant element in the universe is hydrogen, and the relatively strong Lyα transi-

tion makes Lyα absorption lines ideal for measuring properties of the intergalactic

medium (IGM).

While the central wavelength of a Lyα line in the rest frame of the absorbing

hydrogen is always 1215.668 Å, the cosmological expansion of space increases the

wavelength measured by an observer on Earth. For redshifts greater than about

1.6, the line is shifted into the visible spectrum, and can be observed through

Earth’s atmosphere. Since the amount of redshifting is a function of the distance

1
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Figure 1.1: Lyα forest spectrum. All absorption lines to the right of the Lyα line
are from elements other than hydrogen. All hydrogen absorption lines between the
quasar’s Lyα emission line and the Lyβ emission line are due to Lyα absorption
by intergalactic hydrogen.

to the object being observed, each Lyα absorption line in a quasar spectrum is

shifted to a wavelength corresponding to its position in space.

If the initial wavelength of a photon emitted in the rest frame of the quasar

is less than the Lyα wavelength, then at some point as the light travels to Earth,

its wavelength will increase until it becomes equal to Lyα, and it can be absorbed

by neutral hydrogen (HI) at the right position in space. Since the Lyα transition

is the shortest wavelength transition for hydrogen and Lyβ is the second shortest,

no other hydrogen transitions could lead to an absorption line in the quasar rest

wavelength range between Lyα and Lyβ, no matter the redshift. This dissertation

is focused on properties of the spectrum between these two lines, known as the

Lyα forest. There is a small contribution from absorption lines from elements

other than hydrogen which contaminate the Lyα forest spectrum and must be

removed.

The Lyα forest probes the distribution and evolution of neutral hydrogen

for redshifts between about 1.6 and 4.2, or from about 1.5 billion years after the big

bang up until around 4.1 billion years, with the current age of the universe being
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around 14 billion years. Each quasar spectrum provides data on scales ranging

from 1 to 40 comoving Mpc, where 1 Mpc = 3.26 × 106 light years. It contains

information about cosmological parameters, including the matter power spectrum,

as well as astrophysical parameters, such as the ionization and thermal state of

the cosmological hydrogen distribution.

The Lyα forest is a measure of column densities, peculiar velocities, red-

shifts, turbulent velocities, temperatures, and the distribution of matter in the

universe and how these evolve with time. This introduction chapter describes how

each of these parameters specifies the Lyα forest. In §1.2, we give a description

of how the shape of a single absorption line is determined by the column density,

temperature, and turbulent velocities of the HI absorbers. In §1.3, we describe

the primordial distribution of matter, along with the physics of the cosmological

expansion history that gives rise to the redshifts that shift the wavelengths of the

absorption lines by a factor depending on the distance to the HI absorber. In §1.4,

we describe a method of determining the mass of light active neutrinos or warm

dark matter based on the suppression of gravitational collapse on small distance

scales. Then in §1.5, we discuss the thermal and ionization history of the inter-

galactic medium and how these influence the Lyα forest. Finally, in §1.6 we give

a description of the simulations that enable us to extract information about the

various parameters that give rise to the Lyα forest.

1.2 Absorption lines

The Lyα forest is made up of the superposition of many HI absorption

lines. Each absorption line in the Lyα forest can be represented by a Voigt profile,

the convolution of a Lorentz profile for the natural line width with a Maxwellian
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velocity distribution. The Lorentz profile is the quantum mechanical description of

the probability of a single hydrogen atom absorbing a photon of a given frequency,

and moving to a higher energy level. The Lorentz profile is given by:

φν =
4γul

16π2(ν − νul)2 + γ2
ul

, (1.1)

where γul is the damping width of the upper level, ν is the photon frequency, and

νul is the resonance line frequency. The Maxwellian velocity distribution is present

because the absorption is caused by an ensemble of hydrogen atoms with a velocity

distribution set by a combination of the thermal and kinematic velocity of a cloud

of hydrogen gas. The Maxwellian velocity profile is given by:

pv =
1√
πb

e−(v−v0)2/b2 . (1.2)

The velocity of each individual hydrogen atom can be thought of as leading to

a doppler shift in the frequency at which the hydrogen atom will absorb. Bulk

movement of the gas will shift the entire absorption line frequency through the

(v − v0) term in the exponential. The shape of the Maxwellian distribution is

solely determined by the b-value, which consists of both thermal and turbulent

kinematic components added in quadrature:

b =
√

b2
th + b2

kin (1.3)

bkin =
√

2kT/mH (1.4)

The total absorption profile is given by the convolution of the two proba-
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Figure 1.2: Lyα absorption lines. The narrowest absorption line has N(HI) =
1012cm−2, and the widest line has N(HI) = 1020cm−2, with each subsequent line
representing a factor of 10 increase in column density. All absorption lines have
b = 25km/s.

bility distributions:

φV oigt
ν ≡

∫

dν ′pv(v − v′)φν =
1√
π

∫

dν

b
e−v2/b2 4γul

16π2(ν − νul)2 + γ2
ul

. (1.5)

The optical depth at a given frequency ν is then given by:

τν ∝ NHIφ
V oigt
ν , (1.6)

where NHI is density of HI integrated along the line of sight, known as the column

density. The observable is the normalized flux level of the quasar spectrum, which

is:

F = e−τν . (1.7)

The shape of an absorption line is thus specified by a combination of the b-value

and NHI .

Figure 1.2 demonstrates the dependence of absorption line shape on column

density. For unsaturated lines, the equivalent width (integral of the absorption

line profile) increases linearly with N(HI). For saturated lines, the equivalent
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Figure 1.3: Lyα absorption lines. Increasing the b-value widens the absorption
line profile. Absorption lines with N(HI) & 1020cm−2 are completely specified by
their column density, and have no measurable dependence on the b-value.

width increases with log(N(HI)) until N(HI) & 1018cm−2, at which point the

damping wings from the Lorentz profile become pronounced, and the equivalent

width increases with the square root of N(HI).

Figure 1.3 demonstrates the dependence of absorption line shape on b-

value. At low column densities, the line width is dominated by the Maxwellian

distribution, with larger temperatures leading to wider lines. Since the Lorentz

profile drops off slower than the Maxwellian profile, high column density lines with

N(HI) & 1020cm−2 are dominated by the Lorentz profile, with the b-value having

little effect on the line shape.

1.3 Cosmology

1.3.1 The primordial power spectrum

The initial conditions for the cosmological distribution of hydrogen are set

by the physics of the Big Bang. The standard theory is that sometime around
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10−36 seconds after the big bang, a brief period of inflation lasting only around

10−32 seconds expanded tiny quantum mechanical fluctuations to cosmological dis-

tance scales, providing the small density inhomogeneities necessary for structure

formation. In inflationary theories, the perturbations are a nearly scale invariant

Gaussian random field, which is completely specified by its power spectrum. This

primordial power spectrum is given by:

P (k) = As(
k

k0

)ns−1+αslnk. (1.8)

The running of the spectral index, αs is predicted to be 0. Thus the initial sta-

tistical distribution of matter is fully specified by just two free parameters, the

amplitude of the power spectrum As, and the spectral index ns. The spectral in-

dex is a measure of the small deviation from scale invariance predicted by inflation,

with a value predicted to be close to 1.

The matter power spectrum has been measured using the cosmic microwave

background radiation [21], galaxy clustering [30], gravitational lensing [14, 3], and

the Lyα forest [27, 12]. The Lyα forest probes the smallest scales, and so offers

strong constraints on the shape of the power spectrum when combined with other

measurement sources at larger scales.

1.3.2 The expansion of the universe

The expansion of the universe is determined by Einstein’s general theory of

relativity, the fundamental theory of gravity. At large enough scales, the universe

is observed to be homogeneous and isotropic. This fact combined with Einstein’s

field equations, which comprise Einstein’s general theory of relativity, directly lead
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to Friedmann’s equation:

H ≡ ȧ

a
=

√

8πG

3
ρ − kc2

a2
(1.9)

where ρ is the energy density of the universe, a is the scale factor, G is the grav-

itational constant, c is the speed of light, and k is the spatial curvature, with a

value of +1, 0, or -1. The second term is so far immeasurably small (possibly equal

to 0), and so the expansion rate is determined by the energy density. The scale

factor is the distance scale of the universe. If the scale factor doubles, the distance

between particles in space doubles.

To illuminate the various contributions to the energy density, Friedmann’s

equation can be restated as:

H = H0

√

ΩRa−4 + ΩMa−3 + Ωka−2 + ΩΛ, (1.10)

where H0 is the Hubble constant, ΩR is the radiation density, ΩM is the matter

density, Ωk is the spatial curvature density, and ΩΛ is the cosmological constant,

and all these parameters are at their present day values, at a = 1. The only

variable with time dependence in this equation is a, and so it is straight forward

to integrate to obtain the scale factor at any point in time. For a Lyα absorption

line, the observed wavelength will be shifted due to this expansion by:

λ = (1 + z)λ0, (1.11)

where z ≡ a0

a
− 1 is the redshift, and λ0 is the rest wavelength.

With time, higher density regions undergo gravitational collapse, while the

bulk of the volume of the universe expands. Initially, the growth of structure is
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linear, with Fourier modes evolving independently. As time goes on, dense regions

gravitationally attract more mass, and become denser, leading to nonlinear growth.

In the nonlinear regime, N-body Newtonian gravitational physics must be applied

to obtain an accurate description of the matter distribution. The Lyα forest probes

distance scales that are only mildly nonlinear at the measured epoch. The positions

and clustering of the absorption lines is determined by the expansion of space and

the matter power spectrum. The shape of the absorption lines is influenced by the

growth of structure through the column density of the absorbers.

1.4 Neutrino and/or warm dark matter mass

One exciting use of the Lyα forest is as a probe of the mass of light funda-

mental particles, including neutrinos and warm dark matter. Neutrino oscillation

experiments have found that the sum of the masses of the 3 light active neutrinos

is greater than 0.05 eV. The current upper bound from terrestrial experiments is

Σmν ≤ 6.6eV , from tritium beta decay experiments [6, 25, 31, 22, 32]. The future

KATRIN tritium beta decay experiment is expected to have the ability to measure

a neutrino mass as low as 0.6eV. This leaves a large range of possible masses that

not only has not been tested in terrestrial experiments, but may not be measurable

by these experiments for the foreseeable future. Cosmological measurements offer

the ability to measure the neutrino masses at whatever value they might have.

Neutrinos or warm dark matter particles both suppress gravitational col-

lapse on small scales due to their free-streaming out of potential wells. These

particles essentially only interact gravitationally due to their weak scattering cross

sections. Therefore, they keep their initial velocity distribution, which becomes

redshifted with the expansion of space. In the case of active neutrinos and in some
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warm dark matter particle models, the initial velocity distribution is theorized

to be a thermal distribution that was once in equilibrium with baryonic matter

shortly after the Big Bang. The velocity dispersion sets the free-streaming scale,

below which matter cannot collapse. The free-streaming wavenumber is defined

as:

kFS ≡
√

4πGρ
a

〈v〉 (1.12)

where ρ is the average density of the universe, G is the gravitational constant,

a is the scale factor, and 〈v〉 is the velocity dispersion of the active neutrinos or

warm dark matter [7]. This equation is analogous to the Jean’s scale, utilized in

astrophysical processes to describe the gravitational collapse of a cloud which is

supported by a velocity dispersion. At scales below kFS, gravitational collapse is

inhibited. The signature of the free streaming scale is a suppression of the matter

power spectrum below a specific wave number compared to a fiducial model. Using

Eqn. 1.9, Eqn. 1.12 can be written as:

kFS =

√

3

2

aH

〈v〉 (1.13)

with the velocity dispersion given by:

〈v〉 =

√

3kT

m
. (1.14)

A particle with a smaller mass has a larger free streaming scale due to its greater

velocity dispersion. Thus if we can measure kFS, we can determine the neutrino

mass, given the well established theory of the temperature of cosmic neutrinos.
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1.5 Astrophysics

1.5.1 Ionization Fraction of Hydrogen

Given that the Lyα forest is created by neutral hydrogen, in order to ob-

tain any cosmological information, it is critical to obtain an accurate model of

the ionization fraction of hydrogen throughout the IGM. The ionization state and

temperature also affect structure formation, and so it is important to use a model

that follows the evolution with time. Although the universe began in a hot, ionized

state, this did not last long, as adiabatic cooling caused by the expansion of space

reduced the temperature to the point where protons and electrons could combine

into neutral hydrogen. Before recombination, photons were coupled to the plasma

through Thompson scattering. After hydrogen became neutral, the photons no

longer interacted with it, and traveled freely, redshifting with the expansion of

space to become what we detect today as the cosmic microwave background radi-

ation (CMB). Through measurements of the current temperature of the CMB, it

has been determined that recombination occurred at a redshift of 1100, when the

universe was approximately 380,000 years old.

The Lyα forest cannot be seen until bright sources of light form, against

which neutral hydrogen can absorb. Even then, at any point in the expansion

history of the universe, there is enough hydrogen to completely absorb all photons

at the Lyα wavelength. It is not until enough sources of ionizing radiation form

that the hydrogen obtains a high enough ionization fraction that it becomes trans-

parent enough that absorption features can be detected and used as a probe of its

distribution in space. The detection of Thompson scattering of CMB photons off of

free electrons available due to the presence of ionized hydrogen indicates that the

ionization of hydrogen in the IGM began around a redshift of 11 [23]. The presence
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of a complete Gunn-Peterson absorption trough in quasars with HI absorption at

z ∼ 6 and the rapid transition to partial transmission of Lyα photons at a slightly

lower redshift indicates that ionization of HI was nearly complete by z ∼ 6 [4].

At the redshifts at which the Lyα forest is commonly studied (2.0 ≤ z ≤ 4.0),

the neutral fraction of both hydrogen and helium is less than ∼ 10−3 in the bulk

of the IGM, and the mean free path of ionizing photons is greater than 50 Mpc

[18]. Sources of ionizing radiation, including galaxies and quasars, are separated by

much smaller distances, and so the ionizing radiation field for HI and HeI is approx-

imately uniform [17, 26]. Over time, photoionization equilibrium is established, in

which photoionizations are balanced by recombinations, and photoheating is bal-

anced by adiabatic cooling. This process will erase any initial inhomogeneity of the

ionization and thermal state, and the temperature will asymptotically approach a

form given by the uniform ultraviolet background (UVB) [19, 20].

1.5.2 Temperature

The temperature of the IGM is important for several reasons: it contributes

to the line widths as described in §1.2, it controls the pressure which sets the size

and density of absorbing regions, and it sets the recombination rate of hydrogen. In

the most widely used models of the IGM, the main heating source is photoioniza-

tions. When a photon ionizes an atom, any additional energy above that required

for the ionization goes into heating the gas. By the redshifts of the Lyα forest,

HI and HeI ionizations are due to a uniform ionizing background, but the higher

ionization potential of HeII causes it not to be ionized until z ∼ 3. The photoion-

ization of HeII during the time that the Lyα forest is absorbed causes significant

heating, which may be non-uniform due to radiative transfer physics of the HeII

[28, 5, 15, 16].
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There is also the potential for other sources of heating, including decay-

ing dark matter, annihilating dark matter, and blazars [9, 10, 8]. Each of these

possible sources have a different density dependence, and thus would leave their

own characteristic mark on the Lyα forest. Most temperature models of the IGM

used to extract cosmological data from the Lyα forest use a uniform ionizing back-

ground or an imposed temperature density relationship. A wider range of possible

thermal history scenarios should be tested to ensure the correct model is chosen

allowing accurate cosmological parameters to be determined.

1.6 Simulations

The standard means of interpreting Lyα forest data sets is through the

use of large hydrodynamic computer simulations. In this dissertation, we use the

publicly available ENZO code. These simulations follow both cold dark matter

and baryonic gas (H, H+, He, He+, He++, and e-).

The dark matter is implemented as a set of particles, each with a position

and velocity. The dark matter particle trajectories are calculated by solving Pois-

son’s equation including the gravitational potential of both the dark matter and

the baryonic matter.

The baryonic matter is implemented as a fluid on a Cartesian grid with pe-

riodic boundary conditions. Each cell includes the velocity, temperature, density

of each species, internal gas energy, and total energy. In addition to the gravi-

tational forces, the baryonic matter experiences hydrodynamic forces, which are

calculated using the piecewise parabolic method of [11]. Cooling and heating of

the baryonic gas includes both collisional and radiative processes for each of the 6

species [29, 1, 2]. Ionization and photo-heating rates are dependent on the ionizing
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Figure 1.4: A slice of a cosmological simumlation run with ENZO. The brightness
of the image scales with the log of the dark matter density. The length of a side is
19.2 Mpc comoving.
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background radiation, as described in §1.5.

Initial conditions for the dark matter positions and velocities and the bary-

onic matter densities and velocities are specified by an initial power spectrum. The

density fluctuations in k-space are calculated on a uniform Cartesian grid, and the

Fourier Transform is taken to obtain the physical density fluctuations. We ran

most of our simulations with initial conditions generated with the algorithm de-

veloped by [13]. We also ran a few simulations with massive light neutrinos using

initial conditions generated by CAMB [24].

We generate Lyα forest spectra along lines of sight through the simulation

cube. For each line of sight, we choose a random starting location and a random

direction. We then integrate Eqn. 1.5 and calculate the flux from Eqn. 1.7, using

the simulated HI density, temperature, and velocity fields.

1.7 Summary

The Lyα forest contains information about fundamental physics, including

the primordial matter power spectrum and the masses of fundamental particles.

It also encodes astrophysics, including the temperature and ionization state of

hydrogen and helium in the IGM. In the work that this dissertation comprises,

we provide the most precise measurements of the small scale flux power spectrum

of the Lyα forest to date. We also provide data from computer simulations and

compare the results to the observational data set. We show that the current

standard model of the IGM is insufficient to explain the measured properties of

the Lyα forest. Further research will need to be conducted to find a model that

accurately explains the features found in observational data. The precision of

the observational data set we provide has the potential to contain information
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regarding fundamental physics that is waiting to be exploited by new, more realistic

computer simulations.
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Chapter 2

Questioning Lyman-alpha forest

results: the intergalactic medium

temperature, the ionizing

radiation intensity, the

temperature-density relation, the

matter power spectrum and

neutrino mass limits

2.1 Abstract

Some of the best limits on the masses of the normal active neutrinos, and

separately warm dark matter particles such as sterile neutrinos, come from obser-

vations of the Lyα absorption in the ultraviolet spectra of quasars. These limits are

measured by comparing spectra to supercomputer simulations of an intergalactic

20
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medium that was photoionized and heated by ultraviolet photons from stars and

quasars. We show that these simulations do not match data on the Lyα at red-

shift z ∼ 2. The simulations give the wrong shape for the power spectrum of the

flux, and separately they give too little power on intermediate-scales (0.01 s/km,

or 3 Mpc) for the measured amount of Lyα absorption. If the data are reliable,

as suggested by independent data sets at higher z, then the simulations do not

adequately describe the Lyα absorption. We must then question multiple results

that rely on these simulations, including the temperature and ionization of the gas

in the intergalactic medium, the correlation between temperature and density, the

fraction of the volume containing elements made in stars, the power spectrum of

the matter and the limits on the masses of the neutrinos. Simulations would be

more like data if a larger proportion of their Lyα absorption came from higher

density regions, as might happen if those regions were cooler or of lower ionization

than in normal simulations.

2.2 Introduction

The spectra of QSOs show hundreds of Lyα absorption lines from neutral

hydrogen in higher density regions of the intergalactic medium (IGM) [74, 58].

These lines are redshifted to observed wavelengths λobs = (1 + z)1216 Å, so that

neutral hydrogen farther from us will be seen at larger wavelengths. The changing

redshift means that the spectrum of each QSO shows a forest of Lyα lines that

describe the distribution of the neutral hydrogen all along the path from the QSO

to us.

We can use the fluctuations in the amount of Lyα absorption as a func-

tion of wavelength (or redshift) to measure astrophysical parameters including the

temperature and ionization of the IGM, as well as the amplitude of the power spec-

trum of the cosmological matter density field (the matter power). The amount of

Lyα absorption increases with the gas density, and the gas density is tied to the
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total matter density [20, 21, 29, 33, 34, 53, 52, 97, 94, 19]. The Lyα forest gives

the matter power on smaller scales than galaxies or the cosmic microwave back-

ground (CMB), and the density in the IGM fluctuates by factors of only a few

on Mpc scales. These density fluctuations are close enough to linear that large

hydrodynamic numerical simulations that track the density, velocity, temperature

and ionization of the hydrogen and helium in the IGM should give an accurate rep-

resentation of the Lyα absorption expected for a given primordial matter power

spectrum. We estimate the astrophysical parameters and the primordial matter

power spectrum amplitude by finding the simulation that makes Lyα absorption

most like that in the observed QSO spectra.

We are interested in Lyα forest data sets as probes of inflation, light neu-

trino masses, warm dark matter (WDM) and IGM thermal history. We consider

these four applications in order. First, inflation. The small-scales provide maxi-

mum leverage when compared to the large-scale power from the CMB. This com-

parison tests whether the overall shape of the power spectrum is consistent with the

expectation of a tilted power-law with index ns ∼ 0.95. Departure from this power-

law, such as a running-spectral index (that changes with wavenumber), would tell

us about the potential of the inflaton field.

Second, the best upper-limits on the sum of the masses of the three normal

active neutrinos, Σmν , may come from comparing the power from the Lyα forest

on small-scales to the power on much larger scales. Neutrinos with smaller masses

remain relativistic for longer, they travel farther and suppress the gravitational

growth of structure on larger scales. The neutrinos suppress power across all scales

sampled by the Lyα forest. The suppression increases as the scale decreases below

the neutrino free streaming wave number kfs = 0.002(Σmν/0.05 eV)1/2 (1/Mpc)

[32, Eqn. 1], or kfs = 10−5 (s/km), 1000 times larger than the scales we will

discuss. At redshift z = 3.5 and for Σmν = 0.05 eV, the power is suppressed by

1% at k = 0.03 (1/Mpc) (or 8 × 10−5 s/km) and 1.9% for k > 0.6 (1/Mpc) (or

> 0.0017 s/km)[49]. At a fixed wavenumber, the suppression increases with Σmν
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and with increasing time (decreasing z). For k > 0.6 (1/Mpc) the matter power

is suppressed by 2.1(Σmν/0.05 eV)% at z = 1.5 and by 2.7(Σmν/0.05 eV)% at

z = 0 [32, 49]. A 2% suppression, corresponding to the minimum Σmν allowed by

oscillation data, Σmν = 0.05 eV, is smaller than could be detected with existing

spectra, but a ∼ 20% suppression by neutrinos with Σmν = 0.5 eV might be

detectable.

Third, the amplitude and shape of the power spectrum on the smallest

scales provides some of the best limits on the mass of warm dark matter (WDM).

WDM suppresses small-scale power in a similar way to the active neutrinos, but

the size and shape of the suppression is dependent on the production mechanism,

the mass of the WDM particle, and the mass fraction of the total dark matter

that consists of WDM particles[10]. New types of neutrinos with keV masses that

are sterile, because they do not have normal weak force interactions, are a favored

form of WDM, in part because the most popular explanations for the masses of

the active neutrinos all require sterile neutrinos. These ideas are also connected

to leptogenesis, through which the baryon asymmetry arises from a lepton number

asymmetry [14]. In addition, if there is a small interaction between dark matter

and photons, this will suppress power in a similar way as WDM. A constraint (from

the suppression of power) on the amount of WDM can be converted into a bound

on this interaction cross section, where a dark matter particle of mass 100 GeV

and a cross section 10−6 times the Thompson scattering cross section suppresses

the power like a WDM particle with a mass around 1 keV [4].

Fourth, the Lyα forest absorption contains information on the thermal his-

tory of the IGM. The Lyα absorption line widths as well as the amplitude of the

power spectrum of the flux in the Lyα forest on the smallest scales (k > 0.1 s/km)

are sensitive to the temperature of the IGM at and before the time of observa-

tion. Higher temperatures increase the doppler broadening of the Lyα absorption

and this decreases the small-scale power. Higher temperatures bring increased

collisional ionization, a reduction in the mean amount of Lyα absorption and a
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decrease in the power on all scales. The gas pressure further reduces the power

spectrum on small-scales by opposing the growth of small fluctuations [29, Eqn.

20].

Hydrodynamic numerical simulations are central to measuring the matter

power from the Lyα forest because of the complex interplay between the density,

velocity, ionization and temperature. In standard IGM simulations, the gas is

heated to over 104 K at z > 6 when it is photoionized. Regions of the IGM

with lower densities expand faster and cool faster than higher density regions. By

redshifts z ∼ 2, these standard simulations show a tight correlation between the

density and temperature in most of the volume of the IGM [35].

Over the years, many simulations that incorporate this standard description

of the IGM have been compared to the Lyα absorption in QSO spectra. While the

parameters that specify the simulations can usually be varied to give a match to

some of the statistics that describe the Lyα absorption [16, 68, 31, 69, 84, 37, 65],

other studies have shown differences that suggest that this physical description of

the IGM is incorrect [57, 90, 3, 7].

The immediate goal of this paper is to explore whether any of our stan-

dard simulations can make artificial spectra that can match the power spectrum

of the flux in data. We attempt to simultaneously match five statistics of the

IGM. We work directly with the output from the simulations, and we avoid the

common practice of adjusting (post-processing) the outputs from simulations to

better match data.

We will describe the hydrodynamic simulations of the IGM and then the

cosmological and astrophysical input-parameters that specify these simulations,

and the statistical quantities that we use to compare to the Lyα absorption in

QSO spectra. We next show how we can predict the values of the statistics that we

expect from arbitrary combinations of input-parameters. We find the sets of input-

parameters that simultaneously match several of the statistics from data. We find

that none of our simulations can match all of the statistics of the Lyα absorption.
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In particular, we confirm our earlier finding [90] that the power on Mpc scales

in both the low-resolution (Sloan Digital Sky Survey, SDSS) and high-resolution

(HIRES on Keck, or UVES on the VLT) spectra is about a factor of 1.5 larger

than in the simulations. We end with a discussion of the possible explanations and

the implications.

2.3 Hydrodynamic simulations of the intergalac-

tic medium

We use the same hydrodynamic simulations as in [37] where we examined

only the mean amount of Lyα absorption and the characteristic Lyα absorption

line width. In this paper we also examine the power spectrum of the flux in

the Lyα forest that is related to the underlying matter power spectrum. We use

the Eulerian (grid based) code ENZO [13, 12, 61, 63, 70, 62]. The Lagrangian

code GADGET gives very similar results [64] for the IGM. Our simulations follow

the growth of density fluctuations and peculiar velocities, and the heating and

ionization due to the ultraviolet background radiation from early stars and later

QSOs [98] and shocks from structure formation.

2.3.1 Input-parameters

In table 2.1 we list five input-parameters that we vary from one simulation

to another. We will not vary other input-parameters that have small effects over

the limited ranges allowed by other measurements. These other parameters include

ΩΛ, Ωm, and Ωb, which are the fraction of the closure density in the cosmological

constant, in all matter (including baryons), and in baryons alone. We also do not

vary the power spectrum scalar slope ns and the Hubble constant, given by 100h

km/s/Mpc. We list the fixed values of these other parameters in the first four

columns of table 2.2. The standard values for these input-parameters are close to
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those preferred by the WMAP 5-year data [24, 45], although we use a larger value

of ns = 1.
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The main differences between our simulations are controlled by three input

parameters. The σ8 is a measure of the amplitude of the primordial matter power.

It is the current standard deviation of the density of matter (divided by the mean

density) in a sphere of radius 8 h−1Mpc. We use two astrophysical parameters

that together adjust both the ionization and heating of the IGM. The parameter

γ912 is the photoionization rate per neutral hydrogen atom, in units of the rate

predicted from known ultraviolet sources and Lyman continuum absorbers by [50].

We expect γ912 ∼ 1, unless there are additional unknown sources of ultraviolet

photons. We use γ912 to adjust the fraction of the H that is neutral and hence the

total Lyα absorption.

The parameter X228 is the heat input per ionization of He+, again in units

of that expected for the photon spectrum given by [50]. The value of γ912 controls

the entire ionizing spectrum, including photons that can ionize H and He+. Our

ENZO simulations, like almost all others used to interpret the IGM, are optically-

thin with exactly the same intensity of ionizing photons at all places at a given

redshift. The X228 parameter was introduced to correct for the heat input that

might have been experienced in optically-thick gas. By design we expect X228 ∼ 1

will provide the best description of the IGM.

We previously presented the effects of varying box and cell size in [90]. We

discovered that the gas in larger simulations is hotter at all densities and especially

the largest densities. This is because the larger boxes contain longer density and

velocity modes that cannot fit into the smaller boxes and these modes lead to

higher flow velocities and more shock heating.

2.3.2 Output-statistics

We compare the simulations and QSO spectra using output-statistics that

we measure in both the QSO spectra and in artificial spectra from the simulations.

We must make the comparison using statistics because we do not know the initial
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density and velocity fields in the specific parts of the IGM that we observe. We

make artificial spectra from each simulation using the code described in [102] and

in [37]. In this paper we use a set of five statistics that we list in table 2.3.
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The statistic bσ measures the typical Lyα absorption line doppler width in

km s−1. We obtain this statistic by fitting the Hui & Rutledge function [36, Eqn. 5]

to the distribution of Lyα absorption line widths, or b-values, where b =
√

2σ and

σ is the standard deviation of a Gaussian distribution. Larger values correspond

to hotter gas, more bulk motion, and larger absorbing regions (larger difference in

Hubble flow across each region).

A second statistic measures the mean amount of Lyα absorption. We first

mark the continuum level on each spectrum. The continuum level is the spectrum

of flux (erg/cm2/s/Å) that we expect in the absence of absorption. It varies slowly

with wavelength, except in the QSO emission lines. We then divide the flux in

each pixel by the continuum level for that pixel, to obtain F1 [42, Eqn. 2], and

we average this over all relevant wavelengths and many QSOs [88] to get the

mean flux F̄ . In place of the mean flux, we use the mean effective optical depth,

τeff ≡ −ln(F̄ ), effective because we averaged over wavelengths and QSOs before we

take the natural-log. At redshifts z ∼ 2, the Lyα absorption removes only ∼ 13%

of the flux, and hence τeff ≃ (1 − F̄ ) is the fraction of photons absorbed by Lyα

transitions. The τeff increases when the gas is cooler (less collisional ionization),

less photoionized (less ionizing photons per proton) or denser (faster recombination

for a fixed photon flux and temperature).

The three other output-statistics are the amplitude of the 1-dimensional

power spectrum of the flux overdensity at three wavenumbers, log10(k) = −2.0,

−1.5 and −1.0 (s/km). We take the power of the flux overdensity, δF2 = (F1 −
F̄1)/F̄1, [42, Eqn. 3] where F̄1 is the average of F1 over a segment of spectrum

of length ∆z = 0.1 [37] (see [37, §6.3] and [90, §8] for alternatives). We cut each

spectrum into segments of this length, we measure the power in each segment and

we average these power spectra over segments and QSOs. At a given k, the 1-D

power is the integral of the 3-D power over smaller-scales. P−2 represents the power

on larger-scales (the −2 is the value of log10(k)), large enough to be relatively

insensitive to the gas temperature (for a given amount of absorption, [66, Fig.
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8,9]) and large enough to be measured in numerous low-resolution spectra, but

small enough to fit inside our typical simulation boxes. P−1 measures the power

on small-scales where the gas temperature and bulk motions are more important.

Measurements on scales smaller than this are complicated by absorption from

elements other than hydrogen (metal lines [53]) and photon noise [18]. The value

of P−2 comes in part from the large-scale distribution of matter in the IGM, and

in part from shapes of the individual Lyα absorption features, while P−1 is almost

entirely from the shapes [93, Fig. 1].

2.3.3 Dependence of flux-power on input-parameters

Since we have not run simulations for all sets of parameters that might most

resemble data, we instead interpolate and extrapolate from the many simulations

that we have run. We now describe how we calculate the output-statistics that

we expect to obtain if we were to run a simulation with a particular set of input-

parameters. We extend the technique that we first developed in [37] for the output

parameters bσ and τeff . We give scaling equations between individual inputs and

outputs. We vary one input-parameter at a time, keeping the others fixed at

standard values given in table 2.2.

We set the standard values as follows. We set σ8 close to the WMAP 5-year

data value [24, 45]. We set the two astrophysical standard input-parameters (γ912

and X228) to give output-statistics that match data for four of the five output-

statistics, all except the large-scale power P−2 (that we cannot match). We set the

box size to 76.8 Mpc and the cell size to 18.75 kpc because these are the extremes

from our simulations and the differences that would result with much larger boxes

or much smaller cells are less than the errors with the observations [90]. If we run

a simulation using all these standard input-parameter values, we should obtain the

standard output-statistic values that we list in the top row of table 2.4. We have

not run this simulation because it would be a 4096 cube that would be near the
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limit of existing supercomputers and it would require significant computational

time. We do not need to run this simulation because we can predict the output

with sufficient accuracy.
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To calculate the output-statistic that we expect from a simulation with

arbitrary input-parameters, we calculate one scaling factor for each parameter that

will not be at its standard value. A scaling factor is a scaling equation from table

2.5 evaluated at the desired input value, divided by the same equation evaluated

at the standard input-parameter value. The equivalent equations for τeff and bσ

are in [37, table 7]. We obtain the output-statistic we expect when we multiply the

output of a simulation by the scaling factors. For example, the power we expect

for a box of size L is P−2 = P ′

−2P−2(L)/P−2(L
′), where P ′

−2 = 5.11 is from table

2.4, P−2(L) = 3.28 + 0.135L0.600 is the power we expect for a box of size L, and

P−2(L
′) = 3.28 + 0.135(L′)0.600 = 5.106 is the power for size L′ = 76.8 Mpc.
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In table 2.4 we list both the mean and standard deviations of the output-

statistics that we expect when we scale each simulation to the standard input-

parameter values. The standard deviations are 1–5% of the mean values, showing

that the cross-terms between the input-parameters are small. We can then vary all

the input-parameters simultaneously by multiplying scaling factors together. For

example, the power we expect for input-parameters L, C, X228, γ912, and σ8 is

P−2 = P ′

−2

P−2(L)

P−2(L′)

P−2(C)

P−2(C ′)

P−2(X228)

P−2(X ′

228)

P−2(γ912)

P−2(γ′

912)

P−2(σ8)

P−2(σ′

8)
. (2.1)

Figures 2.1 and 2.2 show the power after and before we apply the scaling

equations. Each simulation is shown as a point in each panel. Figure 2.1 shows

that the scaling equations provide an accurate description of the simulations. We

found the scaling equations by first fitting a curve to each panel in figure 2.2. We

used these interim equations to scale all the other panels in a row. We then iterated

until the equations converged.

The trends in figure 2.1 have physical interpretations. The top left panel

shows that larger boxes give spectra with more large-scale power, because they

contain larger modes [90]. The top and bottom panels in the cell size column

show trends that we previously noted [37, figure 7]. Increasing X228 heats the gas,

leaving less neutral hydrogen [37, figure 24], less Lyα absorption and hence less

power on all scales. Increasing γ912 has the same effects through photoionization

of the neutral hydrogen. The last column shows that the flux-power decreases on

all scales when the matter power (σ8) is increased. This counter-intuitive anti-

correlation arises because the increase in σ8 makes the τeff fall ([37] figure 20),

which causes the flux-power to fall by more than the increase caused directly by

the σ8 increase. Comparing the top two rows, we see that the intermediate-scale

and large-scale power are more sensitive to γ912 (and hence to τeff) than to the

other input-parameters (including σ8) for the ranges that we show. This illustrates

the most important trait of the flux-power [19, 88, 94], that it is to first order a
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Figure 2.1: Power (vertically) of the Lyα flux (km/s) in spectra from simulations
of the IGM as a function of simulation input-parameters (horizontally). In each
frame we show each simulation as a point. We used the equations in table 2.5 to
scale the power that we measured from each simulation to the values we expect for
the standard input-parameters in table 2.2. The curves show these equations. For
each column, we do not scale the points by the quantity given on the horizontal
axis of that column. The small scatter of points about the curves demonstrates
the accuracy of the scalings.
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Figure 2.2: As figure 2.1, but now showing the raw unscaled flux-power, again
with one point per simulation. All simulations appear in each panel and in general
the simulations differ in all the input-parameters, not only that shown on the
horizontal axis of a given panel.
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measurement of the mean amount of Lyα absorption. Reference [56] showed that

it is possible to break the degeneracy between the matter power (σ8) and the γ912

because the shape of the power spectrum is sufficient to specify both parameters.

As γ912 increases, the power spectrum becomes steeper, with the ratio P−2/P−1.5

increasing from 2.13 to 2.49 as γ912 increases from 0.5 to 1.5. This ratio also

increases as σ8 increases, but by different factors.

2.4 Comparison of the simulated and observed

Lyα forest

The curves in figure 2.1 showed how the flux-power changes when we change

one of the five inputs and we keep the others constant. This does not tell us how

to find a simulation that simultaneously matches all output-statistics from data

because a change in one input typically causes changes in all the outputs. In this

section we simultaneously adjust three inputs to keep selected outputs constant at

the values in table 2.4 from QSO spectra.

We use the same data values as [37]. Our simulations do not correctly simu-

late high column density absorbers and they do not include metal absorption, and

so we remove these absorbers from the data. The observed flux-power was taken

from [41] who excluded absorption by Lyα lines with neutral hydrogen column den-

sities of log NHI> 19.5 (cm−2). Reference [37, Table 4] interpolated the power to

z = 1.95 and they removed flux-power from absorption due to metals. According

to [41, Fig. 3], at z = 2.36 metals contribute 20% of the power at k = 0.1 (s/km)

and ∼ 7% at k = 0.01 (s/km). We calculated the value of bσ from the distribution

of widths (b-values) of Lyα lines with 12.5 < log NHI< 14.5 (cm−2) [40, Fig. 10].

For τeff , we use the data from [89, 88] that includes only the absorption from the

low density IGM, and not that from metal lines or the Lyα lines of Lyman limit

absorbers with log NHI> 17.2 (cm−2) that we have not correctly simulated [90].
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2.4.1 Matching the mean amount of absorption and typical

line width

We first find sets of simulations that simultaneously match two statistics

from data. Figures 25 and 26 of [37] showed that by reducing γ912 as σ8 increases

it is possible to obtain a set of simulations all with the same (observed) value of

τeff . Figures 37, 38 and 39 of [37] showed the sets of values for X228, γ912 and σ8

that together give simulations that match both τeff and bσ simultaneously. With

larger σ8 we need larger X228 (to offset the narrower Lyα lines from larger σ8)

and smaller γ912 (to offset the reduced neutral hydrogen from larger X228 and the

reduced τeff from the larger σ8 [88, §12.1.1] ).

In figure 2.3, the solid red curves show the values that inputs X228, γ912,

and σ8 should take to simultaneously match measurements of τeff and bσ. The two

other curves show the effects of moving the measurements by 1σ. As [37] showed,

we have no trouble finding sets of input-parameters that give simulations that

can simultaneously match the observed τeff and bσ; but this success is misleading

because we cannot simultaneously match a third statistic such as the power.

2.4.2 Matching the mean amount of absorption, typical

line width and flux-power

Reference [37, Fig. 40] showed that the power of the flux in the Lyα forest

is larger in data than in some simulations, while reference [90] showed that this

was not because simulations boxes were too small. We will now see that these

results apply to simulations in general, even when we arbitrarily change the input-

parameters to look for a match.

In figure 2.4, we attempt to match the flux-power in addition to τeff and bσ.

To do this, we use the scaling technique of section 2.3.3 to scale the power to the

sets of inputs that we know from figure 2.3 simultaneously match both τeff and bσ.
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Figure 2.3: Projections onto the three faces of a cube showing the input-
parameters (γ912, X228, and σ8) for simulations that give simulated spectra that
match the observed values for τeff and bσ (solid red curves). The dotted (pale
green) curve matches bσ−1σ, and the dashed (dark blue) curve τeff+1σ.
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Figure 2.4: Power of the flux (km/s) in simulated spectra that lie on the lines
defined in figure 2.3. In each panel, we vary the 3 input-parameters simultaneously,
although we show only one at a time on the x-axis. The horizontal yellow bands
on the lower two rows show the 1σ range of the observed power. The equivalent
band for the top row is far off the top of the panels at P−2 = 8.8 ± 1.0 (km/s).
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Let us discuss some of the trends in figure 2.4. In figure 2.1 (where we

adjusted only one input at a time and we allowed the outputs to float), the gradients

of P−1, P−1.5 and P−2 with X228, γ912 and σ8 were all negative. Now in figure 2.4

five of these nine gradients have reversed sign, and the gradients of P−1 now have

the opposite sign to the gradients of the other two powers. The different gradient

for P−1 compared to the larger-scale powers means that increasing σ8 (while we

simultaneously increase X228 and decrease γ912) will change the shape of the power

spectrum, giving more power on larger-scales.

In figure 2.3, the relative displacements of the lines illustrate the sensitivity

to the input-parameters. The top panel shows that if we decrease X228 or increase

σ8, we obtain a lower bσ, moving, for example, from the solid (red) to the dotted

(green) line. The two lower projections show how we should simultaneously adjust

the γ912 if we want to keep the τeff unchanged.

Figure 2.4 shows that a wide range of models, those along the solid line on

the lower row of panels, can simultaneously match the τeff , bσ and the P−1 from

data. We cannot match all three if either the bσ is lowered to 22.1 km s−1 (dotted

green lines) or τeff is raised to 0.145 (dashed blue lines). This suggests that the

observed values for τeff , bσ and P−1 are mutually-consistent and consistent with our

simulations. These statistics alone place tight constraints on the input-parameters.

The middle row of figure 2.4 shows that only simulations with X228< 1.2,

γ912> 1.2 and σ8< 0.85 (those lying on the solid red line in the shaded yellow

region) can match τeff , bσ and the P−1.5. These simulations all also match P−1.

Again, we cannot match bσ and P−1.5 if τeff is raised to 0.145.

The top row of figure 2.4 shows that there are no simulations that match

τeff , bσ and P−2. The large-scale power in all our simulations would remain below

the observed value even if τeff or bσ were to change by several σ. The dashed

blue line shows that by increasing the τeff we can increase the P−2 to improve the

match. However, this is not a solution, because linear extrapolation of the increase

in P−2 shown in the top right panel of figure 2.4 shows we would need to increase
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τeff by 7σ to give P−2 ≃ 8.8, and such a large change is ruled out by mean flux

measurements. In addition, the lower two rows show that such simulations would

then have too much power at both P−1.5 and P−1. We also see from figure 2.4 that

changing the bσ in data does not have a large effect on the large-scale power, and

hence this is unlikely to make data and simulations match.

2.4.3 Combined constraints

We saw in figure 2.4 that we can match the observed values of four but

not all five statistics. We now explore in more detail the constraints that these

statistics place on the input-parameters.

In figure 2.5, we show the values for three input-parameters (X228, γ912 and

σ8) that simulations require to make artificial spectra that match the values for

pairs of output-statistics. Since we have five statistics, we can make ten different

pairings. We only show seven of the ten in the figure because there are no input-

parameter values that match the large-scale power P−2 together with one of τeff ,

P−1.5 or P−1. The remaining match of P−2 with bσ (shown by the solid line 7 in

the lower parts of the lower two panels) is unusual in that it required values of γ912

less than half those required by the other pairs of statistics.

The closeness of the three lines in figure 2.5 that match (τeff and P−1, line

3), (τeff and bσ, line 4) and (bσ and P−1, line 5) in all three panels shows that

any two of these three statistics contains almost all the information in the third.

Although this suggests that P−1 is largely determined by the combination of the

line widths (bσ) and the total amount of Lyα absorption (τeff), we will see later

that bσ does contain more information than is in the combination of τeff and P−1.

Near the left edge of the two lower panels of figure 2.5 we see that six of

the seven lines pass through a small volume where the inputs are close to X228=

0.96, γ912= 1.47 and σ8= 0.74. This means that simulations that use these input-

parameters will match four of the five statistics, all except the large-scale power
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Figure 2.5: Projection of the three faces of a cube showing the values of γ912,
σ8, and X228 that give simulated spectra that match various statistics from QSO
spectra. Only if lines intersect can the simulated output-statistics match three
or more statistics from observed data. We do not show lines for simulations that
can match P−2 and any one of P−1.5, P−1, or τeff , because there are no such
simulations. The scaling equations that we used to make this figure employ input-
parameters (σ8=0.9, γ912=1.0, X228=1.4) from [37] that differ slightly from those
in table 2.2 because the latter did not give solutions for τeff and P−1.5. In general,
we expect that the three input-parameters do not give enough freedom to be able
to simultaneously exactly match several point statistics, with no errors.
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P−2. We set the standard model input-parameters that we list in table 2.2 to

be similar to the values where the curves overlap, or more precisely, where the

simulations give the same values of the statistics as does the Lyα absorption in

QSO spectra.

In figure 2.6, we show the values of the astrophysical input-parameters for

simulations that give artificial spectra that match each of the five statistics of

the Lyα forest data. The widths of the bands show the approximate ±1σ error

ranges for the data from table 2.4. The vertical band is the limit given by the

Lyα line widths; vertical because the value of γ912 has a minimal effect on the gas

temperature [37, Fig. 23]. The figure shows that there are no simulations that can

match the large-scale power at the same time as either the power on smaller scales

or the total absorption.

In figure 2.7, we see the effect of increasing σ8 from 0.812 to 1.0, a value that

is 5.7σ above the value from WMAP 5-year data alone (0.796± 0.036 [24]) and 7σ

above the value of 0.817±0.026 for the combination of the WMAP 5-year data and

data on the baryonic acoustic oscillations and supernovae distances [45, 67, 46].

Increasing σ8 lowers the γ912 required to match both the power (on all

scales) and the τeff . We also need larger X228 to maintain lines with the observed

bσ (see §3.1). While the curves are closer, they do not overlap even by σ8= 1.1,

the largest value that we examined.

The improvement in the fit to the large-scale power with large σ8 values is

not enough to convince us that the Lyα forest prefers a large σ8 value. Rather, we

think that it is an accident that large σ8 values compensate for some other problem

with the data or simulations. From a larger perspective, the larger σ8 does not

improve the agreement between the simulations and data in general because we

then also have the added penalty of being many σ away from the σ8 values preferred

by other data.

We previously saw in figure 2.5 that any pair of statistics from the triad

bσ, τeff and P−1 contains almost all the information (on X228 and γ912) in the third
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Figure 2.6: Simulations with input-parameters in a colored band match a statistic
of the Lyα forest data. A simulation with heating X228 and photoionization rate
γ912 that lies on the edge of a band gives that statistic ±1σ from the data value
in table 2.4. Hotter simulations are on the right, and more ionized ones at the
top. The color scheme is as follows: P−2 = purple, P−1.5 = blue, P−1 = green, τeff

= red, and bσ = mustard. Where the bands overlap, the simulations match more
than one statistic. There are no simulations that match all statistics.
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Figure 2.7: As figure 2.6, but with σ8 = 1.0, that does not improve the match to
data because this σ8 value is multiple σ from other data sets. From top to bottom
on the left side, the (top, middle and bottom) of the bands give simulations that
match the following data values: (P−1 = 0.0774, 0.0841, 0.0908 km/s), (P−1.5 =
1.93, 2.07, 2.21 km/s), (τeff= 0.122, 0.1335, 0.145) and (P−2 = 7.8, 8.8, 9.8 km/s
). From left to right across the vertical band the simulations give (bσ= 22.1, 23.6,
25.1 km s−1).
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statistic. We now see this again in figures 2.6 and 2.7 where the centers of the

bands for bσ, τeff and P−1 (corresponding to the lines in figure 2.5) pass near to

a point in the plane for either σ8= 0.812 or 1.0. Moreover, the center of the P−1

(green) band passes near the intersection of one pair of edges of the τeff and the bσ

bands (X228= 0.72, γ912= 1.7 for σ8= 0.812), and then again near the other pair

of edges near (X228= 1.49, γ912= 0.97 for σ8= 0.812) and we see a similar pair of

intersections for σ8= 1.0. In other words, similar areas in the X228 – γ912 plane are

required by the ±1σ ranges for any pair of the three statistics. These relations are

a property of the simulations, and not an artifact of the method that we used to

arrive at this plot.

We can understand the correlations amongst this triad of statistics. We

know that bσ lacks information on both the number of Lyα lines and their depths,

and hence it is complemented by τeff or P−1. Similarly, τeff lacks information on

the line widths and clustering, and we can obtain this from either bσ or P−1. It

is less clear why P−1 is lacking in information, since it is very sensitive to both

the mean absorption (τeff) and to line shapes (bσ). The key is how a spectrum

changes as we move along the P−1 band, from the upper left where we have a few

(large γ912 leaves less H I) narrow (small X228) lines that make too little absorption

(especially for σ8= 1.0), to the lower right where we have many shallow lines and

too much absorption. We can then complement P−1 using information from either

bσ or τeff to disallow spectra at either end of the P−1 band where both the line

widths and the mean amount of absorption do not match data.

Figure 2.6 further shows that other combinations of statistics are also partly

redundant, since τeff , P−1.5 and to a lesser extent P−1 all place similar demands on

the two astrophysical parameters, X228 and γ912.
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2.4.4 Disagreements between data and simulations

We have shown that we can establish that simulations do not match data

using only two output-statistics: the large-scale power P−2 and any one of τeff ,

P−1.5 or P−1. From P−2 and τeff alone, we conclude that the simulations have too

little power on large-scales for the mean amount of Lyα absorption. From P−2 and

either P−1.5 or P−1 we see that the simulated flux-power spectrum has the wrong

shape; it is not steep enough. Figures 2.4, and [90, Fig.46,47]) show that the flux-

power spectrum of the data rises faster (as the scale increases from wavenumbers

k = 0.1 − 0.03 to 0.01 (s/km)) than the power from the simulated spectra.

What changes to the data would improve the match to the simulations? In

figure 2.6, the bands are independent and fixed by their individual measurements.

If we can change only one data value, the large-scale power is the only one that

can improve the match.

A change to τeff alone does not improve the match for three reasons; the

change required is unreasonably large (§3.2), it would cause other mismatches, and

we can establish the mismatch without using τeff .

A change to bσ alone is also not going to improve the mismatch. We saw

in figure 2.4 that a change in the measured bσ value does not help match the

large-scale power, and again, we can establish the mismatch without using bσ.

2.5 Explanation for disagreements between Lyα

forest data and simulations

Here we speculate on why the simulations do not match the statistics of the

Lyα forest in QSO spectra. Following [90], we consider four classes of explanation:

data, simulations, astrophysics and cosmology.
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2.5.1 Data

First, the data may be inadequate. The large-scale power is the most ob-

vious suspect, especially because the mismatch manifests over only a factor of 3

change in the wavenumber. Yet there are good reasons to accept that the power

is valid; other measurements of the power agree in the sense of the mismatch, and

at least two other statistics of the Lyα forest also do not match simulations.

Decreasing the measured large-scale power from 8.8 ± 1.0 to 5.11 would

allow simulations to match all the data that we are considering. Although this

is approximately a 3.7σ reduction, the errors are not well known, and this seems

the most likely change to data that could bring the simulations and data into

agreement.

However, three different measurements of the power at logk = −2 (s/km)

are all above the power in the simulations. We use P−2 = 8.8 ± 1.0 (km/s) from

[41, 37]. Reference [90, Fig. 46,47] shows two other estimates of the power at

z = 2 that are systematically larger than from simulations. The power estimate

called PJ05 [37, §6.4] has P−2 = 11.1 (km/s) from high resolution spectra of six

QSOs, while extrapolating the power from the SDSS spectra [55] from z = 2.2

down to z = 2 gives P−2 = 6.9 (km/s). For both these estimates, the power in

data increases to about 1.5 times that in simulations as the wavenumber decreases

from 0.01 to 0.001 (s/km).

A second statistic that does not match simulations is the number of Lyα

lines as a function of their log NHI, the column density distribution [87]. Figure

15 of [90] shows that simulations have too many absorption lines with small col-

umn densities (log NHI< 14 cm−2) and too few with large columns (log NHI> 16.9

cm−2). The latter come from regions of higher gas density, they make saturated

Lyα absorption lines, and hence they will contribute more power per photon ab-

sorbed than do the lower column density (unsaturated) lines.

A third statistic that shows disagreement between simulations and data is
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the distribution of the flux per pixel in a spectrum, the flux pdf. Reference [57]

could not simultaneously match the flux pdf, the column density distribution and

the b-value distribution, perhaps because the absorbing gas in their simulations was

not hot enough [58, Fig. 17]. Reference [3] showed, and reference [39] confirmed

that simulations have too few pixels where Lyα absorbs most of the flux. There

are more places in spectra that have large amounts of Lyα absorption than in

GADGET simulations [3], while [90, Fig. 10] showed a very similar disagreement,

with too few pixels where 75–95% of the flux is absorbed in ENZO simulations.

The mismatch between the simulations and data in three different statistics

could all have a single origin. The lack of high column density lines in simulations

is a remote possibility. Lines need log NHI> 13.6 cm−2 to absorb > 75% of the

flux per pixel, and such lines arise in denser regions that we expect give the most

flux-power per unit absorption. These lines likely have 13.6 < log NHI < 16.9 cm−2

because we have excluded from QSO spectra most of the Lyα lines with column

densities log NHI> 16.9 (cm−2) where we know the simulations lack lines compared

to data. The bσ values use only lines with 12.5 < log NHI< 14.5 (cm−2) and are

not affected. We removed Lyα lines with log NHI> 17.2 (cm−2) (and metal lines)

from the τeff measurement [88] leaving very few (from 16.9 – 17.2) remaining in

the data where simulations are deficient. The power estimate PJ05 also excluded

Lyα lines with log NHI> 17.2 (cm−2) and metal lines. The power PF2I from [37,

Table 4] that we use throughout this paper excluded Lyα lines with log NHI> 19.5

(cm−2) and metals, while the SDSS power excluded the mean power from very

strong Lyα lines, the typical metal lines and Si III absorption alone.

2.5.2 Simulations

A second class of explanations of why the simulations do not match data is

that the simulations inadequately model known physics, especially the ionization

and simultaneous heating of the IGM.



54

The photoionization of He+ to He2+ occurs at z ∼ 3 and might have a

large effect on the temperature of the hydrogen that makes the Lyα forest at

those redshifts [71, 86]. If the higher density regions ionize first [27] then they will

have longer to cool adiabatically (in the Hubble expansion) and will be cooler by

z = 1.95 than if the ionization occurred at the same time for all densities. We will

then get more Lyα absorption from the higher density regions that we have argued

will increase the power from a given amount of absorption. Lower temperatures for

the higher density regions will also reduce the pressure smearing, allowing higher

densities and deeper absorption lines [66, §4.1]. Both trends would reduce the

disagreement between the simulations and data.

A second class of explanation of the mismatch is that the simulations lack

the resolution and radiation transfer required to follow the fragmentation and

cooling in denser regions [90, §12]. In a simulation with 2 h−1 kpc resolution, [44]

were able to match the number of absorption systems with log NHI> 17 cm−2.

Their simulation was in a box of size 4 h−1 Mpc that is too small to measure the

Lyα forest. Perhaps a similar simulation of a large volume might match Lyα forest

data.

The Lyα forest at z = 1.95 in our optically-thin simulations is insensitive

to the details of the H ionization epoch. For example, [90, Fig. 48] found that

changing the epoch of photoionization from 7 to 9 had a negligible effect on the

Lyα forest at z = 2.

We do not suspect errors in the codes. In [90] we demonstrated the con-

sistency of our ENZO simulations for a full range of Lyα forest statistics. Direct

comparisons of ENZO to the independent GADGET code give very similar results

[64]. Lidz (private communication) found essentially the same power from GAD-

GET as we show in [90] from ENZO, while the flux pdf from ENZO [90, Fig. 10]

is essentially identical to that shown by [7] from GADGET.



55

2.5.3 Astrophysics

As a third class of explanation, we may have misunderstood how the IGM

is ionized and heated. Nearly all simulations assume that the IGM is ionized by

the ultraviolet photons from early stars and later black holes that appear as active

galactic nuclei and QSOs. The origin of the ionizing photons remains uncertain

because sources at z ∼ 11 are too faint for existing telescopes, and we have not been

able to find the required number of sources at even z ∼ 6 [82, 9]. The simulations

might not match data because there is significant ionization or heating from other

sources, such as X-rays [72, 8], cosmic rays [73], decaying particles [77, 81] or winds

that flow out from galaxies [17, 85, 5, 51, 48].

Both the radiative transfer in the He+ ionization and alternative heating

mechanisms could invalidate the common assumption that there is a tight corre-

lation between the temperature and density in the IGM [6]. If the temperature is

not tightly correlated with the density, then most published attempts to measure

the matter power from the Lyα forest will be invalid.

2.5.4 Cosmology

Finally, the cosmological model could be wrong. Major changes might

include changes in the primordial power spectrum, the addition of warm dark

matter, decaying dark matter, evolving dark energy, and violations in general

relativity on cosmological scales.

We saw in the right hand column of figure 2.4 that an increase in σ8, while

we adjust X228 and γ912 to hold τeff and bσ constant, does make the shape of the

flux-power spectrum more like data, with more power on large-scales. However, we

also saw that values of σ8> 1.1 would be needed, such values might not match all

the statistics, and such large σ8 values are inconsistent with other data. Instead

we would need a change in the primordial power other than the general increase

parameterized by σ8.
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A change in the overall tilt of the primordial power spectrum is also un-

likely to help simulations match data. In slow roll inflation, the deviation of the

primordial power spectrum from scale invariance (ns = 1) depends on how slowly

the inflaton field rolled and on the strength of the damping. From [92, Fig. 3] we

see that decreasing the ns from 1.0 to 0.95 decreases the large-scale P−2 power by

about 3%, a change in the wrong direction and too small by a factor of ten.

Deviation from a power law, or running, can be as large as ns − 1 [23]. If

there are fewer than 30 e-foldings of expansion during inflation, then the scalar

index ns can (but does not have to) change with dns/dlnk ≤ −0.02 [25]. However,

this is an insufficient number of e-foldings to account for the large-scale homogene-

ity and isotropy of the universe, whether inflation occurs before the electroweak

phase transition, or at the GUT scale. Larger values for the running of the spectral

index require a more complicated model of inflation, possibly with two or more

interacting fields.

A sharp increase in the power on the scales k = 0.001 – 0.01 (s/km) (or 5

- 0.5 Mpc) at z = 2 is a potential solution. While such features are not expected

from inflaton, they are possible, for example in the Broken Scale Invariance model.

Reference [38] use the BSI model [83] to produce a sharp decrease in the primordial

power on small-scales (k > 4.5h/Mpc or k > 0.016 s/km at z = 2) to help yield

fewer minihalos or dwarf galaxies around our Galaxy.

Power spreads to other wavenumbers through non-linear mode coupling. A

sharply defined feature at a limited range of k in the primordial power spectrum

will spread to a wider range of k at lower z [99]. For the Lyα forest, these non-linear

corrections drive the 3-D power spectrum to a k−1.4 shape nearly independent of

the initial conditions [101]. It is then unclear if we can obtain the increase in power

at z = 2 and over k = 0.001 – 0.01 (s/km) (or 0.5 - 5 Mpc) without simultaneously

also obtaining too much power on related scales where galaxy clustering data apply,

and there is a need for reduced, not increased power.

Warm dark matter will steepen the power spectrum over a small range of
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wavenumbers, improving the match with data. Let us explore the effects of WDM

by first assuming that the simulations correctly predict P−2. Figure 1 shows that

we can match the observed P−2 using a low value for γ912∼ 0.6. A standard

simulation with γ912= 0.6 will give P−1.5 and P−1 values that are too large, but

if we change the simulation by replacing some or all of the CDM with WDM we

might be able to reduce P−1.5 and P−1 back to the data values. The WDM would

also change the bσ, and we might be able to adjust X228 to match the observed

bσ. However, this scenario is likely to fail to match the τeff . Since this WDM

simulation would have a very low γ912, and since it would have more flux power

(on large-scales alone), we expect it gives more absorption than data. Since we

use both γ912 and X228 to match other statistics, we have no remaining freedom to

adjust the simulation to match the τeff .

A second problem with WDM is that the changes are largest at high red-

shifts and the limit of m > 4 keV for a WDM particle and m > 28 keV for sterile

neutrinos that [91] find using Lyα forest spectra at 2.5 < z < 5.5, especially near

5.5, are large enough that we will not see a noticeable effect at z = 1.95.

2.6 Consequences

If we are to extract quantitative information about the IGM or the pri-

mordial perturbations, we will have to closely match the Lyα forest data. This

is because even simple equations for gas in an equilibrium with pressure balanc-

ing gravity, and photoionization, without any dark matter are sufficient to give

the order of magnitude properties of the gas causing the Lyα forest absorption

[74, 87, 75]. We can obtain simulated Lyα forest spectra that look qualitatively

reasonable without knowing the details of the cosmological model, such as the

primordial perturbations [57].

Standard simulations of the IGM do not match data on the Lyα forest.

Provided the data are reliable, this mismatch implies that these simulations are
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unrealistic. We then do not know the regions of the IGM that cause the Lyα ab-

sorption, and we cannot use these simulations to reliably extract information from

the Lyα forest. We now discuss some of the wide reaching web of consequences, for

the temperature of the absorbing IGM gas, its density, the correlation between the

density and temperature and hence the volume of the IGM that contains heavy el-

ements, the intensity of the ultraviolet background, the primordial power spectrum

and the limits on the neutrino masses.

2.6.1 The temperature of the intergalactic medium

We obtain a new estimate of the temperature of the IGM of To = 10, 300

K at z = 1.95 from a simulation that uses our standard input-parameter values

(table 2.4). This is the most common (mode) temperature of cells at the mean

baryon density, where we used [37, table 9] to relate To to box size and X228. This

simulation matches four statistics from data: the mean absorption (τeff), the power

spectrum of the flux on intermediate and small-scales and the bσ value. Following

[88, Fig. 18], we expect that this simulation will also match the b-value distribution.

Hence, this temperature estimate uses an amalgam of two methods, one using the

lower-boundary of the b-values as a function of the column density [35, 43, 76],

and the other the shape of the power spectrum on small-scales [100, 94, 54].

We likely know the approximate IGM temperature but not the precise dis-

tribution or mean value. The Lyα line widths depend on a combination of the

temperature, (turbulent) bulk motions and Hubble flow (expansion) across the

size of the absorbing regions [74, 66]. We can obtain an approximate lower limit to

the IGM temperature from the narrowest Lyα lines, assuming the line width comes

from the temperature, and ignoring bulk motions. These temperatures are in the

(wide) range expected from heating during photoionization, followed by adiabatic

cooling [60, 15], with harder spectra and more recent ionization leaving higher

temperatures.
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Simulations are required for precise temperature estimates, to associate

temperature and density, and to include shock heating. The effects of shock heating

are significant at densities as low as the mean gas density. We see this in [90, Fig.

24] where larger simulation boxes contain longer wavelength perturbations that

give higher velocity shocks, more shocks of a given velocity and hotter gas at all

densities.

There are signs that the standard simulations do not give good descriptions

of the IGM temperatures. In an attempt to measure the matter power from the Lyα

forest, [92] reported that their fit to SDSS spectra favored “either an implausibly

large temperature or an implausibly steep temperature – density relation”. A

larger temperature in simulations will make the flux-power spectrum fall more

steeply towards small-scales, which will improve the match with the shape of the

flux-power in data. In [66, Fig. 8] an artificial increase of all temperatures by a

factor of 2.4, and a simultaneous decrease in γ912 (to stop the τeff decreasing) leaves

P−2 unchanged while P−1 drops by a factor of 10.

The temperature estimates will also be in error if the size of the absorbing

regions is inaccurate, or in general if the wrong regions of the simulation are making

the Lyα forest absorption. Further, we know that the temperature distribution in

these simulations is in error because they do not model the transfer of the ionizing

radiation and the progress of the He+ photoionization, when the gas temperature

can increase by ∼ 5, 000 K [6].

2.6.2 The gas density and the temperature-density corre-

lation

There are many ways to change the density of the gas in simulations that

is causing the Lyα absorption. A change in the primordial power spectrum can

obviously change the density distribution. A change in the thermal history will lead

to a differing profile of pressure over time, and a change in the “filtering scale” [28]
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and the size and density of the absorbing regions. A change in the temperature

leads to a change in the neutral fraction and again a change in the gas density

for a given column density. Reference [66] shows that the flux pdf is sensitive to

the density of the regions that make the Lyα forest, hence the mismatch in that

statistic [3, 7] suggests that the wrong parts of the IGM are making the Lyα forest

in standard simulations.

The standard simulations produce a tight positive correlation between the

typical temperature and the gas density [59, 71], with higher temperatures at

higher densities because those regions expand less and cool less. This correlation

has often been used to relate the observed column densities back to gas density,

and ionization, for example in estimates of the temperature at a given density [76],

and the fraction of the volume of the IGM that shows absorption lines from heavy

elements that came from inside stars [2]. The He+ photoionization alone will give a

more complex distribution of temperature as a function of density [86, 6], and the

failure of the standard simulations to match data means that the tight temperature

– density correlation is a questionable assumption.

2.6.3 The intensity of the ultraviolet background that can

ionize hydrogen

A simulation using our standard input-parameter values also gives a new

estimate of Γ, the rate of ionization per neutral hydrogen atom that comes from

the intensity of the UV background. At z = 1.95, a simulation using the standard

values (table 2.2) requires γ912= 1.34 times the intensity estimated by reference

[50], or Γ = 1.78 × 10−12 (s−1). Alternatively, if we estimate the σ8 from the

Lyα forest data, we find (figure 2.5) σ8= 0.74, γ912= 1.47 and Γ = 1.95 × 10−12

(s−1). While these estimates may be more accurate than those in the literature

that came from simulations that were even farther from matching the Lyα forest,

we should regard all such estimates as suspect because none come from simulations
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that match all the Lyα forest data.

An error in the temperature distribution (as a function of gas density) will

propagate into an error in the intensity of the ionizing UV background. The neu-

tral fraction depends on the balance between the photoionization and temperature

dependent collisional ionization rates and the temperature dependent recombi-

nation rate. If the density distribution and the mean amount of absorption are

unchanged, but the temperature distribution changes, then the intensity of the

ionizing radiation must change in compensation. An error in the UV background

intensity can also come directly from an error in the density of the absorbing gas,

since the neutral hydrogen density nHI ∝ n2T−0.7, where the first term is for the

faster recombination at higher gas density n, and the second term accounts for the

collisional ionization. In standard simulations, the hydrogen temperature T ∝ n0.6,

but we now question this common assumption.

2.6.4 The matter power spectrum from the Lyα forest

We cannot use the Lyα forest data to make reliable estimates of the pri-

mordial matter power spectrum because these estimates need realistic simulations

of the IGM that we do not have. The underlying idea that there is more Lyα

absorption in places with higher gas and matter density is reasonable, but the

detailed relationship between the matter power and the observed flux power re-

lies upon simulations. Only recently have large hydrodynamic simulations been

used and these do not match data. Earlier work used approximate simulations,

idealized temperature – density relations and various nuisance parameters that in

combination hid the mismatch.

Reference [19] were the first to estimate the matter power from a large

sample of high resolution spectra. They used collisionless N-body simulations

to measure the density field. They made artificial spectra by converting the gas

density n to optical depth τ assuming τ ∝ nHI ∝ n2T−0.7 and that the temperature
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is a power law of the density, T = T0n
0.6 with T0 = 15, 000 (K). They multiply

all optical depths by a constant to match the observed mean τeff . They then

found the simulation that gave 3-D flux power most like data, and they converted

the observed 3-D flux power (PF ) to matter power (Pm) using the bias b(k) =

PF (k)/Pm(k) taken from that simulation.

Reference [92] summarizes some of the many ways in which various measure-

ments of matter power from the Lyα forest could be in error. The SDSS spectra

used by [56, 78] are of low resolution, and low signal-to-noise ratio. Hence, metal

lines and high column density absorbers could not be identified and the continuum

levels were poorly known. They explored a thirty-four parameter model using

Hydro Particle Mesh simulations [30] with particles moving under gravity plus

pseudo-pressure computed from an artificial temperature – density relation. They

computed and applied a large number of complex and relatively large correction

terms.

Reference [92] found that their fit to SDSS spectra alone (the same set of

SDSS spectra that were used by [56, 78]) led to implausibly large temperatures or

implausibly steep temperature – density relations. They felt that this most likely

reflected a systematic uncertainty that is not understood, rather than a tempera-

ture error. We agree, since our figures 2.4 and 2.5 show that we cannot solve the

mismatch using a higher temperature (from larger X228) while we simultaneously

adjust γ912 and σ8 to keep the line widths and mean absorption constant.

Our results demonstrate how a fit to the power spectrum shape and ampli-

tude favors an unrealistically hot IGM. When we extrapolate the trends in figure

6 to large X228 (we have many simulations with X228= 3.3 and one with 5.4) the

green, blue and purple bands that show the power look as if they would converge

at X228∼ 8 . This is not an acceptable model because the Lyα lines would be

unacceptably wide, and the τeff in simulations matching the power would be unac-

ceptably large (low γ912). Published measurements of the matter-power from the

flux-power did not consider the b-values, and this made it harder for them to see
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that their high temperature solutions were unrealistic.

2.6.5 Limits on the masses of the light active neutrinos

We know from the oscillations of atmospheric neutrinos [26] that the sum of

the masses of the three neutrinos is Σmν > 0.05 eV. If this sum is < 0.1 eV, then the

mass hierarchy is normal [47, 1] with mass-eigenstates m1 < m2 ≪ m3 ∼ 0.05 eV.

Alternatively, if the sum of the masses is > 0.1 eV, a second possibility is the

inverted hierarchy with m3 < m1 ∼ m2. The upper limit on the masses from

laboratory measurements of the tritium beta decay is around 2.2 eV for the electron

neutrino and hence 6.6 eV for the sum of the masses. The limit on the sum of

the masses from cosmological measurements is < 0.66 eV from the WMAP 5-year

CMB data plus data on baryon acoustic oscillations and supernovae [24, 45].

Reference [80] claim a lower limit of Σmν < 0.17 eV using the CMB data,

baryon acoustic oscillations, and the Lyα absorption in 3300 low resolution QSO

spectra from the Sloan Digital Sky Survey plus high-resolution spectra of 8 QSOs

from HIRES on the Keck telescope. Reference [56] found that SDSS spectra prefer

a high IGM temperature. This increases the ionization and reduces the amount

of absorption and the flux power. To match the observed flux power, those sim-

ulations began with a higher amplitude of primordial power than is required by

the CMB. We suggested in §2.4.3 that it is an accident that the Lyα forest spec-

tra prefer a large σ8 value. Instead, we suspect that the large σ8, and the large

temperature, are convenient degrees of freedom that compensate for some other

problem with the data or simulations. The SDSS Lyα spectra are barely compat-

ible with the CMB data without massive neutrinos, and adding massive neutrinos

increases the tension between the two data sets. This tension was misinterpreted

as an unusually low upper-limit on the neutrino masses.

Our simulations are typically larger and include a more accurate treatment

of the gas physics than those used to derive the matter power spectrum and neu-
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trino mass limits from the Lyα forest. We have also attempted to match the Lyα

line widths that other groups typically ignored, and this helps us see that none of

our simulations match Lyα forest data. We conclude that the upper-limits on the

masses of neutrinos that have used Lyα forest spectra are unreliable.

2.6.6 Limits on the mass of sterile neutrinos as warm dark

matter

Attempts have been made to use the growth of structure on small-scales

in the Lyα forest from redshifts 5 to 2 to place constraints on the minimum mass

for sterile neutrino dark matter [95, 96, 91, 79, 10]. There is a claim that sterile

neutrinos are ruled out as the (only) dark matter particle [79], because the lower

limits from Lyα forest power spectra overlaps the upper limits from the absence of

X-rays from radiative decays. Here we agree with [11] that the list of issues with

the Lyα forest power spectrum [10] make it too early to rule out WDM.

2.7 Conclusions

We reach the following conclusions.

1. We find that standard large fully-hydrodynamic, optically-thin simulations

of the intergalactic medium do not match data on the Lyα forest at z = 1.95.

2. We can detect the mismatch using the power on large-scales (k = 0.01 s/km)

together with one other statistic. When the second statistic is the power on

intermediate (logk = −1.5) or small-scales (k = 0.1), we see that the power

in the simulations is a different shape from that in data. The simulation

power rises too slowly as the scale increases. When the second statistic is

the mean amount of absorption (τeff), we see that the simulations have too

little large-scale power for the mean amount of absorption.
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3. If there is a problem with data, the large-scale flux-power is the most likely

suspect. However, different measurements of the power from Keck HIRES

spectra, from VLT UVES spectra and from the SDSS all show more power

than in the simulations (§2.5.1). In addition, there are also mismatches be-

tween simulations in two other statistics, the distribution of column densities

of the Lyα absorption lines, and the number of pixels in a spectrum (of flux

against wavelength) with a given amount of absorption. Simulated spectra

have too few high column density Lyα lines and too few pixels where 75 –

95% of the flux is absorbed. The mismatch between the simulations and

three statistics might have a common origin.

4. A change in the τeff from QSO spectra will not remove the mismatch because

we would need an unreasonably large 7σ increase that would create new mis-

matches with the intermediate and small-scale power (figure 2.4). Similarly,

a change in the typical line width bσ will not remove the mismatch.

5. Simulations that use X228= 0.96, γ912= 1.47, σ8=0.74 (figure 2.5) in addition

to the other standard input-parameter values from table 2.4 match four of

the five output-statistics, all except the large-scale power P−2. If we require

a larger σ8= 0.812 preferred by other data, the favored parameters change

slightly to X228= 1.04 and γ912= 1.34 (figures 2.5, 2.7) and the match to the

four statistics remains excellent.

6. Simulations with σ8> 1 come closer to matching the large-scale power, but

not sufficiently close for this to be a preferred solution, and such large σ8 val-

ues are disfavored by other data. Rather, we think it is an accident that large

σ8 values compensate for some other problem with the data or simulations.

7. We have a new estimate of the intensity of the ultraviolet background radi-

ation that ionizes hydrogen in the intergalactic medium. A simulation that

uses the standard input-parameter values (table 2.4) will best match four of
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the five statistics (not the large-scale power) of the Lyα forest when it has

γ912= 1.3 times the intensity calculated by [50], or Γ = 1.78 × 10−12 (s−1)

ionizations per hydrogen atom. Figure 2.5 shows how these values decrease

as σ8 increases.

8. We have made a new estimate for the temperature of the IGM, from an

amalgam of two methods that were used in the past, one using line widths

and the other the power spectrum shape. We find that a simulation that uses

the standard input-parameter values that matches four of the five statistics

of the Lyα forest data have a most common temperature of 10,300 K at the

mean baryon density.

9. A possible explanation for the mismatch is that standard simulations lack

Lyα absorption lines with neutral hydrogen column densities 13.6 < log NHI

< 16.9 cm−2. These lines can absorb > 75% of the flux in a pixel, improving

the match to the flux distribution, and they will make more flux-power for a

given amount of absorption, increasing the P−2. A simulation will have more

absorption at these column densities if its high density gas is less ionized, or

cooler than in a standard simulation. To match the column density distribu-

tion and to leave the total absorption unchanged, lower density gas should

make less absorption, because it is more ionized or hotter than in standard

simulations.

10. We discussed two physical explanations. Our simulations are optically-thin

and do not correctly model the transfer of radiation through the structures of

the IGM. Hence they do not correctly distribute the heating that accompanies

the He+ ionization. If higher density regions ionize first, by z = 1.95 they

will be relatively cooler and make more Lyα absorption than otherwise. A

second class of explanation is that our simulations lack the resolution and

radiation transfer required to correctly model the denser regions that cool

and fragment to make many clumped absorption lines.
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11. It is possible that the simulations do not match Lyα forest data because the

IGM is not exclusively ionized and heated by ultraviolet photons from QSOs

and stars. Alternatives include cosmic rays, or X-rays from early black holes

or decaying particles.

12. There might be a problem with the cosmological model. A change in the

primordial power spectrum seems unlikely since the Lyα forest needs more

power on a very restricted range of wavenumbers at z ∼ 2. Yet the relatively

low numbers of dwarf galaxies in our halo [38] and the mass distribution

near the core of galaxies [22] both argue for less power on similar small

scales. A change in the primordial power that is restricted to a narrow range

of wavenumbers will spread to a wider range of wavenumbers before z ∼ 2.

13. Since we do not have simulations that match Lyα forest data, and we do not

know why the standard simulations do not match data, we must question

the wide web of results that have been obtained using such simulations. The

temperature of the parts of the intergalactic medium that cause the Lyα

absorption will be more uncertain than claimed. We no longer know the

density of the gas causing the absorption. The tight correlation between the

density and temperature that is seen in standard simulations is an uncertain

assumption, and the flux of UV ionizing radiation that is required to make

the observed Lyα absorption will also be inaccurate.

14. We question the accuracy of measurements of the matter power spectrum

and the upper limits on neutrino masses that have come from Lyα forest

data. Simulations are essential to such measurements and our simulations

that do not match data are at least as reliable as those used to extract this

information. Past measurements did not check to see if their simulations

could match the Lyα line widths and hence it was harder for them to see

that their simulations did not match data. In some cases they found solutions



68

that required temperatures that are far above those allowed by the Lyα line

widths.
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Chapter 3

Neutrino mass constraints

loosened by a new, carefully

calibrated measurement of the

power spectrum of the Lyα forest

from HIRES spectra

3.1 Abstract

We present the flux power spectrum of the Lyα forest from 91 HIRES QSO

spectra. This is the largest high resolution sample to date, yielding the smallest

statistical errors. We remove damped Lyα absorbers from the spectra through

the use of Voigt profile fits, and we report the power spectrum both with and

without these absorbers removed. We subtract metal lines statistically based on

metal absorption on the red side of the Lyα emission peak. We find that when

performing a statistical subtraction of metal lines, a systematic offset due to the

blending of metal and hydrogen lines must be taken into account. This offset was

78
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not accounted for in previous analyses, and requires up to a 3% reduction in the

SDSS Lyα forest flux power spectrum, increasing the allowed neutrino mass. For

the first time in a Lyα forest power spectrum measurement from high resolution

spectra, we avoid the artificial amplification of the power on small scales caused

by spectral leakage, by applying Welch’s spectral window function. Our careful

treatment of metal line removal as well as our elimination of errors due to spectral

leakage leads to an accurate measurement of the Lyα forest power spectrum at the

smallest scales. We find evidence that previously published values of the power are

systematically too high at scales logk ≥ −1.3, which implies a hotter IGM than

previously interpreted from the Lyα forest flux power spectrum.

3.2 Introduction

The Lyα absorption lines found in the spectra of high redshift quasars

that make up the Lyα forest provide a probe of the neutral hydrogen distribu-

tion along the line of sight to the quasar. Observational data interpreted through

theoretical models including hydrodynamic computer simulations have led to the

understanding that the neutral hydrogen which gives rise to the Lyα forest maps

the underlying dark matter distribution in a straight forward way [3, 23, 10, 30].

By the redshifts relevant to the Lyα forest, hydrogen in the intergalactic medium

(IGM) is highly ionized by a nearly uniform ionizing background radiation. Pho-

toionizations are balanced by the temperature dependent radiative recombination

rate, leading to a neutral hydrogen distribution that is dependent on the total

matter density as well as the temperature. Cosmological expansion cools the gas

in much of the IGM, while photoionizations cause heating. The dependence of

the heating and cooling processes on the density gives rise to a strong relationship

between temperature and density. The thermal history sets the pressure profile

and leads to a filtering scale at which gravitational collapse is inhibited. Thus at

large scales, the neutral hydrogen maps the dark matter distribution, while at the
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smallest scales, the temperature and ionization history of the IGM are imprinted.

The power spectrum of Lyα forest spectra provides information about the

cosmological matter power spectrum at small scales, where because of their high

redshift, the density fluctuations are only mildly nonlinear [6, 7, 9, 12, 20, 32, 5, 22].

The Lyα forest power spectrum also contains information about the temperature,

which leads to doppler broadening of the absorption lines and sets the shape and

amplitude of the power at the smallest scales present in the Lyα forest [11, 31, 26,

19, 37, 14]. Information about the temperature allows a more accurate model of

the IGM to be made, from which the matter power spectrum can be extracted.

When combined with large scale probes, such as the CMB, the Lyα forest offers

constraints on the shape of the matter power spectrum, including the spectral

index and the running of the spectral index [29, 17, 8]. The Lyα forest can also

be used to place constraints on the masses of active neutrinos and WDM particles

[27, 28, 34, 35, 33, 4, 1, 2]. These light particles leave a characteristic suppression

of the matter power spectrum at a scale determined by their masses due to the

free-streaming out of gravitational potential wells.

While large numbers of Lyα forest spectra continue to be obtained by the

Baryon Oscillation Spectroscopic Survey (BOSS), these spectra are limited in the

smallest scales they can probe by the resolution of the instrument. HIRES spectra

on the other hand fully resolve the HI absorption lines of the Lyα forest allowing

the analysis to push down to the smallest scales allowed by the IGM and absorption

line physics.

We present the flux power spectrum of 91 QSO spectra collected with the

HIRES spectrograph on the KECK telescope. The outline of this paper is as

follows. The data sample is described in §3.3. The technical details of our power

spectrum calculation, including how we avoid spectral leakage, subtract noise, and

deal with gaps in the spectra is discussed in §3.4. We present our results, including

the power removed for metal absorption and damped Lyα (DLA) systems, as well

as the Lyα forest power spectrum excluding these absorbers. We discuss our
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conclusions in §3.6.

3.3 Data Sample

3.3.1 Sample description

Our data set consists of 91 high resolution QSO spectra observed using

the Keck telescope with the HIRES spectrograph and reduced with the standard

MAKEE (MAuna Kea Echelle Extraction) reduction software. This number is

about a factor of 3 greater than any previously published high resolution data

set used to measure the Lyα forest flux power spectrum. The larger size of our

data set reduces cosmic variance, which is still the dominant source of error in

the measurement of the power spectrum at the smallest scales. The resolution is

8 km/s FWHM with the spectra rebinned into 2.1 km/s pixels. This resolution

is sufficient to fully resolve HI lines, thus allowing a measurement of the power

spectrum at the smallest possible scales. The Lyα forest data is taken at rest

wavelengths 1070 Å≤ λ ≤ 1190 Å, with the lower wavelength chosen to avoid

prominent emission lines, and the higher wavelength chosen to avoid the proximity

effect near the quasar. We obtained our data set from the Keck Archive, and 30

of our spectra are the same as those used in the power spectrum measurement

presented by [5]. A complete list of the QSOs is given in Table 3.3. We divide

our results into redshift bins of width ∆z = 0.4, with the exception of our highest

redshift bin, which contains all data with z > 3.8 with a width of ∆z = 0.78.

Table 3.1 provides basic statistics for each redshift bin for our Lyα forest data. All

spectra have S/N greater than 10. For statistics on metal absorption, we use the

rest wavelength range 1268 Å≤ λ ≤ 1380 Å. Table 3.2 provides basic statistics for

each redshift bin for our metal data.



82

Table 3.1: Basic Lyα forest statistics for each z-bin of our data sample. The Lyα
forest data is taken at rest wavelengths 1070 Å≤ λ ≤ 1190 Å.

z̄ z range ∆z # spectra S/N
2.01 1.8-2.2 4.13 23 30.3
2.40 2.2-2.6 5.33 30 36.2
2.82 2.6-3.0 8.00 34 35.5
3.14 3.0-3.4 3.84 18 31.2
3.60 3.4-3.8 0.811 3 30.2
4.21 3.8-4.58 1.63 4 35.5

Table 3.2: Basic metal statistics for each z-bin of our data sample. The metal
data is taken at rest wavelengths 1268 Å≤ λ ≤ 1380 Å.

z̄ z range ∆z # spectra S/N
2.12 1.8-2.2 1.49 10 21.4
2.36 2.2-2.6 3.21 19 23.8
2.83 2.6-3.0 2.64 15 28.9
3.21 3.0-3.4 2.81 16 27.8
3.57 3.4-3.8 4.01 16 25.5
4.11 3.8-4.65 1.14 5 26.2

Table 3.3: QSO coordinates and redshifts

Coordinates zem Coordinates zem

Q0005+0524 1.89 Q0528-2505 2.77
Q0747+4259 1.90 Q0055+0059 2.77
Q0747+4259 1.90 Q1343+2847 2.84
Q1517+2356 1.90 Q0119+1432 2.87
Q0122-0421 1.93 Q0805+0441 2.88
Q0848+1623 1.93 Q2038-0116 2.90
Q0935+4141 1.94 Q1406+6508 2.95
Q0100+0211 1.95 Q1107+4847 2.96
Q0058+0155 1.96 Q1946+7658 2.99
Q0757+3551 1.98 Q1437+3007 3.00
Q0421+0157 2.04 Q0130-4021 3.02
Q1202+5937 2.05 Q1946+7658 3.05
Q0348+0610 2.05 Q0324-4047 3.06
Q2337-0110 2.09 Q0940-1050 3.09
Q1307+4617 2.13 Q1222+4847 3.09
Q0424-1309 2.17 Q0449-1325 3.09
Q1225+3145 2.20 Q1017+1055 3.11
Q1103+6416 2.20 Q0746+4200 3.12
Q1106+6400 2.20 Q1011+4315 3.13
Q1520+5213 2.21 Q1005+3638 3.13
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Table 3.3 – continued from previous page
Coordinates zem Coordinates zem

Q0237-2322 2.22 Q2100-0641 3.14
Q2120-0103 2.26 Q0636+6801 3.17
Q1417+5936 2.30 Q0636+6801 3.18
Q0450-1310 2.30 Q0336-0143 3.20
Q1626+6433 2.32 Q0741+4741 3.21
Q0153+7428 2.34 Q0347-3819 3.22
Q2048+1938 2.36 Q0757+5218 3.24
Q1122-1648 2.40 Q0302-0019 3.29
Q1122-1648 2.40 Q0956+1217 3.30
Q1337+2832 2.52 Q0857+4227 3.30
Q1347-2457 2.53 Q0322-3213 3.30
Q1015-2031 2.55 Q0014+8118 3.37
Q1243+3047 2.56 Q1623+3804 3.38
Q0953+5454 2.59 Q0926+2838 3.40
Q1310+4308 2.60 Q1732+5402 3.43
Q1623+2651B 2.60 Q0043-2633 3.44
Q1009+2956 2.62 Q1020+5158 3.45
Q0818+3117 2.62 Q2300-0955 3.45
Q0105+1619 2.64 Q1153+0547 3.46
Q1442+2931 2.67 Q1500+0431 3.66
Q0449-1645 2.68 Q1645+5520 4.04
Q0100+1300 2.68 Q1055+4611 4.14
Q1217+4957 2.70 Q0131+3252 4.53
Q1337+2123 2.70 Q1202-0725 4.70
Q0809+3217 2.71 Q0008+1429 4.97
Q1700+6416 2.74

3.4 Technical details

3.4.1 Power spectrum definition

We use the standard definition of the flux power spectrum, in which the

power spectrum is taken of the flux overdensity, which is defined to be:

δf ≡ f − f̄

f̄
, (3.1)
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where f is the flux in units of the continuum level, and f̄ is the mean flux of an

individual spectrum. The flux power spectrum is then given by:

PF (k) = δf (k)∗δf (k), (3.2)

where δf (k) is the Fourier Transform of the flux overdensity.

We focus on the measurement of PF at wavenumbers −2.5 ≤ logk ≤ −1.0.

As has been done in prior measurements of PF from high resolution QSO spectra

[20, 5, 15], we use the Lomb-Scargle Periodogram [18, 25, 24] to compute PF , which

is effectively a least-squares fit to sinusoids. This method can handle the gaps that

are present in our data due to discontinuous echelle order joins and removal of high

column density absorbers.

3.4.2 Effects of continuum fitting

For each QSO spectrum, we fit a continuum level which represents the flux

that would be observed in the absence of absorption by HI and metals along the

line of sight. The continua are used to normalize the spectra, so as to disregard

QSO physics we are not interested in, allowing us to look at absorption line physics

on a flux scale that ranges from 0 (fully absorbed) to 1 (no absorption). We work

with the normalized flux throughout this paper.

Since we divide by the mean flux in the definition of PF , it is insensitive

to systematic offsets in the continuum fits to the Lyα forest spectra. However,

any deviation from the true shape of the quasar continuum can lead to errors in

the flux power spectrum. First, there is the possibility that the accuracy of the

continuum fit is dependent on the level of absorption, since it can be difficult to

determine the true continuum level in regions with large amounts of absorption.
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Second, imperfections in the blaze function corrections may give rise to distortions

in the power spectrum, particularly on scales around an echelle order. Third, the

accuracy of the continuum fit of a quasar spectrum is dependent on the signal to

noise.

To determine the size of the continuum fitting error caused by the finite

S/N, we created 6 artificial spectra with S/N 5-20. These artificial spectra are

different than the simple spectra discussed in §3.4.5. Since our continuum fitting

is a manual process, it is important that these artificial spectra mimic the real

spectra in every important way. We created these spectra using the technique

discussed in [16], which includes emission lines, cosmic ray hits, echelle blaze and

flux calibration errors.

We then fitted continua to them as if they were actual HIRES spectra.

Figure 3.1 shows the change in PF when using the fitted continuum compared to

using the actual continuum. For S/N 10 and above, the change in PF is less than

2% over the wavenumber range we report. Some of this small distortion is random

in nature, so when averaging over several spectra, the size of the error will only

decrease further. This test also demonstrates our ability to fit the continuum in

regions with absorption, since any deviation would also be displayed in Figure 3.1.

It has been commented [15] that the shape of the continuum fit could be

questionable around an echelle order, and that this could lead to a distortion in the

power spectrum at small wavenumbers. To avoid this issue, we do not calculate the

power at wavenumbers smaller than logk = 2.5. This scale is much smaller than

the echelle order size, and so any oscillations in the continuum due to the echelle

order will not influence our power measurement. We tested that for a subset of 30

spectra, when 2 different people fit the continua, the calculated power spectrum

varied by less than 1%. We don’t lose much from dropping wavenumbers less than
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Figure 3.1: Continuum fitting to artificial QSO spectra at zem = 2.85. Each
plot shows the difference in PF when calculated with a continuum fitted by hand,
or with the actual known continuum. At S/N 10.0 and above, the continuum fit
has almost no measurable effect on PF for the wavenumbers of interest, −2.5 <=
logk <= −1.0. Scatter at small k is mostly due to the small number of values in
a bin.
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Figure 3.2: DLA line subtraction from a region of one of our HIRES spectra.
The spectrum in the top panel is the unmodified raw flux. In the bottom spectrum,
we removed the DLA line.

logk = 2.5, since smaller wavenumbers contain fewer modes per bin, and would

have large error bars. Also, the power spectrum from the SDSS does not have this

issue since it did not use an echelle spectrograph, and so it should be reliable at

small wavenumbers [21]. Our data set augments the SDSS data set, which is not

capable of measuring the small scales we measure here with HIRES spectra.

3.4.3 Damped Lyα line fitting and subtraction

We perform Voigt profile fits to all DLA absorbers in our spectra. We use

these fits to separate the contribution to the power spectrum from DLA systems

and other Lyα absorbers. We define DLA lines as those with N(HI) ≥ 1019cm−2.

The removal of these lines facilitates the comparison to simulations, which generally

do not resolve these high density regions. We cut out regions with absorption

greater than 50%, and divide the flux by the fits otherwise. Dividing by the

absorption line flux is equivalent to subtracting the optical depth. Figure 3.2

shows an example of the subtraction of a DLA absorber from a region of one of
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our spectra.

3.4.4 Metal line subtraction

We subtract metals statistically using a modification of the technique used

for the SDSS Lyα forest flux power spectrum [21]. As was done by the SDSS group,

we treat the metals on the red side of the Lyα emission peak as representative of

the metals that are present in the Lyα forest at lower redshift. We follow their

choice of using the rest wavelength range 1268 Å≤ λ ≤ 1380 Å.

Since we are using high resolution spectra which resolve individual absorp-

tion lines, and our spectra have high SNR, we have the ability to measure the effect

of the blending of the HI lines with the metal lines. Simply subtracting the metal

signal from the red side of the Lyα emission peak would not be strictly accurate,

particularly since it is the optical depth of the absorbers that is additive, and not

the signal which is the decrement in flux.

To measure this blending effect, we artificially take the pure metal signal on

the red side of the Lyα emission peak, and add its optical depth to the Lyα forest

creating a new spectrum that contains additional metals. If there were no effect

from the blending process, we would expect that the power of the new spectrum

would be equal to the sum of the power of the metals alone and the power of

the original Lyα forest spectrum alone. We find that the combined spectrum has

systematically more power than would be estimated by the assumption that the

power is additive.

For each redshift bin, we create artificial spectra as described above for

each pair of Lyα forest spectrum and metal spectrum. Given that absorption lines

sometimes overlap, and sometimes don’t, this introduces both a systematic and

statistical error. For our calculation of the Lyα forest power spectrum with metal
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lines subtracted, we take the power of the Lyα forest and subtract the metals found

on the red side of the Lyα emission peak corrected for the blending effect.

Our metal subtraction method is superior to all previous methods. Com-

pared to the most widely used data set from SDSS [21], we account for both the

systematic and statistical error which had previously been neglected. While this

error is small, it could lead to up to a 3% reduction in the power reported at the

smallest scales, possibly loosening neutrino mass constraints which require a high

degree of precision.

Previously published data from high resolution spectra have either ignored

the metal contribution altogether [5, 15] or subtracted the metals by cutting out

regions of the spectrum [20]. The gaps in the spectra that are introduced by cutting

out the metals are known to distort the power spectrum calculation, particularly

at the smallest scales [20].

3.4.5 Artificial spectra

To test our methodology, we utilize large numbers of artificial Lyα forest

spectra. These spectra are generated from an ENZO simulation using the algorithm

described in [14] and initially developed in [38]. The artificial spectra have the same

velocity resolution as our HIRES spectra, and are roughly the same length (20000

pixels at 2.1 km/s per pixel). We do not expect that these spectra are equivalent

to real HIRES spectra. Instead, we use them to show how well our power spectrum

calculation technique deals with issues such as short spectrum segments, gaps in

the spectra, and noise subtraction.
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3.4.6 Spectral windows

Because some of our spectra start inside the Lyα forest and because we

bin our data by S/N and redshift, we need to average PF over spectrum segments

of varying length. We find that PF is amplified at our largest wavenumbers when

using segments of length smaller than around a quarter of a spectrum. This am-

plification is due to spectral leakage, caused by the finite length of the spectrum

segments. The finite length acts as a rectangular window function, for which the

leakage falls off slower than PF drops with increasing wavenumber. To solve this

problem, we apply the Welch Window function [36] to the data before calculating

PF . This amounts to multiplying each pixel in the spectrum by the Welch Window

function, defined by:

W (i) = 1 − [(i − (N − 1)/2)/((N + 1)/2)]2 (3.3)

where i is the pixel number, and N is the number of pixels in a segment. Use

of the Welch Window function causes a loss of information at the edges of the

spectrum, which can in part be circumvented by using Welch’s Method [36], where

each spectrum is cut into smaller overlapping segments. The smaller segments

overlap by 50%, with each subsequent segment starting at the midpoint of the prior

segment. The application of Welch’s method combined with the Welch Window

function results in data loss of about 1/3 of the size of the segment size we choose,

due to the tapering of the spectrum segment at the edges. The Welch Window

function is imperfect however, as it causes a systematic increase in power at small

wavenumbers, where the shape of the window function is imprinted. Thus we must

make a tradeoff between the distortion of the power at small wavenumbers if using

small segments, and the loss of data if using long segments.



91

Figure 3.3: Distortion of the power spectrum of 3025 artificial Lyα forest spec-
tra due to the data window function. The average of PF is calculated with the
specified window applied to the spectra, and the result is divided by the average
of PF calculated using the entire 20000 pixel spectrum. The rectangular windows
cut the spectra into segments of equal length. The red points show the effect of
multiplying the Lyα forest flux by the Welch window function before taking the
power spectrum.
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Figure 3.3 shows the distortion of PF due to the windowing effects. For

this plot, we used 3025 artificial spectra, which are only used to show relative

effects due to the choice of window function. The rectangular windows show the

effect of cutting the spectrum into segments of the specified length and then taking

the power spectrum of the segments. For segments shorter than about a quarter

of a spectrum, there is an amplification of the power by several percent at the

largest wavenumbers. When using a Welch Window of length 650 pixels, the

systematic error is eliminated at the highest wavenumbers. Since spectral leakage

when using a rectangular window function is only significant at large wavenumbers,

we choose to use a rectangular window function for logk >= −1.5, and the Welch

Window function for logk < −1.5. We choose a rectangular window function of

size 2000 pixels, and a Welch Window size of 650 pixels. This method is a major

improvement over all past analyses of high resolution spectra, none of which used

a smoothing window.

3.4.7 Gaps in the spectra

Although the Lomb-Scargle Periodogram algorithm can be used to calculate

the power spectrum of a data set with gaps present, the gaps do cause some

distortion. To measure this effect, we used our simulated ENZO Lyα forest spectra.

For each of our actual HIRES QSO spectra with S/N >= 10, we created 50

artificial spectra with exactly the same length and with gaps that are the same

size and in the same positions. We then calculated the power of these artificial

spectra, both with and without the gaps. Since the positions of hydrogen absorbers

relative to the position of the gaps is random, this demonstrates the severity of any

deficiencies in the Lomb-Scargle Periodogram algorithm in dealing with the gaps.

While this problem causes a systematic offset in the power spectrum measurement,
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it is difficult to remove, because the size of the offset is dependent on the actual

power present in an individual spectrum. Here we attempt only to show that the

size of the offset is small in spectra with similar properties to our real HIRES

spectra.

Figure 3.4 shows the size of this offset in the simulated spectra. Note that

for this figure, we turned on all sources of gaps, including the removal of DLA

absorbers. For removal of high column density HI absorbers, we have no choice

but to cut out regions with absorption greater than 50%, since replacing the region

with the continuum flux would bias our results. For the highest wavenumbers,

it is crucial that the metal lines do not produce gaps in the data, as can be

seen in Figure 3.5, where we cut the metal lines out by introducing a gap in

the spectrum up to the point where the metal line absorption is less than 2%.

Our method is therefore a major improvement over past analyses, which used the

Lomb Periodogram algorithm and removed metals lines by introducing gaps in the

spectra [20], or did not attempt to remove metal lines at all [15, 5, 7].

3.4.8 Noise correction

We estimate the effect of the noise on the power spectrum by calculating

PF of noise spectra. For each HIRES spectrum, we generate 200 noise spectra

with each pixel in a noise spectrum generated from a gaussian random number

corresponding to the S/N of the pixel as calculated during the data reduction

process. We calculate PF for each noise spectrum, calculate the mean, and then

subtract this power from PF of the Lyα forest. This gives a similar result as the

rough estimate of the pixel noise contribution used by [15] in their calculation of

PF , originally given by [13] of 2(δv/f̄)(S/N)−2, where δv is the pixel size, f̄ is the

mean flux, and S/N is the signal-to-noise ratio. Our S/N is very high compared to
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Figure 3.4: Distortion of the power spectrum of 1400 artificial Lyα forest spectra
due to the presence of gaps in the spectra. Gaps are caused by discontinuous
echelle order joins as well as removal of DLA absorbers. Note that our technique
for removing metal lines does not introduce gaps.
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Figure 3.5: As Figure 3.4, but with segments of the spectra removed for metal
lines. Our metal removal method avoids this large systematic offset.
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the widely used SDSS PF measurement [21], where in many cases the noise power

was higher than the signal being measured. To ensure that our estimate of the

noise power has little effect on our final answer, we explicitly exclude wavenumbers

that have an estimated noise power greater than 10% of the mean PF . Since PF

drops sharply at high wavenumbers, while the noise power remains roughly flat,

we only drop a few of the highest wavenumbers in our lowest S/N spectra.

3.5 Results

3.5.1 Metal contribution

Figure 3.6 shows the relative contribution to the power spectrum by metal

absorption. The metal contribution is calculated as the power of the Lyα forest

minus the power of the Lyα forest with metal absorption removed. The dominant

effect of removing metal absorption lines from the spectra is the reduction of the

amplitude at wavenumbers corresponding to the velocity width of the absorption

lines. A secondary, but still significant effect, is the reduction of the amplitude

of the Lyα forest power spectrum due to the removal of the clustering of metal

lines with each other, as well as with Lyα lines. The metal line contribution

increases with increasing wavenumber, because the narrow line widths of the metals

corresponds to the higher end of our wavenumber range. Metal lines cause a non-

negligible increase in the power at all wavenumbers for redshifts less than about

3.2. For our two highest redshift bins, the metal contribution is low in part because

the Lyα forest power spectrum amplitude is much higher due to the higher neutral

fraction of hydrogen at higher redshift.
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Figure 3.6: Power removed by metal subtraction divided by power of the Lyα
forest with metals. The power removed by metal subtraction is calculated as the
power of the forest minus the power of the forest with metals removed. Error
bars are the bootstrap errors of this definition of the power removed by metal
subtraction, divided by the Lyα forest power.

3.5.2 High column density line contribution

The presence of DLAs in Lyα forest spectra is problematic for two reasons.

First, since they are relatively rare, in small sample sizes their effect will be domi-

nated by shot noise. Second, modern computer simulations of the IGM, which are

a necessary tool in interpreting Lyα forest flux statistics, do not yet produce the

right distribution of the high density regions that produce DLAs.

Despite occupying a small fraction of the volume of the IGM, DLAs can

have a large effect on the total absorption in a spectrum due to their long damping

wings, and as such they cannot be ignored. We remove DLA lines from our spectra

by cutting out regions where absorption is greater than 50% and otherwise dividing
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Figure 3.7: As Figure 3.6, but with DLA absorbers rather than metal lines.

the flux by the Voigt profile we have fit to the DLA line. DLA lines are present in

41 of our spectra. We report PF both with and without these lines removed. DLA

lines are easily identified in our spectra, and so their removal is straight forward.

Figure 3.7 shows the contribution to the power spectrum from DLA lines. The

mean effect is fairly small, contributing less than about 10% of the power at nearly

all wavenumbers across all redshift bins. There are no DLA lines in the spectra of

our 2 highest redshift bins.

3.5.3 Metal lines blending with HI lines

The power spectrum of the metal absorption on the red side of the QSO

Lyα emission peak has been measured in HIRES spectra [15] and in SDSS spectra

[21]. In the SDSS Lyα forest power spectrum estimate, a simple subtraction of the
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red side metal power was done, with the reported power spectrum of HI absorption

in the Lyα forest calculated as the average of the power of all absorption in the Lyα

forest wavelength range minus the average of the power spectrum of the metals in

the wavelength range 1268-1380 Å. This subtraction assumes that blending of the

metal lines with HI lines does not alter the power spectrum of the metals which lie

in the Lyα forest an assumption that is not entirely accurate. Blending of metal

lines with HI lines alters the power of the metal lines for 2 reasons. First, the total

absorption is not additive, but rather it is the optical depth that is summed. A

metal line that lies inside the Lyα forest can be partially erased by an HI line at

a nearby wavelength. Second, there is additional power added from the positions

of the metal lines relative to the HI lines.

To demonstrate the effect of the blending of HI and metal lines, we used the

metal absorbers in the wavelength range 1268-1380 Å, and artificially shift them

into the Lyα forest . We created new blended spectra from all possible pairs of Lyα

forest spectra and red side metal spectra, trimming the new spectrum length to

the minimum of the length of the 2 contributing spectra. We then calculated the

power spectrum of 3 quantities: the Lyα forest absorption alone (PF (forest)), the

metal absorption alone (PF (metal)), and the artificially created blended spectrum

(PF (blended)). If the blending has no effect, as has been assumed in the past,

then we would find that: (PF (blended) − PF (forest))/PF (metal) = 1. We plot

this quantity in Figure 3.8. There is a clear systematic increase in this value over

that expected, which must be accounted for in any statistical subtraction of metal

power from the Lyα forest. The effect is larger at higher redshifts, due to the

higher mean absorption.
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Figure 3.8: The increase in the Lyα forest power due to the presence of metal
lines relative to the power of the metal lines alone. We artificially blended metal
lines found in the wavelength range 1268-1380 Å with the Lyα forest. The value
plotted is: (PF (blended)−PF (forest))/PF (metal), where PF (blended) is the power
of the blended spectrum, PF (forest) is the power of the Lyα forest, and PF (metal)
is the power of the metal lines alone.
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3.5.4 Lyα forest power spectrum

Figure 3.9 shows the power spectrum with DLA absorbers removed and

metals subtracted statistically. We present the data used in this plot in Table 3.4.

We calculated the errors with the bootstrap method. Errors are larger for smaller

wavenumbers because there are fewer values per wavenumber bin. The redshift

bin at z = 2.82 contains the most spectra, and as a result, has the smallest errors

and the smoothest plot. Although the matter power spectrum amplitude increases

with decreasing redshift due to the gravitational collapse of overdense regions with

time, the Lyα forest power spectrum has the opposite evolution. This is because

there are fewer sources of ionizing radiation at higher redshifts, and as a result

there is a higher neutral fraction of hydrogen and a larger optical depth to Lyα

scattering.

3.5.5 Comparison with previous Lyα forest power mea-

surements

Figure 3.10 shows our PF measurement compared with all previously pub-

lished values. It should be noted when viewing Figure 3.10 that our PF values are

strongly correlated across around 3 wavenumber bins, which accounts for some of

the clustering of points that can be seen. Full covariance matrices for each redshift

bin will be posted online when submitted for publication.

Although nearly all data is consistent within error bars, our values have

a noticeable systematic offset compared to other high resolution values. In most

cases, our data is lower than that of other groups, particularly at the largest

wavenumbers, where metal removal, noise subtraction, spectral window functions,

and gaps in the data become important. Given our discussion in §3.4, we do
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Figure 3.9: The power spectrum of the Lyα forest with DLA and metal lines
removed. Only spectra with S/N > 10 were used for this plot. Data values are
given in Table 3.4.
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Figure 3.10: Comparison of our PF measurement with that of previously pub-
lished values. Kim data is from [15], McD data from [20], SDSS data from [22],
and Croft data from [5]. For this plot only, we rebinned our PF data to match
the redshift and wavenumber binning of the data we are comparing against. We
have removed DLAs and metals from the data we plot here. Note that only the
SDSS and McD power [20, 22] removed metals from their data. The average values
reported on the plots are weighted by the size of the errors for each wavenumber.
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not expect the PF values from [20] to be accurate at wavenumbers larger than

around logk = −1.3 due to the gaps they introduced in their spectra for metal

subtraction. Fortunately, when this data set was combined with the SDSS PF in

[22], the HIRES data was cut to logk ≤ −1.3. Since no other group has previously

removed metals from HIRES spectra for a PF measurement, our reported values

are the first to remove the systematic offset due to metal absorption at the smallest

scales available in the Lyα forest, −1.3 < logk <= −0.9.

It can be seen from Figure 3.6 that metals are an important factor at all

scales, particularly for z < 3.4. Since metals were not removed in [5] or [15],

these data sets must have somewhat higher PF than that of the Lyα forest alone,

accounting for some of the offset we see in Figure 3.10. While the HIRES PF

reported by [20] should have fairly accurate metal subtraction at logk <= −1.3,

our data set is more than 10 times as large as their 8 spectra.

We notice that the z = 3.87 redshift bin for the HIRES data set from [20] is

farther below our measured values. It is difficult to see how this can be explained,

particularly given our general agreement with the SDSS data at the closest redshift

bin at z = 4.03.

3.5.6 Effects of our systematically lower small scale power

IGM temperature

As was discussed in §3.5.5, we find a systematic offset compared to previ-

ously published results due to metal absorption at the smallest scales available in

the Lyα forest, −1.3 < logk <= −0.9. The power at these small scales is strongly

related to the temperature, with a higher temperature leading to a reduction in

power due to wider absorption lines. Given that our PF is lower than previously
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published data on the smallest scales, this leads to a higher temperature than

would previously have been interpreted from the Lyα forest power spectrum [37].

Neutrino mass

In §3.5.3, we showed that there is a systematic offset in the Lyα forest

flux power spectrum when subtracting metal power statistically if the blending of

the metal lines with the HI lines is not taken into account. From Figure 3.8, a

rough estimate of the systematic increase in the effect of metal absorption over the

wavenumber range of SDSS (k < 0.01778s/km) is around 15%. This corresponds

to up to a 3% offset in their Lyα forest flux power spectrum measurement, with

the largest effect being at low redshift and high wavenumber. This is only up to a

third of an error bar for most of their data, but is significant, given that it masks

the suppression of the power spectrum caused by the free streaming of massive

neutrinos.

In reference [33], the SDSS data set was used to place the constraint:

Σmν ≤ 0.9eV (2σC.L.). This constraint was based on hydrodynamic cosmolog-

ical simulations, which showed a 7% reduction in the Lyα forest flux power for

Σmν = 0.6eV , and a ∼ 15% reduction for Σmν = 1.2eV . The constraint reported

implies that no suppression of the power spectrum was detected, and that a sup-

pression of around ∼ 10% could have been detected. Subtracting 3% from the

SDSS power to account for the blending of metal lines with HI lines would allow

for the presence of a larger neutrino mass, loosening the previously published con-

straints. The systematic offset due to the blending of metal and HI lines will need

to be determined to greater precision for the upcoming BOSS measurement of PF ,

for which the statistical errors will be significantly below 15% of the metal power

amplitude.
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3.6 Conclusions

We have presented a carefully calibrated measurement of the Lyα forest

flux power spectrum from 91 high resolution, high S/N QSO spectra at redshifts

2.01 ≤ z ≤ 4.18 and at scales −2.5 ≤ logk ≤ −1.0s/km. We provide power spec-

trum measurements both with and without metal and DLA absorption removed.

Through the use of the Welch spectral window function and Welch’s Method, we

avoid distortions caused by spectral leakage. We also avoid distortions that would

be caused by placing gaps in the spectra for metal line removal by instead dividing

the spectrum by the Voigt profile fits to the metal lines. By avoiding distortions

caused by spectral leakage, metal absorption, and gaps in the spectra, we have

achieved the first Lyα forest flux power spectrum measurement accurate down to

scales as small as k = 0.1s/km.

Our improvements to the power spectrum calculation method lead to a

smaller power spectrum amplitude at the smallest scales compared to previous

measurements, which in turn implies a hotter temperature of the IGM than previ-

ous estimates based on the Lyα forest flux power spectrum. The bulk of our results

are consistent with previously published values within error bars, with a general

trend of our data showing a moderate systematic reduction in power compared to

other data sets.

We have also provided a measurement of the metal contribution to the power

spectrum in the Lyα forest wavelength range. We have shown that the increase

in the amplitude of the Lyα forest flux power spectrum due to metal absorption

lines is greater than the power of the metal lines alone. This offset must be taken

into account when subtracting metal power statistically, as will be necessary in the

upcoming large sample of low resolution spectra that make up the BOSS data set.

Taking this offset into account likely raises the allowed neutrino mass compared
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to previous estimates based on the SDSS Lyα forest flux power spectrum.
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Table 3.4: Units of k are s/km, units of PF are km/s. Each PF measurement
includes the QSO flux in the rest wavelength range 1070-1190 Å. For the mea-
surements excluding DLA absorption, we adjust the flux through the use of Voigt
profile line fits before we calculate PF . For the measurement excluding metal ab-
sorption, the metals are subtracted statistically. Note that when we subtract DLA
absorption, we also subtract metal absorption. A small amount of noise has been
subtracted from all values, with the maximum noise subtraction less than 10% of
the reported PF value.

z logk PF PF PF

-M -M, DLA
2.01 -2.5 15.7 ± 1.6 14.0 ± 1.7 12.9 ± 1.6

-2.4 15.4 ± 1.7 14.0 ± 1.8 13.0 ± 1.6
-2.3 14.2 ± 1.8 12.8 ± 1.9 12.2 ± 1.9
-2.2 11.4 ± 1.6 10.1 ± 1.7 9.9 ± 1.7
-2.1 11.4 ± 1.1 10.2 ± 1.3 10.1 ± 1.2
-2.0 10.2 ± 1.1 8.3 ± 1.5 8.3 ± 1.4
-1.9 7.84 ± 0.61 6.13 ± 0.95 6.10 ± 0.92
-1.8 6.06 ± 0.37 4.87 ± 0.69 4.83 ± 0.69
-1.7 4.28 ± 0.38 3.67 ± 0.51 3.63 ± 0.50
-1.6 3.40 ± 0.24 2.77 ± 0.38 2.77 ± 0.37
-1.5 2.46 ± 0.12 2.27 ± 0.15 2.24 ± 0.14
-1.4 1.61 ± 0.095 1.43 ± 0.12 1.43 ± 0.12
-1.3 0.899 ± 0.052 0.772 ± 0.066 0.770 ± 0.066
-1.2 0.482 ± 0.030 0.418 ± 0.036 0.420 ± 0.037
-1.1 0.259 ± 0.018 0.211 ± 0.023 0.201 ± 0.023
-1.0 0.121 ± 0.016 0.072 ± 0.023 0.060 ± 0.020

2.40 -2.5 23.6 ± 2.4 21.4 ± 2.6 20.9 ± 2.5
-2.4 19.5 ± 1.4 17.9 ± 1.6 17.4 ± 1.5
-2.3 21.2 ± 1.6 20.5 ± 1.7 19.4 ± 1.6
-2.2 18.4 ± 1.7 17.6 ± 1.7 17.0 ± 1.7
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Table 3.4 – continued from previous page
z logk PF PF PF

-M -M, DLA
-2.1 19.5 ± 2.0 18.8 ± 2.0 18.5 ± 1.9
-2.0 15.2 ± 1.1 14.3 ± 1.2 13.9 ± 1.1
-1.9 12.15 ± 0.96 11.50 ± 0.98 11.11 ± 0.92
-1.8 9.25 ± 0.72 8.72 ± 0.74 8.49 ± 0.70
-1.7 7.54 ± 0.50 7.29 ± 0.50 7.24 ± 0.44
-1.6 5.40 ± 0.27 5.07 ± 0.28 5.00 ± 0.25
-1.5 3.69 ± 0.19 3.50 ± 0.19 3.43 ± 0.18
-1.4 2.53 ± 0.12 2.31 ± 0.14 2.25 ± 0.13
-1.3 1.434 ± 0.060 1.279 ± 0.071 1.257 ± 0.061
-1.2 0.800 ± 0.037 0.686 ± 0.045 0.676 ± 0.046
-1.1 0.423 ± 0.028 0.349 ± 0.034 0.348 ± 0.036
-1.0 0.197 ± 0.013 0.149 ± 0.018 0.134 ± 0.025

2.82 -2.5 31.2 ± 2.3 28.9 ± 2.4 26.0 ± 2.3
-2.4 24.8 ± 1.6 23.0 ± 1.7 22.7 ± 1.8
-2.3 23.1 ± 1.7 21.4 ± 1.8 20.7 ± 1.7
-2.2 21.9 ± 1.6 20.4 ± 1.7 19.6 ± 1.4
-2.1 20.9 ± 1.3 19.6 ± 1.3 19.0 ± 1.2
-2.0 19.2 ± 1.1 17.8 ± 1.2 17.4 ± 1.0
-1.9 15.40 ± 0.72 14.13 ± 0.79 13.99 ± 0.71
-1.8 12.84 ± 0.68 12.01 ± 0.71 11.93 ± 0.65
-1.7 9.92 ± 0.54 9.39 ± 0.56 9.34 ± 0.48
-1.6 7.08 ± 0.27 6.35 ± 0.34 6.32 ± 0.31
-1.5 4.99 ± 0.20 4.55 ± 0.25 4.50 ± 0.22
-1.4 3.40 ± 0.13 2.99 ± 0.18 2.96 ± 0.16
-1.3 2.25 ± 0.11 1.96 ± 0.14 1.97 ± 0.12
-1.2 1.087 ± 0.042 0.906 ± 0.064 0.905 ± 0.059
-1.1 0.516 ± 0.018 0.382 ± 0.035 0.385 ± 0.032
-1.0 0.219 ± 0.010 0.144 ± 0.021 0.135 ± 0.019

3.14 -2.5 55.5 ± 8.1 53.0 ± 8.2 48.7 ± 7.7
-2.4 44.5 ± 5.2 42.3 ± 5.3 39.1 ± 4.9
-2.3 40.7 ± 3.3 39.1 ± 3.3 36.8 ± 3.1
-2.2 35.8 ± 3.5 34.6 ± 3.5 33.2 ± 3.4
-2.1 26.0 ± 2.0 24.7 ± 2.0 23.9 ± 1.8
-2.0 24.0 ± 2.0 22.0 ± 2.1 21.3 ± 2.3
-1.9 22.3 ± 2.1 20.4 ± 2.2 19.6 ± 2.3
-1.8 16.8 ± 1.5 15.4 ± 1.6 15.0 ± 1.3
-1.7 13.2 ± 1.1 12.5 ± 1.1 12.2 ± 1.1
-1.6 10.05 ± 0.71 9.24 ± 0.74 8.76 ± 0.58
-1.5 7.11 ± 0.58 6.58 ± 0.60 6.34 ± 0.52
-1.4 4.92 ± 0.39 4.51 ± 0.40 4.38 ± 0.37
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Table 3.4 – continued from previous page
z logk PF PF PF

-M -M, DLA
-1.3 2.94 ± 0.22 2.62 ± 0.23 2.55 ± 0.21
-1.2 1.63 ± 0.12 1.43 ± 0.13 1.39 ± 0.11
-1.1 0.720 ± 0.048 0.583 ± 0.055 0.572 ± 0.046
-1.0 0.337 ± 0.029 0.247 ± 0.035 0.235 ± 0.033

3.60 -2.5 53 ± 11 50 ± 12 50 ± 12
-2.4 44 ± 12 42 ± 12 42 ± 12
-2.3 35.8 ± 3.0 34.4 ± 3.1 34.4 ± 3.1
-2.2 29.5 ± 4.8 27.8 ± 4.9 27.8 ± 4.9
-2.1 40.1 ± 6.8 38.1 ± 6.8 38.1 ± 6.8
-2.0 46.6 ± 6.3 45.4 ± 6.3 45.4 ± 6.3
-1.9 35.2 ± 6.3 33.7 ± 6.3 33.7 ± 6.3
-1.8 35.7 ± 4.3 35.2 ± 4.4 35.2 ± 4.4
-1.7 19.9 ± 2.3 19.2 ± 2.3 19.2 ± 2.3
-1.6 17.9 ± 1.2 17.4 ± 1.2 17.4 ± 1.2
-1.5 12.13 ± 0.83 11.72 ± 0.84 11.72 ± 0.84
-1.4 7.74 ± 0.71 7.41 ± 0.72 7.41 ± 0.72
-1.3 5.79 ± 0.21 5.54 ± 0.22 5.54 ± 0.22
-1.2 3.38 ± 0.38 3.25 ± 0.39 3.25 ± 0.39
-1.1 1.501 ± 0.096 1.377 ± 0.099 1.377 ± 0.099
-1.0 0.644 ± 0.039 0.562 ± 0.043 0.562 ± 0.043

4.21 -2.5 140 ± 21 139 ± 21 139 ± 21
-2.4 103 ± 14 102 ± 14 102 ± 14
-2.3 164 ± 29 163 ± 29 163 ± 29
-2.2 92 ± 12 91 ± 12 91 ± 12
-2.1 71 ± 16 69 ± 16 69 ± 16
-2.0 57.7 ± 6.8 56.7 ± 6.9 56.7 ± 6.9
-1.9 41.9 ± 6.2 40.5 ± 6.2 40.5 ± 6.2
-1.8 43.8 ± 6.1 42.3 ± 6.2 42.2 ± 6.2
-1.7 40.1 ± 5.7 39.2 ± 5.7 39.2 ± 5.7
-1.6 29.7 ± 3.7 28.7 ± 3.7 28.7 ± 3.7
-1.5 23.1 ± 3.5 22.0 ± 3.5 22.0 ± 3.5
-1.4 17.9 ± 2.4 17.0 ± 2.4 17.0 ± 2.4
-1.3 11.04 ± 0.75 10.43 ± 0.83 10.43 ± 0.83
-1.2 6.62 ± 0.75 6.24 ± 0.78 6.24 ± 0.78
-1.1 3.75 ± 0.27 3.55 ± 0.28 3.55 ± 0.28
-1.0 1.59 ± 0.16 1.48 ± 0.16 1.48 ± 0.16
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3.7 Appendix: Technical details

In this appendix, we describe technical details of the process that we took to

calculate the power spectrum. These details are only discussed in this thesis, and

not in the original paper. While they are not necessary to present our results or

show their accuracy, they do show the level of work that was required to complete

this thesis.

3.7.1 Data reduction

After reducing the data using the standard MAKEE reduction software, we

then used our proprietary software to fit continua to the spectra, and to provide

absorption line fits to DLA absorption lines. The end result of this process is an

ascii file for each QSO, containing the observed wavelength, absolute raw flux level,

continuum flux level, error value, and the flux value of any fitted lines.

3.7.2 Power spectrum calculation

We wrote over 12000 lines of C++ code to perform the Lyα forest flux

power spectrum calculation. The code parses the QSO spectrum files output from

the data reduction process, calculates the SNR of a spectrum, performs SNR and

redshift binning, handles bad pixels, estimates the power spectrum of the noise,

calculates the power spectrum of the Lyα forest performs wavenumber binning,

handles the details of the statistical subtraction of the power spectrum of the met-

als, and calculates errors using the bootstrap method. To ensure consistency, the

code is also able to calculate the power spectrum of artificial QSO spectra created

from computer simulations. This code has been extensively tested for accuracy

and consistency. Most importantly, we have tested that the power spectrum cal-

culation we perform using the Lomb-Scargle Periodogram method yields the same

result as a simple FFT for spectra without gaps.
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Data binning

Before calculating the power spectrum, the QSO spectra are binned by

both redshift and S/N. Redshift binning is straight forward, since the observed

wavelength corresponds to a specific redshift. S/N binning is complicated by the

fact that in an absorber the flux can drop to 0, while clearly the signal is not

0 in this case. Also, the noise level in a single QSO spectrum is a function of

wavelength. To handle this, we fit a best fit line to the S/N level in each spectrum.

We then use the equation for this line to define the S/N level for a given wavelength

in the spectrum. Using this definition, if the S/N is less than 10, we discard the

data as discussed in §3.4.8.

Error pixels and noise power

The error values for each pixel represent an estimate of the noise level

as calculated by the data reduction process. Negative values indicate bad pixels,

which are present in every spectrum due to cosmic rays which hit the CCD detector

during the data acquisition process, or due to order join gaps in the spectra due to

limitations of the spectrograph when observing at particular wavelengths. A bad

pixel is defined as a pixel with SNR < 2.0 or a negative error value. If there are

fewer than 25 consecutive bad pixels, then a bad pixel is replaced by the value of

the flux at the previous acceptable pixel. If there are greater than 25 consecutive

bad pixels, then that region of the spectrum is not used in the Lomb-Scargle

Periodogram method. The number 25 was chosen through tests of the effect of

gaps on the power spectrum calculation. We used thousands of artificially created

QSO spectra from cosmological computer simulations, and superimposed the error

pixels from the actual spectra. For this process, the artificial spectra were cut to

the same length as the actual spectra. We then calculated the power spectrum

both with and without the effects of the gaps, as was shown in §3.4.7.



Chapter 4

Questioning neutrino mass

constraints from the Lyα forest

4.1 Abstract

The standard way to analyze Lyα forest data is by comparison with large

hydrodynamic simulations. We show that it is not possible to match the typical

simulation to Lyα forest data. We show this incompatibility using just two Lyα

forest statistics: the mean amount of absorption and the power spectrum of the

flux overdensity on scales −2.0 ≤ logk ≤ −1.0. Not only can these statistics

not be matched together, but the shape of the power spectrum at these scales in

simulations does not match observations. We use a set of 44 fully hydrodynamic

simulations run with different ionizing backgrounds and thermal histories, as well

as differing cosmological parameters. We do not perform any post processing of

the simulation outputs. We use a uniform ionizing background in the optically thin

limit, with extra heating for each HeII ionization to approximate radiative transfer

effects. We vary the spectrum of the uniform ultraviolet background radiation, σ8

and ns, and we test models with heating from a hard X-ray background from

AGNs and heating by TeV gamma rays from blazars. We make our comparison

116
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at four redshifts: 2.0, 2.4, 2.8, and 3.2. The compatibility is poor at redshift

2.0, and becomes worse with increasing redshift. Our results suggest that the

ionization history of the intermediate density intergalactic medium that causes

the absorption that makes up the Lyα forest does not match the model generally

used. This calls into question previous constraints placed on the neutrino mass and

other cosmological parameters, which are derived from hydrodynamic simulations.

4.2 Introduction

In this paper we show that the standard hydrodynamic simulations of cos-

mic structure formation, although the best tools we have for decoding Lyα forest

data, are not yet up to the task of fully utilizing the precision of observational data

in making quantitative measurements of cosmological parameters. The Lyα forest,

which is made up of redshifted Lyα absorption lines along the line of sight to a

QSO, is itself a sensitive probe of both cosmological and astrophysical parameters.

The problem lies in the methodology used in determining cosmological pa-

rameters from the data. Statistics of the Lyα forest have been used by many groups

in the past to place constraints on cosmological and astrophysical parameters.

These constraints, however, are no better than the physical models used, which

in most cases were no better than the simulations we examine here. With ever

decreasing statistical errors in observational data from the growing SDSS quasar

spectra data set and from HIRES and UVES spectra which accurately probe even

smaller scales, it is necessary to increase the accuracy of the simulations both to

decrease systematic errors and to verify the correctness of the physical models

used.

Of particular interest is the determination of the linear matter power spec-

trum from the Lyα forest data, from which a wealth of cosmological and astro-

physical data can be extracted. The hydrogen density distribution causing the

Lyα forest absorption follows the overall matter density, modified by baryonic
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physics. A measurement of the power spectrum of the flux of the Lyα forest can

be combined with a detailed model of the intergalactic medium (IGM) to produce

a measurement of the linear matter power spectrum, as has been attempted several

times, including by [11, 27, 10, 39, 30].

One reason for interest in the linear matter power spectrum at small scales

is the possibility of using it to place constraints on the masses of active neutrinos

or on warm dark matter (WDM). Free streaming by light, initially relativistic

particles will suppress the matter power spectrum on scales that are inside of

the Lyα forest [5, 9, 35, 40]. Small scale power is also suppressed by higher

temperatures in the IGM, due to increased Jeans length as well as increased doppler

broadening of Lyα absorption lines. The degeneracy of this suppression of small

scale power with that caused by the free streaming of light particles can be lifted

through measurements which uniquely constrain the temperature, such as statistics

of the Lyα or metal line widths. It is critical that any simulation used to extract

limits on the masses of light, free streaming particles have the appropriate thermal

and ionization conditions in the IGM. This can only be achieved through the

comparison of multiple observational statistics.

In this paper, we use fully hydrodynamic simulations run with the code

ENZO, which implements a widely used model consisting of an optically thin IGM

with a uniform ultraviolet background (UVB). Given that the neutral fraction

of both hydrogen and helium is less than ∼ 10−3 in the bulk of the Lyα forest,

and the mean free path of an ionizing photon is greater than 50 Mpc [17], the

optically thin approximation is valid for photons that ionize HI and HeI. Sources of

ionizing radiation, including galaxies and quasars, are separated by much smaller

distances than the mean free path of ionizing photons, and so the HI and HeI

ionizing radiation field should be approximately uniform [15, 25]. The precise

timing and process through which hydrogen was ionized and helium was singly

ionized is not important for the redshift range considered here. This is because

over time, photoionization equilibrium will be reached in which photoheating is
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balanced by adiabatic cooling. This process will erase any initial inhomogeneity

of the ionization, and the temperature will asymptotically approach a form given

by the UVB [18, 19].

A complication in the modeling of the thermal state of the IGM arises due

to a variety of uncertain heating sources, including heating from HeII ionization,

X-rays, and blazars. HeII ionization is known to occur, but the radiative transfer

physics that controls the thermal impact on the IGM is computationally expensive,

and so is not usually included when interpreting Lyα forest statistics. The galaxies

that likely caused the ionization of HI and HeI did not produce enough energetic

photons to significantly doubly ionize helium. It wasn’t until much later, sometime

around z ∼ 2.7 [41], that helium became doubly ionized, likely by quasars. This

process raised the temperature of the IGM through photoheating. The timing

of HeII ionization and the ionizing spectrum are particularly important, as the

completion of the ionization process likely occurred around the same epoch as the

middle of the redshift range of the Lyα forest data. We add a constant extra heating

term for each HeII ionization in our simulations to approximate radiative transfer

effects during the HeII ionization process. Other sources of heating, including X-

rays and blazars, are difficult to observe and so their effects are poorly constrained.

In this paper, we run several simulations including a variety of X-ray and blazar

heating models.

The layout of the paper is as follows. In §4.3, we describe the observational

data sets we use. In §4.4, we present the 44 hydrodynamic ENZO simulations we

ran. In §4.5, we compare the simulations we ran to the observational data sets.

Finally, in §4.6 we discuss the implications of our results.

4.3 Observational Data

We use observational data for two statistics of the Lyα forest, the power

spectrum of the flux overdensity, and the mean effective optical depth to Lyα
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Table 4.1: Observational data. P−2 at z=2 is extrapolated using data values at
z=2.2 and 2.4, since the data stops at z=2.2.

z τeff P−2 P−1.5 P−1

3.2 0.387 ± 0.036 24.84 ± 0.90 6.3 ± 0.6 0.232 ± 0.032
2.8 0.279 ± 0.021 18.14 ± 0.55 4.44 ± 0.28 0.137 ± 0.020
2.4 0.198 ± 0.018 11.52 ± 0.41 3.26 ± 0.19 0.156 ± 0.021
2.0 0.136 ± 0.0069 6.7 ± 0.38 2.05 ± 0.12 0.091 ± 0.025

Table 4.2: Input parameter and output statistic definitions.

Parameter Description
τeff Mean effective optical depth (−ln(mean flux))
Plog(k) Power spectrum of flux overdensity at log(k) s/km
Box Size Side length of simulation cube (comoving Mpc)
Cell Size Cell size in simulation cube (comoving kpc)
γ912 Factor multiplying UVB ionization and photoheating rates
X228 Factor multiplying photoheating rate per HeII ionization
Γ228 Factor multiplying ionization rate of HeII
σ8 Present linear matter power spectrum amplitude at 8h−1Mpc
ns Spectral index of primordial matter power spectrum

absorption.

4.3.1 Lyα forest flux power spectrum

For the Lyα forest flux power spectrum, we use two separate data sets:

the SDSS data set [28], consisting of approximately 3,000 QSO spectra, and a

HIRES data set consisting of 91 high resolution, high S/N QSO spectra reported

in Chapter 3. The SDSS data set is by far the largest currently available, by almost

2 orders of magnitude. It thus has the smallest statistical errors. However, the low

resolution of the SDSS spectra limits the smallest scales to k ≤ 0.01778s/km. The

inclusion of the HIRES spectra yields scales as small as k = 0.1s/km. The smallest

scales are particularly sensitive to the temperature, where the line widths, which

are strongly influenced by doppler broadening, are effectively being measured. It

was shown in Chapter 3 that these two data sets are consistent at overlapping

scales.
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The power spectrum is taken of the flux overdensity, which is defined to be

δf ≡ f − f̄

f̄
, (4.1)

where f is the flux in units of the continuum level, and f̄ is the mean flux of an

individual spectrum. The power spectrum is then given by:

Pf (k) = δf (k)∗δf (k). (4.2)

We use three wavenumbers, log(k) = −2.0, −1.5, and −1.0, denoted by:

P−2, P−1.5, and P−1 respectively. We chose the largest scale to be at log(k) = −2.0

because it is sensitive to the cosmological model, and larger than the scale where the

power spectrum is most sensitive to the temperature. If we were to choose a larger

scale for the power, we would also require larger simulation boxes for comparison

and more computer time. The smaller scales provide information about the shape

of the power spectrum, and also the temperature of the IGM. The temperature is

particularly important because it controls the recombination rate, which balances

photoionizations to set the neutral fraction of hydrogen throughout the IGM.

4.3.2 Mean effective optical depth

We use the mean effective optical depth (τeff ) data from [23]. This data

set consists of 24 HIRES spectra. Absorption from metal lines and from Lyman-

limit systems and damped Lyα systems is removed from these spectra, since it is

also not included in standard simulations. The main uncertainty in determining

the optical depth comes from the continuum fitting procedure. We verified that

τeff from other data sets [21, 14, 36] is consistent enough that our results are not

dependent on the particular data set used.
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4.4 ENZO IGM Simulations

We use a suite of 44 fully hydrodynamic simulations run with the simulation

code ENZO. We examine the values of τeff and P−2, P−1.5, and P−1 produced when

we adjust the amplitude and shape of the ionizing background, as well as several

cosmological parameters. Our simulations follow both cold dark matter (CDM)

and baryonic gas with hydrodynamic physics implemented on a uniform grid. The

simulations calculate cooling rates using collisional and radiative processes for 6

species: H, H+, He, He+, He++, and e- [31, 1, 3].

For the bulk of the simulations, we start at z = 60 using the transfer func-

tion of [13]. The simulated volumes are all cubes with strictly periodic boundary

conditions. The simulations model HI, HeI, and HeII gas that is optically thin to

ionizing radiation (with the exception of 1 simulation we ran to test self shielding

effects). The simulations do not include metal cooling, as it has been shown to

be negligible at the scales used in this paper, and only important at the smallest

scales probed by HIRES spectra, with around a 9% maximum shift of small scale

flux power [30]. The simulations do not include feedback from individual stars or

QSOs, which has also been shown to have a small effect on the power at the scales

we use here [30].

4.4.1 Ionizing background radiation

In the optically thin limit for a uniform ionizing background, there are just

6 parameters that completely specify the background radiation in the IGM: the

photoionization rates and photoheating rates of HI, HeI, and HeII. Since the Lyα

forest is made up of HI absorption, to first order there are 2 relevant parameters:

the photoionization rate of HI and the heating from all sources. The heating

effects the Lyα forest through the doppler broadening of line profiles, pressure

smoothing, and most importantly, through the recombination rate. Hydrogen in

the IGM is in photoionization equilibrium, with the photoionization rate balanced
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by the temperature dependent recombination rate.

For the bulk of our simulations, we use the ionizing background radiation

model from [16], adjusting both the amplitude of the radiation field and the heating

rate per HeII ionization, as in [20] and [37]. The parameter γ912 is defined to be the

same constant factor that multiplies the photoionization and photoheating rates

for each HI, HeI, and HeII ionization. This sets the amplitude of the UVB without

changing the spectral shape. The parameter X228 is the constant that multiplies the

photoheating rate per HeII ionization. Changing X228 does not explicitly change

the shape of the UVB. Rather, it corrects for the heat missing due to the lack of

radiative transfer in the simulations. Both γ912 and X228 are in units of the values

calculated from the UVB spectrum model used, either [16] or [17], with a value of

1 corresponding to no modification to the spectrum.

As a further test of the importance of the spectral shape of the ionizing

background, we ran 8 of our simulations utilizing the more recently published ion-

ization and heating rates from [17]. These new rates have a substantially different

shape than the old ones, due to the addition of several important pieces of physics,

including the sawtooth modulation of the background intensity from resonant line

absorption in the Lyman series of hydrogen and helium [17].

We also ran a single simulation utilizing the ionization model described in

[7], which is similar to what was used in the SDSS Lyα forest power spectrum

analysis [30]. This model internally calculates the full spectrum of the radiation

field from the star formation rate. Since the full spectral energy distribution of

the ionizing radiation is available in this model only, this is the only simulation

for which the cross section of HI was calculated and used to apply self shielding of

the HI in a cell. The shielding is simply a reduction of the ionization rate by the

factor e−N(HI)σH . This factor will be important in dense, collapsed regions.
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4.4.2 Models with extra heating

Optically thin photoheating from HI, HeI, and HeII ionizations by the UVB

produces heating rates proportional to the density of the species being ionized.

Other possibilities exist. We also ran simulations testing other heating sources,

including heating from TeV gamma rays from blazars or from an X-ray background

from AGN.

We ran 2 simulations with a hard X-ray background model from [24]. This

X-ray background heats the IGM through Compton scattering off of free electrons,

and so the heating rate is proportional to the density of electrons. Thus with hard

X-rays, extra heat is added to the ionized regions of the IGM, rather than to the

neutral regions as is the case for photoionizations.

We also ran 3 simulations including heating from TeV gamma rays produced

by blazars. We use the model from [8], in which TeV gamma rays pair produce

high energy electrons and positrons, which excite plasma instabilities leading to

a local dissipation of the pairs’ kinetic energy. This effectively means including a

heating rate that is constant throughout the volume of the IGM, with no density

dependence. This model is based on observations of blazars in the local universe

at z ∼ 0.1, and then extrapolating to high redshift by assuming that the blazar

luminosity function evolves in the same way as the quasar luminosity function [6].

4.4.3 Cosmological parameters

We adjust 3 parameters that alter the matter power spectrum used as initial

conditions to our simulations: the amplitude of the primoridal power spectrum σ8,

the spectral index nS, and the presence of a single massive neutrino. For most of our

simulations, we use values given in Table 4.3, which are near to those determined

by the CMB data [12]. We also use values that are beyond the realistically allowed

range so as to be certain that we have explored all of the parameter space. We

use σ8 between 0.5 and 1.1, and ns between 0.86 and 1.06. As a crude test for the
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Table 4.3: Standard cosmological parameters for our simulations.

Parameter Value Parameter Value
Ωtotal 1 h 0.71
ΩΛ 0.73 ns 0.96
Ωm 0.27 σ8 0.8
Ωb 0.044

effect of a single massive neutrino, we use an initial matter power spectrum from

CAMB with Ων = 0.02. We also ran a single simulation initialized with CAMB’s

matter power spectrum rather than the standard matter power spectrum from

[13] as verification that the 2 methods give similar results. For both simulations

initialized with CAMB outputs, we used our standard cosmological parameters

specified in Table 4.3, and set all other parameters to their default values.

4.4.4 Simulated spectra

We make flux spectra using code described in [42], and used in [20, 37].

These spectra are created by choosing a random initial position in the simulation

box and a random initial direction, and casting a ray that changes to a new ran-

dom direction upon hitting the edges of the cube. The neutral hydrogen density,

temperature, and velocity of each simulation cell is used to integrate a Voigt profile

along the line of sight that includes both the thermal doppler broadening of the

absorption lines as well as the natural line width and damping wings. Pixels are

generated with the same velocity width as HIRES spectra, 2.1km/s. The simulated

spectra are each 20000 pixels long, similar in length to real HIRES spectra.

We use the same algorithm to calculate the Lyα forest flux power spectrum

as was used for actual HIRES spectra in Chapter 3. This algorithm was designed

to handle gaps in the spectra caused by metal lines and other imperfections in

observational data, as well as short spectrum segments due to S/N and redshift

binning. While we don’t have these issues in simulated spectra, using the same

technique eliminates this as a source of error when making a comparison between
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the simulated spectra and observational data.

4.4.5 Box size corrections

To measure the flux power spectrum at large scales, the simulation box size

must be large enough to contain the longest modes that are to be compared to the

observational data. Due to computational limits, there is a trade off between box

size and resolution. We choose to use a box size of dimension 19.2 comoving Mpc

per side for the bulk of our simulations, which is about twice as large as necessary

to contain power at wavenumber log(k) = −2s/km. To account for effects due to

finite box size, we run 1 simulation that is twice as large, at 38.4 Mpc per side.

Holding all other properties of the simulation constant, we divide the 2 output

parameters from the larger box by those obtained from the smaller box. This is

the scaling factor that we multiply all outputs from the smaller boxes by to correct

for finite box size. In all cases, this is never more than about a 5% change to τeff ,

P−2, or P−1.5. The correction to P−1.0 is larger, at around 12% at all redshifts. This

is due to the higher temperatures present in simulations run with larger volumes,

as was examined in [37]. Higher temperatures lead to greater doppler broadening,

which decreases the power at the smallest scales. Prior papers have shown that

this correction is sufficient [37, 30].

4.4.6 Cell size corrections

Having chosen the box size, the resolution is effectively determined by the

computational resources available. For the bulk of our analysis, we use boxes with

256 cells on a side, which yields a cell size of 75 kpc. We also run two simulations

with box length of 9.6 Mpc, 1 with a cell size of 75 kpc, and the other with 18.75

kpc. The scaling factors to correct for finite resolution are defined as the output

parameter at the small cell size divided by the output parameter at the standard

cell size. For τeff , this effect is around 5% at redshift 3.2 and 9% at redshift 2.0. For
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P−2 it varies from 14% at z=3.2 to 24% at z=2.0. While these effects are larger

than ideal, increasing the resolution further would not necessarily give a more

realistic model. At smaller scales, dense structures such as galaxies and quasars

can form, and our simulations do not currently have all the necessary physics to

model these. If the resolution used here is not sufficient, then a significantly more

sophisticated model is required than we use here or others have used in the past.

4.4.7 Observational data corrections

Reference [28] showed that several residual systematic uncertainties need

to be corrected for when comparing the simulated and observed SDSS data power.

These include corrections for SiIII absorption (found in the Lyα forest but not

on the red side of the Lyα emission peak), strong absorption systems, noise, and

resolution. We make these corrections only in a rough sense. Rather than ex-

plicitly attempting to find best fit values for adjustable parameters that account

for the uncertain noise and resolution effects, as was done in [30, 38], we simply

assign similar values for these effects as did the prior analyses. These effects are

small enough that any errors from using our simple approach will not effect our

conclusions. Thus we subtract 2% from P−2 for noise and 1% for resolution correc-

tions [38, Fig. 1]. For the correlated SiIII feature present in the data, we use [28,

Eqn. 15], which results in a ∼ 5% increase to the SDSS P−2. Given that strong

absorption systems are not accurately reproduced in simulations, we subtract 5%

from the data power to account for this, as suggested in [29, Fig. 3].

4.4.8 Simulation set

Our simulation set includes:

1. 4 simulations to correct for box size and resolution effects.

2. 25 simulations run with the UVB from [15], varying only γ912 and X228. We
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used values of γ912 ranging between 0.3 and 1.8, and values of X228 ranging

between 0.3 and 2. Measurements of the temperature of the IGM [33, 34, 26],

as well as comparisons to Lyα line widths [20, 22] place constraints which

prevent us from raising X228 beyond the range we use here.

3. 4 simulations run with the UVB from [17], varying γ912, X228, and Γ228.

4. 4 simulations run with the UVB from [17], varying the cosmological param-

eters σ8 and ns.

5. 2 simulations run with CAMB initial conditions, 1 of which includes a single

massive neutrino.

6. 1 simulation run with the UVB from [7], testing self shielding effects.

7. 1 simulations run with a hard X-ray background emitted by AGN from [24].

8. 2 simulations run with a TeV gamma ray background emitted by blazars

from [8].

9. 1 simulation run with both a hard X-ray background from [24] and a TeV

gamma ray background from [8].

We give the input parameters to our simulations in Table 4.3 and in Table 4.4. In

Table 4.5, Table 4.6, Table 4.7, and Table 4.8 we list the values of τeff , P−2, P−1.5,

and P−1 that the simulations output at redshifts 2.0, 2.4, 2.8, and 3.2.

4.5 Comparing simulations to observational data

Our main result is that the small scale Lyα forest power spectrum and opti-

cal depth obtained from any of our wide range of state of the art ENZO simulations

do not match observational data.

The combination of just two numbers, τeff and P−2, is enough to show

that hydrodynamic simulations do not match observational data. Although we
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have simulations which match either τeff or P−2 at a particular redshift, there

is no simulation which can match both parameters at any redshift. In fact, the

compatibility of the two statistics is worse at higher redshift. Furthermore, for

a simulation that closely matches the observed P−2 value at low redshift, the

simulated value is far above data at high redshift. Also, the shape of the power

spectrum at scales in the range −2.0 ≤ logk ≤ −1.0 cannot be obtained from our

simulations.

4.5.1 Adjusting the amplitude and heating of the uniform

ionizing background

For our set of 24 simulations in which we only altered X228 and γ912, figure

4.1 shows contour plots for the absolute value of the difference between the sim-

ulation outputs and the observational data values in the X228−γ912 plane. Each

contour line is a fixed number of standard deviations away from the data value.

There are several things to notice in these plots. First, the 1-sigma levels of the

contours for τeff , P−2, P−1.5, and P−1 do not overlap at any redshift. This implies

that the simulations cannot simultaneously produce values of τeff and small scale

power that match the actual observed values. This is also true of just the three

power measurements together. P−2 and P−1 have quite different contours, indicat-

ing that the shape of the power spectrum in the simulations is not consistent with

observations.

Even worse, the overlap of τeff and P−2 gets worse with increasing redshift.

Given the lack of a match at high redshift, the somewhat better, although still poor

match at redshift 2.0 is called into question. If the astrophysical conditions do not

produce τeff and P−2 values that match observed data values at high redshift, it

is not valid to use these same conditions to produce a better fit at low redshift.

Although the contours for any single statistic follow roughly the same shape

for all redshifts, the sigma level of a given band in the X228−γ912 plane varies with
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Figure 4.1: Contours showing the number of standard deviations between the
simulated and observed Lyα forest statistics. We show the mean absorption τeff on
the left and the intermediate-scale power P−2 on the right. We label the contours
by the number of σ shown on the plot, where 1σ is the error reported for the data
only, with no contribution from the simulation, a fair approximation. Each of the 8
panels show the full range of IGM models as a function of γ912 (UVB intensity) on
the vertical axis, and X228 (HeII photoheating rate) on the horizontal axis. Each
row is for the redshift given on the right edge of the plot. The simulation data
is listed in Table 4.5, Table 4.6, Table 4.7, and Table 4.8. We made a correction
for resolution. The data and simulations agree in the red regions, but those re-
gions correspond to different simulations for the two columns. Hence, there is no
simulation that matches both τeff and P−2 simultaneously at any redshift.
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redshift. This can be seen especially for the τeff contours at redshifts 2.8 and 3.2,

where a 1-sigma fit is only achieved at the upper right of the plot, compared to at

redshifts 2.0 and 2.4 where a 1-sigma fit can be achieved at lower values of γ912 .

This variation with redshift for a single statistic could be fixed by modifying the

redshift evolution of the amplitude of the UVB.

Figure 4.1 can also be used to examine the dependence of the τeff and power

fits on X228 and γ912. The density of the contour lines show the slope of the change

in the simulation output value. For example, all of the P−2 plots have a high

density of lines at low γ912, showing that the power varies rapidly with changing

γ912 for low values of γ912, while the lines are less dense at high γ912, showing that

P−2 becomes less sensitive to changes in γ912 as γ912 increases. This also implies

that at higher redshift, when the amplitude of the ionizing background is lower

because there are less sources, the power will be more sensitive to the precise

amplitude of the ionizing background. This higher sensitivity at high redshift is

seen as the higher number of sigma levels contained in the contour plots of both

τeff and P−2 at higher redshift. It can also be seen that there are bands of space

in the X228−γ912 plane that yield the same quality of fit to the observational data

values, for each of the contour plots, separately. The closed bubbles that appear

as the 1 and 2 sigma levels are actually artifacts of the limited resolution of the

grid. With greater resolution, these bubbles would stretch out and become valleys,

as are seen for the contours at higher sigma.

Figure 4.2 shows τeff and P−2 as a function of redshift for observational

data compared to two of our simulations. The red triangle symbols (γ912=1.8,

X228=0.8) are for the simulation that gives the closest match to the τeff data

values, while the green circle symbols (γ912=0.8, X228=0.8) are closest to the P−2

data values. Although we can choose a simulation with τeff values that are not far

from observed values over a wide range of redshift, the same simulation will give

P−2 values that are far below the observed values. For P−2, we have a simulation

that is close to observed data for z = 2.0, 2.4, and 2.8, but at z = 3.2, the simulated
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value is much higher than expected. This alone would indicate that the redshift

dependence of the amplitude of the ionizing background needs modification. If we

were to raise γ912 only at z = 3.2, this would lower both P−2 and τeff , pushing the

simulated values closer to those from observational data. However, this would still

not match P−2 and τeff simultaneously.

4.5.2 Exploring a wide parameter space.

In Figure 4.3, we show that none of our simulations can match observations,

particularly at high redshifts. Each row in the plot shows P−2 vs DA, P−1.5, and

P−1.0 for our various simulations, as well as the observationally measured values

represented by the black error bars. The mismatch is most notable at redshifts 3.2

and 2.8 in the plot of P−2 vs P−1.5.

Cosmological parameters

In addition to the mismatch between simulations and observational data,

Figure 4.3 gives some information as to what is necessary to obtain constraints on

cosmological parameters. The amplitude of any of P−2, P−1.5, or P−1 individually

does not provide any information for the sought after cosmological parameters.

Essentially any value for any 1 of these can be obtained by adjusting the UVB

to alter the ionization state of hydrogen. The shape of the power spectrum over

this factor of 10 change in wavenumber is also not very sensitive to cosmological

parameters. This can be seen from the P−2 vs P−1.5 or P−2 vs P−1 plots. The

simulations run with varying values of σ8, ns, and neutrino mass do not deviate

much from simulations run with various UVB conditions.

Adding the mean level of absorption as an additional statistic greatly in-

creases the sensitivity to cosmological parameters. In the P−2 vs DA plot, the blue

diamond, red x, and purple asterisk symbols representing changes to cosmological

parameters fall off of the strict line that the black plus and green triangle symbols
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Figure 4.2: The mean amount of Lyα absorption, τeff on the left, and the
power of the flux P−2 on the right as a function of redshift horizontally. Black
error bars are observational data. The red triangles are from a simulation with
γ912=1.8, X228=0.8 that is close to the observed amount of absorption at several
redshifts, but with significantly less power than the data. The green circles are
from a different simulation with γ912=0.8 and X228=0.8 that is close to the observed
power out to z=2.8, but the circles on the left column show far more absorption
than the data. The line in the τeff vs z plot is the function given in [23], which
is a fit to τeff data points between 1.6 < z < 3.2. The simulation data used is
listed in In Table 4.5, Table 4.6, Table 4.7, and Table 4.8. We made corrections for
resolution and box size. We can find simulations that match either the amount of
absorption or the power over a range of redshifts, but no simulation simultaneously
matches both the absorption and the power.
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Figure 4.3: P−2 vs DA, P−1.5, and P−1. The large black crosses represent the
actual observed values. Simulation input parameters are listed in 4.4. The unscaled
outputs from the simulations are listed in Tables 4.5, 4.6, 4.7, and 4.8. Small black
plus symbols represent simulations that use a uniform UVB from [16] (HM01),
with γ912 and X228 varied, and with standard cosmological parameters. Green
triangles use a substantially different UVB from [17], once again varying γ912 and
X228, and with standard cosmological parameters. Large light blue X symbols use
initial conditions from CAMB, with the points farther to the right in the P−2 vs
DA plot including 1 massive neutrino. Purple asterisk symbols use spectral index
values of 0.86 and 1.06, with the asterisk farther to the right in the P−2 vs DA
plot set to 0.86. Blue diamonds represent simulations with σ8 equal to 0.5 and 1.1,
with the diamond farther to the right in the P−2 vs DA plot set to 0.5. The orange
square represents a simulation which utilizes the ionizing background described in
[7], which includes self shielding of the HI to ionizing radiation. Medium dark blue
X symbols represent simulations which include X-rays. Small red X symbols are
for simulations with TeV gamma rays from blazars.
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Figure 4.4: As Figure 4.3
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that represent changes to the UVB follow.

Unfortunately, all of the simulations, regardless of cosmological or UVB

parameters, fall at least a few sigma away from observational data. Even worse,

adding a massive neutrino or decreasing σ8 makes the values more discrepant.

Comparing different UVB models

In Figure 4.3, the green triangle, black plus, and orange square symbols

represent simulations that use exactly the same cosmological parameters and initial

conditions. They only differ in the UVB model used. The black plus symbols use

the UVB model from [16], and are the same simulations as were used in Figure

4.1. These simulations were run with various values of γ912 and X228. The green

triangle symbols use the more recently published UVB model from [17], which is

essentially an update of the model in [16]. The orange square symbol uses the UVB

based on the star formation rate, as discussed in §4.4.1. This single simulation has

the important addition of self shielding of HI.

It can clearly be seen that the green triangle symbols compared to the black

plus symbols offer little freedom in adjusting the relationship between P−2 and DA,

P−1.5, and P−1. The photoionization rates and photoheating rates of HI, HeI, and

HeII are quite different between these 2 models, and these rates completely specify

a uniform UVB. Since none of these simulations deviate from a linear relationship

between P−2 and DA or P−2 and P−1.5, it can be concluded that no value of these

rates can produce a simulation that matches observations for this set of statistics.

The uniform UVB used as the only source of ionization and heating of the IGM,

as implemented in ENZO, is not a valid model for the IGM at the precision offered

by current observational data.

At z=3.2, the use of self shielding in the simulation represented by the

orange square symbol does fall slightly off of the standard curve on the P−2 vs

DA plot set by the other 2 UVB models, but it still does not offer the mechanism

necessary to agree with observations. The larger difference at z=3.2 than at the
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lower redshifts can be understood by the higher overall neutral fraction at higher

redshift. With a higher HI density, self shielding is more important. Unfortunately,

even this small difference is in the wrong direction, making the mismatch between

simulations and observations even more severe.

The shape of the power spectrum is somewhat sensitive to the ionization

and heating rates of the IGM, as can be seen from the scatter in the P−2 vs P−1 plot.

This scatter is mostly caused by the sensitivity of P−1 to the width of the absorption

lines, with higher temperature leading to wider lines. It may be possible to obtain a

match for both P−2 and P−1 simultaneously, but for redshifts 2.8 and 3.2, this would

require higher temperatures than provided by any of our simulations. It could be

that effects of radiative transfer physics, which are missing from our simulations,

account for this temperature increase. Since HeII reionization completes around a

redshift of 2.8, this could explain why at the lower redshifts of 2.4 and 2.0 there is

better agreement.

TeV gamma rays from blazars and X-rays from AGN

The lack of a solution with any UVB model raises questions about the

nature of the ionization and heating of the IGM. The UVB provides photoionization

and photoheating rates that are proportional to the density of the neutral fraction

of the species being ionized. Other sources of heating are known to exist, and it is

possible that these sources have a non-negligible contribution.

In Figure 4.3, the medium sized dark blue X symbol represents a simula-

tion with X-rays produced by AGN [24], and the small red X symbols represent

simulations that include TeV gamma rays produced by blazars [8]. These two

sources heat the IGM differently than a UVB model, as discussed in 4.4.2. The

X-ray background has little effect on our results. It is possible that the intensity

could be higher, particularly at high redshifts where the observations have large

uncertainties. However, it is difficult to see how X-rays could account for the large

mismatch between simulated and observed statistics we find here.
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Blazars potentially have a greater influence on the simulation outputs, with

the largest effect on the pair of P−2 and DA. Simulations with TeV gamma rays

included have a larger value of P−2 for a fixed value of DA, as is required by

ovservational data. Although the discrepancy is reduced at all redshifts, a match

is not found at any redshift. Unfortunately, even these heating sources do not

provide a mechanism to match the shape of the power spectrum.

The plots of P−2 vs P−1.5 show that we do not have a way to cause the

simulation outputs to deviate from a strictly linear relationship. Any variation of

an input parameter which causes P−2 to change by some factor, also causes P−1.5

to change by the same factor. We do not find a mechanism to alter the shape of

the power spectrum on these close scales.

4.6 Discussion

4.6.1 The mismatch between simulations and observational

data

We have shown that for 2.0 ≤ z ≤ 3.2, current hydrodynamic simulations

of the IGM do not produce values of τeff and the Lyα forest flux power spectrum

at small scales (−2.0 ≤ logk ≤ −1.0) that simultaneously match those in observa-

tional data. There are three related problems. First, there is no single simulation

that matches data values for the flux power and τeff at any single redshift. Second,

the compatibility of τeff , P−2, P−1.5, and P−1 become worse at higher redshifts for

all simulations. Third, when a single simulation matches a single statistic at low

redshift, the match becomes worse at high redshift.

The problem with matching both the flux power and τeff in simulations

to data at any individual redshift is that a simulation with the correct τeff will

have power that is too low. Since flux power is defined to be the power of the

overdensity of the mean flux, dividing by the mean flux is in its definition. Thus
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any process that only raises the mean flux will decrease P−2. Since τeff is simply

another way of stating the mean flux, we need a physical mechanism that will

do more than just change the ionization fraction of the hydrogen that is causing

the absorption that determines τeff . Our results show that the variation of γ912

and X228 does not offer the necessary physical mechanism. Rather than raising or

lowering the ionization rate at the same level for all densities, it may be necessary

for the ionization rate or heating rate to be a function of density.

The deterioration with increasing redshift of the compatibility between the

optical depth and the flux power is particularly troubling. Physical effects of the

ionization and thermal history of the IGM at high redshift will influence structure

formation. This may leave an imprint on the flux power spectrum measured at

lower redshifts. This implies that if we are not able to match simulations to data

at high redshift, a closer match at low redshift is suspect.

We do not yet have the answer as to why the difference between simulations

and observational data is greater at higher redshifts. A possible explanation for this

may be the lack of radiative transfer in our simulations, which are optically thin

with a completely homogenous and isotropic UVB. Although the approximation

of a homogeneous, optically thin IGM is valid for HI and HeI ionizing photons

for redshifts well above those examined here [18, 19], radiative transfer effects are

important for HeII ionization until He has been completely ionized throughout

the IGM. A non-uniform HeII ionization background implies that the temperature

increase due to HeII photoheating is likely a function of the density. This will

effect the HI ionization fraction through the recombination rate, which is sensitive

to temperature.

For the purposes of determining cosmological parameters from the Lyα

forest flux power spectrum, it should be sufficient to obtain the correct thermal

state of the IGM through a means that mimics the heat input due to radiative

transfer, without explicitly running a radiation transfer simulation. Radiative

transfer processes argue that the heating rate per atom is linked to the density of
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the gas. One possible change to the method we use here would be to impose a power

law relationship between the HeII density and the heat input per HeII ionization,

as was done by [4] when examining the Lyα forest flux PDF. This would correspond

well to the physical process of the hardening of the radiation field as lower energy

photons are preferentially absorbed in dense regions surrounding the sources [2].

4.6.2 Reasons the mismatch between observational data

and simulations has gone unnoticed

Because of the high computational cost of running fully hydrodynamic sim-

ulations, many approximations have been made in the past. One approximation

often made is the use of hydro-particle-mesh (HPM) simulations. HPM simulations

model only the evolution of the IGM under gravity, with a pseudo-pressure term

added for the baryons by artificially imposing a power law temperature-density

relation. HPM simulations may offer unphysical freedom in setting the thermal

state of the IGM. Also, most studies focus on only a single statistic of the Lyα

forest, ignoring statistics that could shed light on a physical property of the IGM

that may be in error in the simulations. Most notably, when analyzing the flux

power spectrum alone, the temperature in simulations is sometimes overlooked.

In addition, some past studies may not have analyzed the redshift evolution of

outputs of a set of simulations with fixed input parameters.

Another common approximation is rescaling the effective optical depth after

a simulation has completed in order to match the flux power. The justification of

this is that renormalizing the optical depth is effectively equivalent to modifying the

intensity of the ionizing background [27]. However, this ignores physical effects that

will alter structure formation, such as changes in temperature due to a different

photoheating rate, or changes to the importance of collisional ionization. Our

results show that while increasing the intensity of the UVB does have the expected

general result of decreasing τeff , it does not do so in such a way that τeff and the
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flux power can both take on their observed values.

Past analyses of the SDSS flux power spectrum have attempted only to

match the power between simulations and data, with the effective optical depth

given as an output [30, 38]. Surprisingly, the optical depth values obtained are

only about 1 standard deviation away from the values measured in [23]. Given all

the approximations made by these analyses, this does not imply that any single

modern hydrodynamic simulation could obtain the observed values of both the flux

power and optical depth without the use of postprocessing or some other method

of modifying the final results of the simulation. In fact, given that we obtain

much different values for the optical depth for simulations that match the power

spectrum when we use unmodified fully hydrodynamic simulations, it would appear

that it may be possible to obtain a wide range of optical depth values using the

approximations that were made in the past. Given that there is some degeneracy

between the amplitude of the linear matter power spectrum and the optical depth,

this calls into question past constraints on the linear matter power spectrum.

In this paper, we use the smallest scales available in the Lyα forest, with

the largest wavenumber we use near the smallest wavenumber available in the

SDSS power spectrum at logk = −1.75. It could be that the mismatch between

simulations and observations was not noticed previously because of the different

scale that the analyses used. The small scales that we use are much more sensitive

to the thermal conditions of the IGM. However, if previous analyses used an overly

simplistic model of the UVB, as seems likely given our results presented here, then

the recombination rate for HII would be invalid. The recombination rate and thus

the neutral hydrogen fraction is dependent on the temperature density relationship.

This implies that the HI that makes up the Lyα forest could be associated with

different total hydrogen densities than generally found in optically thin simulations.

The exact reason that the extent of this problem has not been realized in

the past is not known. Aspects of this problem have been addressed by other

groups. Reference [4] found that they get a better match to the Lyα forest flux
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PDF when they use a simulation that has a nonstandard inverted temperature

density relationship, where lower density regions are hotter. Reference [32] finds

that including a uniform volumetric heating term to model the effect of heat input

from TeV gamma rays from blazars improves the match to Lyα forest statistics.

This produces higher temperatures at lower densities, agreeing with [4]. We find

that simulations including the volumetric heating term from blazars in cosmological

simulations does indeed improve the match to the observed flux power spectrum,

but even this does not go far enough to provide an acceptable match.

4.6.3 Conclusion

Before we can obtain constraints on cosmological parameters from the Lyα

forest, we must have numerical simulations which produce accurate spatial distri-

butions, velocities, temperatures, and ionization fractions of hydrogen in the low

density IGM. The simulations used here, although at least as accurate as those

used in several analyses in the past, do not provide physical conditions in the IGM

that lead to an optical depth and flux power spectrum that match those in ob-

servational data. The small scale flux power we examine here is more sensitive

to astrophysics that determine the temperature and ionization fraction of HI in

the IGM than on cosmological parameters. Larger scales are available from the

SDSS data set, but to interpret this data, it is necessary to obtain the correct ion-

ization fraction of hydrogen in the IGM. This information is best determined by

examining the smallest scales available in the flux power spectrum, as we do here.

Only by using these small scales can the thermal state and ionization fraction be

determined to sufficient accuracy to allow cosmological parameters to be extracted

from the larger scale Lyα forest flux power spectrum.
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Table 4.4: Input parameters for all simulations. For the UVB spectrum type,
HM01 indicates the use of the UVB model from [16], HM12 indicates [17], and CO
indicates [7]. Unless specified otherwise, simulations are run with the cosmological
parameters specified in Table 4.3, and with a box size of 19.2 Mpc comoving and
a cell size of 75 kpc comoving.

sim # γ912 X228 UVB Note
1 0.3 0.3 HM01
2 0.3 0.8 HM01
3 0.3 1.3 HM01
4 0.3 1.7 HM01
5 0.3 2.0 HM01
6 0.5 0.3 HM01
7 0.5 0.8 HM01
8 0.5 1.3 HM01
9 0.5 1.7 HM01
10 0.5 2.0 HM01
11 0.8 0.3 HM01
12 0.8 0.8 HM01
13 0.8 1.3 HM01
14 0.8 1.7 HM01
15 0.8 2.0 HM01
16 1.2 0.3 HM01
17 1.2 0.8 HM01
18 1.2 1.3 HM01
19 1.2 1.7 HM01
20 1.2 2.0 HM01
21 1.8 0.3 HM01
22 1.8 0.8 HM01
23 1.8 1.3 HM01
24 1.8 1.7 HM01
25 1.8 2.0 HM01
26 1.0 1.0 HM12 σ8 = 0.5
27 1.0 0.25 HM12 Γ228 = 0.25
28 1.0 1.0 HM12 ns = 0.86
29 1.0 1.0 HM12 σ8 = 1.1
30 1.0 1.0 HM12
31 0.3 0.3 HM12
32 1.0 1.0 HM12 ns = 1.06
33 1.8 2.0 HM12
34 1.0 1.0 HM01 CAMB inits, Ων = 0.02, σ8 = 0.62
35 1.0 1.0 HM01 CAMB inits
36 - - CO Self shielding
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Table 4.4 – continued from previous page
sim # γ912 X228 UVB Note
37 1.3 1.1 HM01 Box size = 38.4 Mpc, Cell size = 75 kpc
38 1.3 1.1 HM01 Box size = 9.6 Mpc, Cell size = 18.75 kpc
39 1.3 1.1 HM01 Box size = 9.6 Mpc, Cell size = 75 kpc
40 1.3 1.1 HM01
41 1.0 1.0 HM01 xrays
42 1.0 1.0 HM01 blazar heating
43 1.0 1.0 HM01 blazar heating, 3 times heat input
44 1.0 1.0 HM01 xrays and blazar heating

Table 4.5: Lyα forest flux power spectrum at scale log(k) (Plog(k)) and effective
optical depth (τeff ) values for each simulation. Units of k are s/km. Units of
Plog(k) are km/s.

z=2.0
sim # τeff P−2 P−1.5 P−1

1 0.448 20.9 7.55 0.675
2 0.404 18.7 6.43 0.472
3 0.375 17.2 5.68 0.352
4 0.357 16.3 5.22 0.286
5 0.345 15.7 4.93 0.248
6 0.330 14.6 5.07 0.384
7 0.296 13.0 4.25 0.257
8 0.273 11.9 3.71 0.186
9 0.259 11.2 3.38 0.147
10 0.250 10.7 3.18 0.126
11 0.247 10.6 3.49 0.226
12 0.220 9.31 2.88 0.145
13 0.202 8.46 2.48 0.101
14 0.191 7.92 2.24 0.078
15 0.184 7.59 2.10 0.066
16 0.191 7.97 2.51 0.141
17 0.169 6.97 2.04 0.0869
18 0.155 6.30 1.74 0.0586
19 0.146 5.87 1.56 0.0446
20 0.140 5.61 1.45 0.0370
21 0.147 6.00 1.79 0.0867
22 0.130 5.22 1.44 0.0514
23 0.118 4.69 1.21 0.0336
24 0.111 4.35 1.08 0.0251
25 0.106 4.15 1.00 0.0205
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Table 4.5 – continued from previous page
z=2.0
sim # τeff P−2 P−1.5 P−1

26 0.270 8.51 2.59 0.111
27 0.223 9.53 2.91 0.129
28 0.236 9.27 2.76 0.112
29 0.176 8.27 2.39 0.101
30 0.221 9.31 2.82 0.122
31 0.552 26.5 9.61 0.841
32 0.206 9.21 2.81 0.129
33 0.127 4.98 1.27 0.0288
34 0.248 9.24 2.83 0.121
35 0.223 9.12 2.75 0.117
36 0.121 5.21 1.26 0.0369
37 0.149 6.03 1.68 0.0538
38 0.144 4.82 1.85 0.0894
39 0.158 6.36 1.96 0.0740
40 0.152 6.18 1.72 0.0613
41 0.159 6.85 1.91 0.0612
42 0.145 7.00 1.99 0.0561
43 0.123 6.40 1.70 0.0295
44 0.116 6.00 1.52 0.0227

Table 4.6: Lyα forest flux power spectrum at scale log(k) (Plog(k)) and effective
optical depth (τeff ) values for each simulation. Units of k are s/km. Units of
Plog(k) are km/s.

z=2.4
sim # τeff P−2 P−1.5 P−1

1 0.687 33.9 12.8 1.35
2 0.620 30.1 10.9 0.955
3 0.575 27.6 9.62 0.720
4 0.547 26.1 8.85 0.591
5 0.529 25.2 8.38 0.516
6 0.509 23.3 8.49 0.760
7 0.457 20.6 7.12 0.520
8 0.421 18.9 6.23 0.381
9 0.400 17.8 5.70 0.307
10 0.386 17.1 5.37 0.265
11 0.383 16.6 5.80 0.444
12 0.341 14.6 4.80 0.293
13 0.313 13.3 4.15 0.208
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Table 4.6 – continued from previous page
z=2.4
sim # τeff P−2 P−1.5 P−1

14 0.296 12.5 3.77 0.165
15 0.286 11.9 3.53 0.140
16 0.297 12.5 4.16 0.277
17 0.263 10.9 3.40 0.177
18 0.240 9.82 2.91 0.122
19 0.227 9.17 2.62 0.0945
20 0.218 8.76 2.44 0.0793
21 0.229 9.33 2.98 0.172
22 0.202 8.08 2.39 0.105
23 0.183 7.24 2.03 0.0703
24 0.172 6.73 1.81 0.0533
25 0.166 6.41 1.68 0.0441
26 0.403 12.8 3.93 0.189
27 0.329 14.3 4.56 0.221
28 0.349 13.8 4.21 0.191
29 0.260 12.4 3.82 0.177
30 0.326 13.9 4.41 0.212
31 0.816 42.0 15.6 1.52
32 0.303 13.8 4.44 0.224
33 0.186 7.40 2.01 0.0515
34 0.357 13.8 4.33 0.207
35 0.329 13.7 4.30 0.203
36 0.163 6.48 1.63 0.0518
37 0.233 9.60 2.82 0.111
38 0.224 7.65 3.09 0.181
39 0.241 9.59 3.24 0.147
40 0.236 9.61 2.88 0.126
41 0.243 10.2 3.07 0.119
42 0.227 10.6 3.28 0.120
43 0.192 9.65 2.83 0.0643
44 0.180 8.99 2.51 0.0466

Table 4.7: Lyα forest flux power spectrum at scale log(k) (Plog(k)) and effective
optical depth (τeff ) values for each simulation. Units of k are s/km. Units of
Plog(k) are km/s.

z=2.8
sim # τeff P−2 P−1.5 P−1

1 1.03 57.3 22.3 2.77
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Table 4.7 – continued from previous page
z=2.8
sim # τeff P−2 P−1.5 P−1

2 0.933 50.4 18.8 1.96
3 0.865 45.9 16.6 1.48
4 0.823 43.3 15.2 1.21
5 0.796 41.7 14.4 1.06
6 0.772 38.3 14.4 1.53
7 0.693 33.7 12.0 1.06
8 0.639 30.7 10.5 0.784
9 0.607 28.9 9.65 0.636
10 0.587 27.7 9.10 0.551
11 0.583 26.8 9.68 0.890
12 0.520 23.4 8.03 0.596
13 0.478 21.3 6.97 0.432
14 0.453 20.0 6.34 0.345
15 0.437 19.2 5.96 0.296
16 0.455 19.8 6.91 0.556
17 0.403 17.2 5.65 0.361
18 0.369 15.6 4.86 0.255
19 0.348 14.6 4.40 0.201
20 0.335 13.9 4.11 0.170
21 0.353 14.7 4.92 0.344
22 0.310 12.7 3.97 0.216
23 0.282 11.4 3.37 0.149
24 0.266 10.6 3.03 0.115
25 0.255 10.1 2.81 0.0960
26 0.616 21.1 6.43 0.338
27 0.491 22.5 7.37 0.393
28 0.524 21.9 6.72 0.340
29 0.387 19.5 6.22 0.315
30 0.486 21.8 7.09 0.378
31 1.21 71.9 27.3 3.00
32 0.448 21.4 7.19 0.400
33 0.278 11.5 3.22 0.091
34 0.544 21.8 6.96 0.369
35 0.478 21.4 6.93 0.363
36 0.255 9.59 2.55 0.102
37 0.358 15.0 4.67 0.230
38 0.346 12.2 5.20 0.380
39 0.367 14.8 5.33 0.297
40 0.362 15.2 4.79 0.262
41 0.371 16.8 5.14 0.232
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Table 4.7 – continued from previous page
z=2.8
sim # τeff P−2 P−1.5 P−1

42 0.360 17.8 5.65 0.260
43 0.307 16.3 4.94 0.150
44 0.286 15.0 4.33 0.105

Table 4.8: Lyα forest flux power spectrum at scale log(k) (Plog(k)) and effective
optical depth (τeff ) values for each simulation. Units of k are s/km. Units of
Plog(k) are km/s.

z=3.2
sim # τeff P−2 P−1.5 P−1

1 1.51 98.6 40.7 5.87
2 1.36 85.6 33.7 4.07
3 1.26 77.5 29.3 3.03
4 1.20 72.8 26.8 2.46
5 1.17 69.9 25.3 2.14
6 1.14 63.8 25.0 3.11
7 1.02 55.5 20.7 2.13
8 0.945 50.3 18.0 1.57
9 0.898 47.3 16.5 1.28
10 0.868 45.4 15.6 1.10
11 0.868 43.5 16.3 1.76
12 0.776 37.8 13.5 1.19
13 0.714 34.3 11.7 0.864
14 0.676 32.1 10.7 0.692
15 0.652 30.8 10.0 0.594
16 0.682 31.6 11.5 1.09
17 0.605 27.4 9.39 0.717
18 0.555 24.7 8.11 0.513
19 0.524 23.1 7.35 0.406
20 0.505 22.1 6.89 0.346
21 0.531 23.1 8.07 0.672
22 0.468 19.9 6.55 0.430
23 0.427 17.8 5.60 0.301
24 0.402 16.6 5.05 0.235
25 0.387 15.9 4.71 0.199
26 0.943 36.7 11.4 0.640
27 0.734 36.7 12.3 0.734
28 0.786 35.9 11.2 0.613
29 0.571 31.3 10.3 0.564
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Table 4.8 – continued from previous page
z=3.2
sim # τeff P−2 P−1.5 P−1

30 0.722 35.2 11.7 0.682
31 1.78 130 52.8 6.71
32 0.658 33.9 11.8 0.717
33 0.414 18.0 5.23 0.156
34 0.811 35.9 11.7 0.666
35 0.713 34.6 11.5 0.653
36 0.442 15.7 4.55 0.273
37 0.537 23.5 7.76 0.458
38 0.521 19.6 8.46 0.770
39 0.547 22.8 8.68 0.581
40 0.544 24.1 7.97 0.525
41 0.567 26.8 8.68 0.466
42 0.571 28.9 9.73 0.579
43 0.496 26.6 8.68 0.373
44 0.495 26.6 8.67 0.372
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