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Abstract

Decaying Cold Dark Matter (DCDM) is a model that is currently under in-
vestigation regarding primarily the og tension between cosmological and local
measurements. Recent papers suggest that the tension can be lessened, how-
ever, no preference over ACDM is found. We want to contribute to these studies
by following a different approach than in other works. We use Lyman-«a forest
data from BOSS together with a model where we find an expression of the one-
dimensional flux power spectrum via the matter power spectrum up to 1-loop
corrections. This model can then be fitted to the data and exclusion bounds
can be extracted. We test this method at first for warm dark matter (WDM)
which provides us with reasonable bounds on the more conservative side. After
studying the background evolution of DCDM, we then apply the fitting method
to it. We find, that we can provide tighter constraints for the upper lifetime
in the € ~ 0.001 — 0.005 regime with 7 2 18Gyrs, which can be attributed to
our treatment of non-linearities. In the larger € regimes, our method performs
worse since we don’t include an in-depth analysis of CMB data. Regarding the
og tension, we observe, that our model allows for lower values and doesn’t put
much constraints on it. As the final word on DCDM is not yet spoken, we are
curios for the future of it with regard to upcoming surveys.
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1 | Introduction

The standard model of cosmology known as ACDM is a very successful model
in explaining the large scale structure (LSS) of the universe. At the heart of
this sits cold dark matter (CDM) which causes the typical bottom-to-top struc-
ture formation we see in the LSS by being non-relativistic during the clustering
process. Despite the success of CDM, there are still unresolved issues that are
hinting that there may be more. This sparks of course interest in different cos-
mological models that are able to address these issues. Mostly the two large
unknowns, meaning dark energy or dark matter, are altered in some way to try
and achieve better results. The challenge hereby lies in conserving the winning
properties of ACDM on larger scales while still tackling problems of todays cos-
mology. These are mainly given by three larger issues [1].

The first one is the Hubble tension [2] which arises between mostly cosmic mi-
crowave background (CMB) and supernovae data. CMB data from Planck with
Hy = 67.27 £ 0.60km/(sMpc) [3] is an example of a probe of the early universe
since it relies on the recombination time. More precisely, it measures the an-
gular scale of the sound horizon. Values derived by other CMB independent
early universe probes like the Big Bang Nucleosynthesis (BBN) and baryonic
acoustic oscillations (BAOs) also tend towards lower Hy values [4, 5]. This
makes it even more worrying that methods of inferring Hy directly, arrive at a
much larger value resulting in a 4 to 60 tension. SHOES for example, measures
Hy = 73.2+1.2km/(sMpc) [6], which is based on a calibration of the cosmic dis-
tance ladder using Cepheids. Again, other methods based on supernovae with
e.g. calibrating the tip of the red giant branch or even methods not based on
supernovae tend to higher values, hinting at either unknown systematic errors,
like for example dust modeling in SNla, or a problem with the cosmological
model [7]. Systematic errors seem unlikely at this point regarding this large
number of independent measurements. If so, a single source of uncertainty will
probably not suffice [5]. More interesting are new cosmological models. Possible
solutions either try to alter the early universe and the sound horizon or they
focus on the late universe. Early universe solutions like early dark energy seem
the most promising, however, their preference relies on the included datasets
[2].

The second problem is the weaker but still unexplained tension for og, which is
a measure of the amplitude of matter fluctuations at a scale of 8Mpc/h. Usu-
ally, it is additionally given in terms of Sg = 051/, /0.3 that also includes
the matter density 2,,. Similar to Hubble, the 2 — 30 tension arises between
early universe cosmological data preferring larger values of Sg, and local, low
redshift measurements tending towards lower values [1, 8]. CMB measures by




e.g. Planck are at Sg = 0.834 + 0.016 [3] which also perfectly coincides with
other CMB data like from ACT [9]. On the other hand, weak gravitational
lensing surveys provide constraints via cosmic shear and galaxy clustering with
e.g. Sy = 0.75915-02} from the Kilo-Degree Survey KiDS-1000 [10]. Other simi-
lar measurements [11, 12] might not produce such large deviations but they are
still significantly lower compared to CMB data. To account for this, there ei-
ther needs to be some unknown systematic error or alternatives to ACDM where
proposed models need some kind of suppression of the matter power spectrum
in the k ~ 0.1 — 1h/Mpc regime. This can be achieved in multiple ways [8] with
for example interacting dark energy models [13], massive neutrinos [14], canni-
bal DM [15], decaying CDM [16] and many more. Currently, there is no model
which can ease the tension completely but even more in depth investigations
based on newer surveys in the future will hopefully help shedding some light on
this issue.

Lastly, there are several incongruities regarding the simulation and observation
of structure on smaller scales [17]. These include the cusp-core problem of DM
halos, where the inner densities are less dense and less cuspy when determined
by e.g. rotation curves [18] compared to simulations. Another one is the fa-
mous missing satellite problem which addresses the larger number of predicted
satellite galaxies compared to how many are actually observed. Even if one
argues that we may not be able to see all of them since they are lacking visible
stars, this still leads to another famous problem. Called 'Too Big To Fail’, it
states that predicted satellites are too massive to not include stars we can ob-
serve. These issues rely on numerical simulations that, while being a powerful
cosmological tool, often don’t include the more complex baryonic physics like
stellar feedback and tidal effects which are able to alter and ease the observed
properties [19, 20, 17]. Further advancement in hydrodynamical simulations
will therefore be crucial in studying such effects. Apart from such explanations,
DM and its properties can also provide solutions [21, 17]. One possibility is
decreasing the DM fluctuation on small scales which damps halo substructure
and lowers their central densities. Another way is to consider self interactions
of DM (SIDM). Depending on its cross section, these could produce less cuspy
density cores and also lower the number of observed halos [22, 23].

A combined effort of observations in astrophysics, numerical simulations includ-
ing baryonic processes and theoretical work will be needed to ultimately solve
such questions which makes the next decades promising to look forward to.

Overall, we can see that a model with some kind of suppression on the smaller
scales is a popular idea for tackling several cosmological issues. While not very
promising regarding the Hubble tension, og and deviating halo and galaxy prop-
erties prove very interesting to study. A suppression can be achieved in many
ways, with for example the well known warm dark matter (WDM) model. Its
larger free streaming length inhibits structure growth and causes a cutoff on
small scales. A similar effect can be achieved by a decaying dark matter model
with one massless and one massive daughter particle taking the part of WDM.
Such a model has the additional advantage of being flexible in time, depending
on the decay width of the mother particle. Thus, it can keep the early universe
almost completely unaffected, conserving the LSS and background evolution,
while still allowing for a reduction at small scales. Since it can still affect the




background and thus Hy, it was also previously discussed regarding the Hubble
tension. Even when not considering cosmological problems, it is still interesting
to try and constrain meaningful properties like the lifetime of DM. Especially
regarding how little we know about the actual nature of DM, as well as the fact
that very few particles are naturally stable [24], the scope at which decaying
DM is compatible with ACDM is very study worthy.

The goal of this thesis is to ultimately study the large and small-scale struc-
ture formation of a decaying cold dark matter (DCDM) model with regard to
Lyman-a BOSS data. The biggest issue for such data sets is the extraction of
the actual matter fluctuations from the measured flux power spectrum since it
requires a modeling of the complex intergalactic medium (IGM). We use a phys-
ically well motivated model relating the power spectra to the data which leaves
overall six parameters free to capture the complicated IGM behavior and the
non-linearities among other things. Nonetheless, we include non-linear correc-
tions for the power spectra in order to sufficiently describe the smaller scales.
To generate them, we make use of a newly developed modified CLASS code
[16] and use cosmological perturbation theory for computing the 1-loop spectra.
This then allows us to determine robust constraints on first WDM masses and
then DCDM parameters.

The structure of this work is now as follows: First, we give an overview of the
formalism of DCDM, the basic background dynamics and the work that has
already been done regarding this model. Then, we explain our data set and
the fitting model we will use, as well as our handling with the non-linearities
arising for small scales. Afterwards, our ACDM reference model is fitted to the
data and different aspects and variations of the method are discussed. This
is followed by an analysis of the fit and its variations regarding a warm dark
matter model which serves mainly as a test for our method. It is completed by
an extraction of mass constraints that are evaluated.

The last main point finally deals with DCDM. We make a more detailed discus-
sion about the background evolution and the power spectra before we use the
latter in several fits. Lastly, we present our resulting constraints and set them
in context with other measurements.




2 | Review of Decaying Cold
Dark Matter

At first, we will now start to give an overview of the Decaying Cold Dark Matter
(DCDM) model we want to study. That includes explaining the model and its
parameters, the changes in the background dynamics and discussing the current
state of investigations.

2.1 Mathematical Description

The general idea is that of ordinary collisonless cold dark matter particles that
aren’t stable and are instead decaying into two components. One is warm dark
matter (WDM) whereas the other is dark radiation (DR). To describe this model
mathematically, we mostly follow [16, 25, 26]. The ratio characterizing how
much energy goes into the DR compared to the WDM is given by

2
el<1m;vdm>. (2.1)
2 Mcdm

In the case of Mmygm — Mdeam — s0 € = 0 — the daughter particle has the same
mass as the mother particle and therefore no energy is transferred to DR which
would of course correspond to ACDM. In the opposite case of mygm — 0 — S0
€ = 0.5 — only dark radiation is produced. This corresponds to a decay into only
massless daughters and is also separately studied in the literature. The second
parameter describing DCDM is the decay time 7 or I'"! with 7 — oo leading
again to ACDM.
For the formalism, we use a synchronous gauge which is co-moving with the
mother particle, so we have Pyegm = (Mdcdm, 0)s Puwdm = ( mi,dm + p?,p) and
Py = (p,—p). Therefore, we can calculate the maximum momentum of the
daughter particles:

Mdcdm = 4/ mi}dm +p2 +p

1
= Pmaz = ﬁ(mzcdm - m%udm) = Mdcdm€- (22)
Mdcdm
The density parameter of DCDM today at ¢y is given by an initial density times

an exponential factor describing the decay
i t
ing 6*Fto _ p( 0) (23)

0 —
Qdcrhn — ““dedm
Pecrit,0




with the critical density today, perit,0. The density at an arbitrary time is in
turn given by

ni —I't -3 T, —3
Pdedm = Perit, 08 bdedm € a = mdcdmNa (24)

where a3 gives the additional expansion factor. It can alternatively be written

. . _ ani - _ .
as the time dependent number density Ngycgm = ‘ijndmiwe Tt times the energy

of the mother particle expanding in time. Now, we can look at the Boltzmann
equations which in general relates the total time derivative of the phase-space-
distribution to the collision term describing for example scattering events or in
our case the decay. In our model they are given by

fdcdm = _arfdcdm and
7 3 Cll_‘z\_]dcdnL
r — Jwdm = d(q — max )+ 2.5
Jar = fuwd 2 (¢ — apmaz) (2.5)

The collision term for DCDM is only depending on I' due to the exponential de-
cay. The scale factor a comes from switching to conformal time with dr = dt/a.
For WDM and DR, the collision term has the opposite sign and the energy
transferred to them is proportional to the number density N of DCDM and a
factor of 1/¢?. The momentum q is determined by the delta function to apmaz,
the momentum transferred to the daughter particles.

The phase-space-distribution is related to the mean energy density p and pres-
sure P by the integrals

]l
I

1 [ -
—4/ dgdng*Ef and
a=Jo

1 [* 2
— / dq47rq2q—f. (2.6)
0

p
3a* E
E = \/m2a2 + ¢? is here the co-moving energy and — in the case of DCDM

— reduces to Eycgm = Mdeam due to our gauge choice. Making use of these
definitions, we can transform the Boltzmann equations to

ﬁdcdm = _SHﬁdcdm - aFﬁdcdma (27)
ﬁdr = _4Hﬁdr + earﬁdcdma (28)
ﬁwdm = _3(1 + W)Hﬁwdm + (]- - 6)avl—‘ﬁdcdrm

with the equation-of-state parameter w = I_Dw% for WDM. The more detailed
derivations can be found in appendix B.1.1. o

Solving these coupled equations is not completely straight forward but for a nu-
merical solution we can bring it in a different form (see cite2021PhRvD.10413533A.
For this, we start again with equation 2.5 for at first WDM and rewrite the delta
function. Since the co-moving momentum is given by ¢ = a(7y)Pmas With 74,

being the time the daughter particles with ¢ are produced, we can write

5(q — apmaz) = 3((a(7y) — a(T))Pmaz) = ;((;)p;i = 5(;(1;"). (2.10)




The subscript ; will now be used to indicate 7,. Integrating over 7, we then get

= al'N (1 — 7,)
/dewdm = /dTWqu

aqFN 1
drq® Hqq

fwdm =

2
Now, we multiply by 4’%]3 and integrate over g:

FN 2 2 2
- [ T

Hq o q
2

2 2 2 2
My dm® + aq6 Mgcdm

C e—Ft

py / dq ey, 2

a q Mgedm€
c [ -

I't,
\/ezag + (1 —2¢€)a?

e

=— da
at Jo ! q
In the second step we used the short notation C' = Pcrit,OQﬁﬁﬁlmF and in the next

step we switched to the new variable a, with dg = emgcgmda,. In the case of
DR, we lack the mass and thus the result changes to

_ c [ el
pdr(a) = E\/O daqquaq. (211)

Together with the equation for DCDM 2.4, we now have a set of equations that
can be solved iteratively. The only two other quantities needed, are the Hubble
parameter H = aHov/Qp + Qa3 + Q,a—% and the time t = Oa %1,/. Q,, means
here all matter species, €2, all relativistic species and Q5 dark energy. With this
setup, we can now solve for the densities. More details on the implementation
of this solution can be found in appendix B.1.2.
The resulting densities for DCDM, WDM and DR for the parameters e = 0.01
and 7 = 20Gyrs in purple as well as € = 0.3 and 7 = 1Gyrs in orange can be
seen in Figure 2.1. The black line indicates the evolution of normal cold dark
matter without any decays. In both parameter cases, the DCDM density traces
the CDM one since the model should and does resemble ACDM for large z. For
the lower 7, the decrease of DCDM and increase of the daughter particles starts
much earlier. Additionally, for a higher ¢, WDM and DR, evolve more closely
together. Depending on the parameters, the matter content can be manipulated
very subtly or strongly, affecting in turn the matter power spectrum.
Another change is visible for the Hubble rate which is plotted in Figure 2.2 for
the same parameter cases as above. In the first case, with the lifetime being
larger than the age of the universe and a not too large €, H(z) almost perfectly
traces the one of ACDM. In the second case however, the extremely short lifetime
and large e cause a visible deviation of H(z). Since Hy was fixed in the solution,
it also converges to ACDM for high and low z. In between, we have a decrease.
This is a result of gradually replacing matter with dark radiation, which scales
3. Since this happens during matter domination, the

with a=* instead of a=3.
energy content decreases. To keep the sum of all energy densities at 1, 2, will
be corrected upwards. Whereas 25 ~ 0.69 for the first case, we have Qp ~ 0.77
in the second, more extreme case.
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Figure 2.1: Evolution of the densities for DCDM, WDM and DR with redshift
z for two different parameter sets. For comparison, CDM without any decay is
plotted in black. For large z the CDM density is traced by DCDM.
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Figure 2.2: The conformal Hubble rate H(z) with redshift z for two different
parameter sets. For large and small z, the ACDM case is again traced. For
intermediate values, a decrease of H is possible for large € and short 7.

The deviating matter densities induce of course also a change in the matter
power spectrum, namely a suppression with its scale and depth being determined
by € and 7. They are discussed in detail in the DCDM section later on. Nonethe-
less, to give a general idea, the matter power spectrum for e = 0.001,0.01 and
7 = 20Gyrs normalized to ACDM at a redshift of z = 3.0 is shown in Figure 2.3.
The suppression on small scales is clearly visible and the reason why DCDM is
discussed regarding cosmological problems.
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Figure 2.3: The matter power spectrum normalized to ACDM at a redshift of
z = 3.0 for two different € at the same 7. A suppression depending on the
parameters is clearly visible.

2.2 State of Decaying Dark Matter and Con-
straints

Since we already talked about the current challenges in cosmology, we now want
to focus on the discussions regarding variations of decaying dark matter models
and their resulting constraints.

There are mainly two different kind of models, one describing a decay into only
relativistic particles and the other one including two daughter particles where
one is massless and the other massive. They are of course related since the first
one corresponds to the limit of € — 0.5 in the second one. Therefore, both
were studied regarding the Hubble and Sg tension, especially in recent years.
Usually, these are done with Monte Carlo Markov Chain (MCMC) algorithms
that are applied to different datasets but are mostly including CMB and BAO
data.

Work regarding the sole decay into DR started a bit earlier than the more com-
plicated 2-body decay scenarios. General discussions about the lifetime of DM
were for example done in [24]. They focus on the gravitational implications and
compute the change in the background evolution. They then apply an MCMC
algorithm to CMB and BAO data to arrive at a lower bound of 7 > 160 Gyrs.
A similar study using additional weak lensing data and also considering non-
linearities in their analysis, derives a weaker bound of 7 > 97Gyrs [27]. Only for
solely CMB data their value is competitive with 7 > 140Gyrs. Regarding the og
tension, they actually find a substantial alleviation which seemed promising but
is challenged by later papers. These often study a variation of this model which
allows for an additional parameter f describing the ratio of DM that undergoes
the decay. This allows for more freedom and can describe either a 2-body decay,
if one daughter is cold again, or DM composed of multiple particles that are




partly unstable. Studied e.g. in [28, 29], it was found that they don’t seem to
solve the Hubble or og tension. The latest work for this model [30] confirms
this even more while also providing tight contraints. For short lifetimes, they
find f < 2.16% and for f — 1 the lower bound of 7 > 250Gyrs. For specifically
f =1, the unresolving of the Hubble tension was also validated in [31]. Over-
all, the decay into purely DR will most likely not be able to solve cosmological
tensions and requires minimum lifetimes of around ~ 200Gyrs.

Regarding now our model with a 2-body decay into WDM and DR, the results
are similar for the Hubble tension, meaning it is probably not to be resolved
with DCDM [32, 33, 34]. Regarding the og tension, it is however not so clear.
While [34] suggests that this tension can also not be addressed, [35], which in-
cludes a better treatment of perturbations, finds that it actually can be solved
for 7 ~ 55Gyrs and € ~ 0.7%. In two follow-up papers the authors of [35] make
use of a newly developed code for much faster computation of the DCDM power
spectra. This allows for a more in depth analysis, like in [16], where they also
find a mild preference for DCDM which depends on the used measurements
for Sg. The latest paper [30] which was only published last month, then also
includes a treatment of non-linear effects. They find again that DCDM can
explain lower Sy values but is still not preferred over ACDM. In the best fit
model they also find the stronger estimatinos of 7 ~ 120Gyrs when including
their non-linear treatment compared to 7 ~ 43Gyrs without.

While these constraints are all derived using MCMC methods with CMB, BAO
and further datasets, there is also the possibility to study DCDM via galaxy
and halo properties with more regards towards the small scale problems. For
a decay into pure DR, [36] argues for example that a decay for half of the DM
particles can result in lower inner halo densities and a lower number of visible
dwarf galaxies. For DCDM with 2 daughter particles, [37] tries to connect the
model to the observed population of the Milky Way satellites. More precisely,
they look at three different properties that are affected by DCDM and use them
for constraining the parameters. These properties are M3g9 — the mass inside
of a 300pc radius — , the maximum circular velocity of the satellites, and stel-
lar properties. Combining numerical and semi-analytic methods, they find that
the best constraints originate from the number of satellites with certain Mjzgg
and arrive at 7 2 30Gyrs for 20 < v, < 200km/s. Instead of e, they use the
so-called kick-velocity vy ~ ec which is transferred to the daughter particles
during the decay. In [38], they build up on this work and also use Milky Way
Satellite Galaxies for deriving their constraints. They exclude 7 < 18Gyrs for
v = 20km/s which means they are extremely sensitive to the low e regime
which still affects the halo distribution and substructure. These are overall con-
servative bounds, so future studies will tighten this range even more.

Overall, a lot of studies of decaying DM models have been published in only
recent years, so a final statement regarding DCDM is not yet spoken. In sum-
mary, the current investigations suggests, that DCDM may not be preferred
over ACDM and can’t account for the Hubble tension. The og tension however,
seems to be improved. Additionally, it is compatible for sufficient lifetimes.
Thus, it is not ruled out yet and is maybe not a strongly preferred, but still a
viable option. Since this model is still under investigation, further studies will




hopefully be able to more strongly prefer or reject the model.

A large role will probably be played by future surveys providing more accu-
rate weak lensing, BAO and galaxy clustering measurements [39]. Examples
are the upcoming survey by the Rubin Observatory/LSST, scheduled to go into
operation in 2023 [40, 41], the Dark Energy Spectroscopic Instrument (DESI)
studying growth of structure via redshift-space distortions as well as BAOs [42],
and the Euclid satellite focusing on weak lensing and also BAO measurements
[43]. They will constrain observables like the growth function with more accu-
racy and thus be helpful for studying DCDM among other models.

We want to contribute to all these studies by following a slightly different ap-
proach which is based on BOSS data from the Lyman-« forest at z = 3.0 — 4.2
in the mildly non-linear regime. This method, which includes non-linear correc-
tions, will be explained in the next section.
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3 | Fitting Model

3.1 BOSS Data

For inferring matter distributions in our universe, the Lyman-« forest is a pow-
erful tool for precise cosmological measurements in a relatively high redshift
regime [44, 45]. The name refers to a series of close absorption lines that are
visible when measuring a spectra from quasistellar objects (QSOs), e.g from a
quasar, which resembles a forest. These lines are a product of photons from
the QSO passing through hydrogen clouds in the IGM. If the photons exite the
famous Lyman-« transition, a typical absorption line is produced. Since there
are several clouds in the line of sight and they are spatially separated, the ab-
sorption lines will also exhibit a shift depending on the redshift of the original
transition. A typical flux spectrum can be seen in Picture 3.1 which was taken
from [46]. They, in turn, use data from the Baryon Oscillation Spectroscopic
Survey (BOSS) and the first extended-BOSS (eBOSS) quasars which are in-
cluded in fourteenth data release of the Sloan Digital Sky Survey (SDSS) [47].
The forest shape is clearly visible between the Ly-a and Ly-3 peaks.
Measurements of the Ly-a forest can be useful for two points. At first, it

1050 < Age < 1093.3
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15
3

1093.3 < Age < 11366

@
S

1136.6 < Age < 1180]
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Flux [10~" ergss cm? A]

@
S

1000 1100 1200 1300 1400 1500 1600

Figure 3.1: A typical flux spectrum when measuring a bright quasar taken from
[46]. Between he larger Ly-a and Ly-8 peaks, a series of absorption lines makes
up the Ly-« forest. The grey side bands are used in the computation of the 1D
flux power spectrum.

can help studying the photo-ionized warm intergalactic medium (IGM) which
is quite complex and can only be studied by few observations or numerical sim-
ulations. This is usually done with high-resolution data for small-scales like the
one by e.g. HIRES (High Resolution Echelle Spectograph) from the KECK ob-

11



servatory [48] and offers constraints for the thermal state of the IGM. Secondly,
the forest is used to study the cosmological large-scale structure. Mid-resolution
data, which includes larger k£ modes, is better suited in this case. Such data is
provided by the SDSS in the form of BOSS and eBOSS data. We are overall
interested in the small-scales but we also have to deal with the non-linearities in
order to get reliable results. The advantage of the BOSS data we will use, is that
they lie in the only weakly non-linear regime for its redshifts z = 2.2,2.4, ..., 4.6.
Higher strongly non-linear k£ modes are still having an influence on the integra-
tion of the line of sight but for the relevant scales of k ~ 0.001 — 0.02 s/km this
effect should be manageable with additional parameters. Thus, the scales of the
BOSS data are better suited for our model.

Extracting the actual 1D flux power spectrum from the data is studied well as
in [49, 50, 46, 51] and we use the spectrum from [52] based on the ninth release
of the BOSS data [53]. The dimensionless spectrum for all relevant redshifts
we want to fit to, can be seen in Figure 3.2. We constricted ourselves to only
redshifts from z = 3.0 — 4.2 following the approach in [54], which argues that
lower redshifts are more sensitive to non-linearities and higher redshifts to the
reionization process which increases the error. [55, 56].

I z2=30
11 1T 2=32 IR
I 2=34 ! II%I:I'HI
1 1 =36 171
I oz=40 Ipiidlodiy T fild 135731117
any z:4.2fIIIIIEIIIII;I ‘I' SRR i
< N S TELTTEEEEEEE RS §5 8
EEI: ==;=::
Iizx =
0.1 1 1T,
B ;I
005 =
o 0006 00l 005 002

kin (km/s)~!

Figure 3.2: 1D flux power spectrum based on BOSS data [52] for all redshifts
and with errorbars.

3.2 Modeling the one-dimensional Flux Power
Spectrum

Our end goal is to model the one-dimensional flux power spectrum from the
three-dimensional matter power spectrum. For this we follow the model de-
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scribed in [54, 57] and summarize here their approach.

The flux is determined by the transmission F' which is depending on the optical
depth 7 via the typical exponential law F' = e~ 7. In particular we are interested
in the fluctuations in the transmission spectrum, so
F

0p = Vo 1, (3.1)
where F is the average transmission. Since the hydrogen clouds usually don’t
have large pressure gradients compared to the gravitational forces, the underly-
ing matter over- or under-densities are traced pretty well. Therefore the optical
depth and hence the transmission depend largely on the matter fluctuations J.
Additionally, we have to account for gravitational collapse, by looking at the
peculiar velocity v, and its gradient along the line of sight. This is described
by a dependency on the dimensionless quantity

10
U (32)

aH Ox,
with the co-moving coordinate z,. Dividing by aH sets the gradient in reference
to the Hubble acceleration and cancels the units. Now, we can at first rewrite
the optical depth contrast at linear order to

o7+

T T

—1=1b56+ by, (3.3)

where we introduced the proportionality parameters b.5 and b,,. Applied to
the transmission, we then get

5F = 76_ (el_j__ 67—) -1
dép _ —
= 8757—(57- = —7—57— = log(F)&-

= bpsd + bpn(s (34)

with the new parameters bpp = log(F)b, 0.
Now we can compute the three-dimensional flux power spectrum as

(2m)° Pp(k)6° (k + K') =(0r (), 0 (K))
= / Ak (b%50(k)5 (k) +
brsbrg(S(F)n(k") +n(k)S(K)) + bim(k)n(k"))

At linear order the velocity gradient is proportional to the density contrast via

n = fu?d, where the p? = % factor arises from only taking the contribution
along the line of sight k). In this case the above expression can be rewritten as

.. - b b7
(27)3Pp(k)8®(k + ') = b?a/d‘?k {6(k)6(k’)(1 + 21%7@2 + b;;;’f%“)}

b . S o
= Va1 + L F2) (2m) Py (R)3° F + ).
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br,

Introducing the parameter g = iy f, we succeeded in expressing the flux power

spectrum in terms of the linear matter power spectrum

Po(k) = 51+ Bu) Pon k). (35)

At non-linear order, n actually depends on the velocity divergence 6 = ﬁVﬁ

via n = fu20. Using this relationship we arrive at the similar result
Pr(k) = b}s (Pss(k) + 281% Pso(k) + 821" Pog (k) (3.6)

with the additional dependence on the velocity divergence power spectrum Pyg
as well as the cross-correlation spectrum Psg.

The parameter 8 can be estimated with the Zel’dovich approximation [58], where
it only depends on the adiabatic index v that in turn is related to the reioniza-
tion history [59]. Since we don’t want to impose lots of parameters regarding the
IGM, we rather model it with two parameters ap;qs and Bpiqs determined by fit-
ting to the data and allow a redshift dependence with 3(z) = abms(%)ﬁbm.
Our pivot redshift is here zp;yor = 3.0. This treatment allows for lots of freedom
to model the IGM suitably without making restrictive assumptions.

There are also a few other physical effects we need to account for.

First of all, the collapse of baryonic matter is not only determined by gravita-
tional forces but is also tied to their innate pressure. Unlike for dark matter, a
collapse cannot happen below the Jeans scale k; = %, which is related to the

sound velocity cs = #'Y:l with temperature T', adiabatic index v and the mean

particle mass p, of tfle pIGM. More precisely, we have to look at the filtering
scale kr which is the redshift space average of the Jeans scale k; [60]:

kp = Dtt)/ot dt’Z;g/; {ddt/ (aQ(t’)ddﬂD(t’)ﬂ /; af(t” (3.7)

For larger k£ than this scale, a suppression is modeled by an exponential factor
2
exp < (%) ) Following [54], we fix it in our analysis to kr = 18h/Mp but

we also check that our results don’t really depend on its exact value later on.

Secondly, the IGM is not cold and the spectral lines are therefore subjected
to thermal broadening. This broadening is also amplified by other effects like
redshift distortions due to peculiar velocities as well as finite resolutions of
measurements [57, 61]. To account for this, we include an overall exponential

2
suppression factor of exp (— (i ) ) with the suppression scale kg being mainly

Ky
determined by the thermal broadening, so ks = % With an approximated

temperature for the IGM of T~ 10K, we can derive k; ~ 0.11skm ™' and fix
this value accordingly like in [54]. Again, we perform a short study later on, to
confirm that our results aren’t sensitive to this parameter.

The last additional effect we need to account for, are absorption features im-
printed by other transitions than Lyman-a on the measured spectrum. The
most dominant effect stems from the Silll absorption, that causes a factor of
oscillatory nature with wavelength AV = 27/0.0028 due to interference effects
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[52]. These effects are well studied by simulation data and as a result, it can be
described by

1-F

2
Ksirn = 1+ 2 <fSlHI) COS(AVkH) + <fSlIH> , (3.8)
1-F

where we also include the oscillation strength fsj;1; = 107%. The underlying
transmission function can be modeled by log(F)(z) = —0.0025(1+2)7 [54, 52].
This description was found to be sufficient and, again, doesn’t produce relevant
fit implications [54, 57].

To finally arrive at the one-dimensional spectrum, we now need to integrate
along the two k-directions ks, k3 that are not along the line of sight k:

1
PF,lD(kHaZ) = W /dedkgPF(k, Z)

1 2m oo
= W/ dgp/ mdmPr(y/ k| +m?, 2)
0 0

1 oo
=— | kdkPp(k,2) (3.9)
27T k“

This can be applied to each of the power spectra in 3.5 or 3.6 which leads in
turn to the three integrals

2
Io(k’”,z) :/k dk:k:exp(— (lj:) )P&s(/ﬂ,z), (3.10)
II
k2 2
Ig(k”,z):/k dkklexp<— (;“F) )ng(k,z) and (3.11)
Il

k4 2
Ly(ky, 2) :/k dkkz,l)exp<— <k;];> >ng(k,z). (3.12)
I

In the linear case, all power spectra are replaced by the linear spectrum. We
observe, that the powers of k are changing with the powers of u o< k=95 and we
also have already included the Jeans suppression that also depends on k.

As one can see, the integrals are theoretically uncapped which would leave us to
solve integrals in extremely non-linear scales. For I and I; these scales aren’t
really contributing much after a certain point since the k-dependency leads to
smaller and smaller corrections. For Iy however, it takes longer until the filter-
ing scale can suppress the integrand enough and hence we have a contribution
from UV-scales. To account for this problem, we solve all integrals up to a
cutoff scale and include an extra counterterm I.; for Iy, which captures these
problematic scales, like done in [57, 54]. Again, we allow a redshift dependence

Bet
with T; = ag (=22 and add thus two new free parameters.
a(zpivot)

Lastly, we add an overall amplitude A in which part of b%; can be absorbed
so we are only left with the log®(F(z)) and the thermal broadening as remain-
ing factors. For the background transmission, we use the ansatz log(F)(z) =

) BF
aF (%) . The transmission amplitude ar can then also be absorbed
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into the overall amplitude A. Finally, with all the additional factors and the
integrals, we arrive at the final model

Prap(ky, z) =Arsim (k) 2) log?(F(z)) exp (—( kgk(“z) )2)

This relation allows for the overall six free parameters

{A, ﬂF7 Apias, ﬂbia(ﬁ ety 5(:16} . (314)

The IGM properties are then determined by mainly the bias parameters (short-
ened now to «ap and ), while the non-linearities we can’t sufficiently describe,
are captured by our counterterm parameters. The only other more general pa-
rameters A and S then complete the picture. The advantage of this model is,
that we don’t need to determine the complex IGM physics beforehand but can
leave them open which will thus lead to robust results. However, this means
that the model is per design more conservative.

3.3 The 1-loop Power Spectrum

To apply the model we have derived, we need the 6§, 6 and 60 1-loop auto
or cross-correlation spectra. For our studied cosmology models, we can always
generate the linear spectrum and thus need some kind of formalism to derive the
higher order corrections from there. We make use of cosmological perturbation
theory which is a commonly used approach to describe ACDM and beyond
ACDM models. Here, we give a short summary of the formalism as described
in more detail in [62, 63, 64, 65, 66]. All formulas can basically be found in each
of these sources.

The overall goal is to get an expression for the power spectrum in a perturbative
expansion incorporating coupling between different modes. For this, we have to
start at a general gravitational instability. With an assumption of an irrotational
velocity field, the only relevant quantities are the density contrast J and the
peculiar velocity divergence 6. They are subjected to their respective equations
of motion in Fourier space corresponding to the continuity and Euler equation

(‘35(k: ),

0k, T
/d k1d®kadp (K — k1 — ko)a(ky, k2)0(ky, 7)0(k2, 7)  and

ngi m) +H(r)6(k,T) + ng(T)HQ(T)(s(E, T)=

—

—/d3k1d3k250(E — ky — ko) B(k1, k2)0(ky, 7)0(ka, 7)) (3.15)

with the conformal time 7 and conformal Hubble rate #. The factors a(k_i, k_é)
and B(k1, ks) induce a coupling between different & modes which is a solely
non-linear effect. To solve these equations, we make use of the perturbative
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expansions

S(k,7) = a"(r)d,(k) and

—

0(k,7) = —H(7) Z a™(1)0, (k). (3.16)
n=1

This is only valid for Einstein-de-Sitter standard perturbation theory (EdS-
SPT) with €2,,, = 1 and Q = 0. This simpler case has the advantage of leading
to a factorization in time with a(7) representing the linear growth factor D.
Only the fastest growing modes are considered, meaning modes proportional to
D. Less fast growing or even decaying modes which can occur due to scattering
are subdominant and can be neglected.

Now, the equations of motion can be solved and lead to

5 () = / .. / CandnF — a1 n)Falar, 2 an)00(d) and

0,(F) = / B / Pin(F — g m)Gular, aan)dold@).  (3.17)

The recursive functions F;, and G,, are constructed with the coupling functions
and also depend on each other. The detailed formula isn’t really needed to
understand the concept so we omit it here, but it can be looked up in e.g.
[66, 64]. The initial fluctuations fulfill &o(k) = d1(k) = 61(k). For an even
compacter expression we can introduce the tuple (§, —0/H). In this case, the
coupling functions are replaced by 7(15, ki, k2) and we are left to solve

(k. n) o
(9’[7 + Qab¢b(k7 7]) -
= — / Bl dPhadp (k — kr — ka)v(k, kv, k2) (kr, m) e (ka,m)  (3.18)

where we have switched to the time coordinate n = In(a(7)) and

Qap = ((0,-1),(—3/2,1/2)) in the case of EAS-SPT. In a general universe, this
matrix would be time-dependent and the time-factorization would not be a given
anymore. With a series expansion of ¢, the solution now takes the similar form

valfon) = [ @i [ @G0 E = G PG Grm)50()-50(),
n=1
(3.19)

where the initial fluctuations dg can be assumed to be a Gaussian random field
determining our initial linear power spectrum Py. F is again recursively de-
fined and contains the time propagation and the interaction term. For EAS-SPT,
F) = q"(F,,G,), and a factorized time dependence holds. This principle can
be well represented with ”Feynman diagrams” which help greatly in visualizing
the concept. In Figure 3.3 the series expansion of ¥ can be seen. On the left is
the linear spectrum "' which is simply the primordial spectrum propagated in
time. Next to it is the next higher order 12, where two modes couple with each
other via v and are then again propagated in time. For the third diagram on
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the right, two modes couple first with each other and then to a new k& mode to
produce 93. The higher the order, the more couplings are considered.

Pi(k) V2 (k) W (k)

Figure 3.3: Diagrams for the first orders of the v (k,7) expansion.

We are interested in the auto- or cross-correlations (1, (K, 1), ¥ (K, 1)) = 0p (k+
k") Pay(k,m). Using this with expression 3.19, we arrive at the series for the power
spectrum [64]

Pay (k) =Poi" (k) + Py (k) + Py (k) + .
with
Pl (k,m) =F (k,n) Po(k) B (),
PLe k) = [ Po@BED (b ) P (., ~dn)+
3EO (K, @, ~q.m)Po(k) ) (k, )+
26Dk - q.ank (|F-d) RYE-qam). (320

where Wick’s theorem lets us write the higher order correlations as a sum of the
different pairings.

The new diagrams we are getting from this expression, are simply the old ones
glued together since we are looking at the correlation of two . The linear and
1-loop diagrams can be seen in Picture 3.4. For P, on the left, two 1! diagrams
are glued together at their initial spectra (represented by the cross) giving us
something quadratic. For the three possible P; diagrams we have either the
pair 12 and 92 or one of the two 1! and > pairs giving us something quartic.
The same concept would be applied to higher orders resulting in more and more
contributing diagrams.

Py(k,n) ‘ Py(k.n)

Figure 3.4: Linear and 1-loop diagrams for Pu(k,n).

With this formalism, we have finally arrived at our goal of getting a method
able to compute higher order spectra. The not so simple implementation of this
concept is luckily already done and we can use existing code in this work [65,
64].

In principle, this approach can be used to consider higher orders than the 1-loop
corrections as well. Of course, this would make the treatment of non-linearities

18



even more accurate, however, the main difference towards the linear spectrum
should still be captured which we will also see later on. With our additional
counterterm treatment of the smaller scales, we thus should be able to describe
the non-linearities sufficiently.
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4 | ACDM Model

4.1 Power Spectra

At first, we want to test our fit with a standard ACDM Model. To generate
the linear power spectrum we made use of the freely available CLASS (Cosmic
Linear Anisotropy Solving System) [67, 68] which is a Boltzmann code comput-
ing the evolution of linear perturbations and large scale structure observables
in our universe. To match the BOSS data, we need the spectrum for redshifts
z=3.0,3.2,...,4.2. Our cosmological parameters are fixed according to the 2018
Planck data [3] which are listed in Table 4.1. Q4 is left free and determined by
fulfilling the Friedmann equation. Apart from these typical parameters, we also
choose massless neutrinos.

h 0.6781

wb 0.0224
Wedm 0.1201
log (101°4,) 3.0448
n, 0.9666

Table 4.1: Cosmological parameters used in generating the ACDM spectra.

The computation of the 1-loop spectra is based on the scheme explained in 3.3.
With the linear spectrum as input, we can use the code described in [64] and
[65] to determine the §d, §6 and 06 corrections.

The resulting linear matter power spectrum as well as Pss, Psp and Pyy are
plotted in Figure 4.1. The top plot shows the absolute spectra, the bottom one
the relative spectra for the respective linear spectrum. In general, since we are
including higher order contributions to the power spectrum, the 1-loop spectra
all cause a correction upwards for mid to high k-values. These corrections are
already starting in the pink region which marks the k-values encompassed by
the BOSS data, and are at around 100% for the lowest redshift. Therefore, they
are pretty significant and should definitely be considered in our model. For
higher redshifts, these deviations are smaller since there was less time to build
the small scale structure.
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Figure 4.1: The linear and 1-loop power spectra Pss, Psg and Pyg for a ACDM
model at z = 3.0 at the top and normalized to the linear spectrum and zoomed
in towards the relevant scales at the bottom. The pink region highlights the
range of k-values that are contained in the BOSS data. In the 1-loop case, there
are upwards corrections in this region starting at around k& = 0.2h/Mpec. This
effect is the most dominant for Pjs.

4.2 Integrals

With the generated power spectra, we can now compute the integrals which is
the only way the different linear and 1-loop models enter the fit. In Figure 4.2
all integrals in the 1-loop (solid line) and linear (dashed line) case are plotted
for all redshifts.

The overall shape of the integrals and their differences are determined by an
interplay of a few factors:

At first, our integration range decreases for higher k| which causes also a de-
crease in the integral.
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(c) 14 for all redshifts with a cutoff of 20h/Mpc.

Figure 4.2: The integrals Iy, I and I; for our ACDM model and redshifts
z = 3.0 to z = 4.2. The dashed lines refer to the linear integrals and are
generally smaller compared to the 1-loop case, especially for small scales. The
used cutoff scale is 20h/Mpc.
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Secondly, there are different powers of k in the integrals namely &k, k~! and
k3 which lead to a stronger suppression for higher integrals in the latter cases.
Additionally, we have also different powers of k| namely kl(l)’ k;ﬁ and kﬁ. This
makes it possible for the integral to actually increase despite the suppression
factors like in the case of Is. At last, the input spectra have of course an effect
which is solely responsible for the difference in shape between linear and 1-loop
integrals. The increase in the 1-loop case for small scales, ensures that its inte-
grals are also larger than the linear ones and have a different scale dependency.
To investigate the validity of our cutoff approach, we tested the dependency of
the integrals - as well as the fits later on - on their cutoff scale. Due to the
exponential suppression factor the integrands itself will converge to 0 for high
k. For Iy and I4, this suppression is even stronger because of the additional
k~! and k3 factor. Therefore, the only question left is which cutoff scale is
sufficient. Like in [54] and [57] we choose to make the cut at 20h/Mpe.

In Figure 4.3 the integrals with a cutoff of 10h/Mpc are shown normalized to
the respective ones with a cutoff scale of 20h/Mpc. The deviations for Iy are
visibly the largest which is expected since Iy is the most sensitive to smaller
scales. However, due to our introduced counterterm that absorbs the effect of
these scales, this should not be a problem. For the higher integrals, the devi-
ations are < 2% and also not worrying. In general, one can also see a larger
dependency for the 1-loop case due to their larger spectra.

1.00 - =EE==EEEEESETTTTSSCoooooooo oo
2
< 0.95
g
I
=
g
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= 0.90 A
2
§ Iy linear
= Iy 1loop
£ 0.85 .
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~ —— I, 1loop
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0807 — I 1loop
T T T T
0 0.005 0.01 0.015 0.02

k in s/km

Figure 4.3: The linear and 1-loop Iy, I3 and I integrals with a cutoff of 10
h/Mpc normalized to their respective integrals with a cutoff of 20 h/Mpc. The
deviations are only large for Iy which is balanced by our introduced counterterm.

4.3 Fits

To compute the fits we used Mathematica. After the integrals were calculated,
the difference of the fitting model to the BOSS data points squared divided by
the error squared was minimized. This minimized quantity represents our x>
helping us to compare and value our fits. All seven redshifts are hereby fitted
at the same time, so with 35 k values per redshift bin there are 7 - 35 = 245
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fitting points.

To make sure Mathematica does not get stuck in local minima, the minimization
was done scanning different parameter range combinations. Additionally, we
added a factor of 100 to the counterterm as well as an overall factor of 1/100
to ensure that A and a.; are at the order of O(1) avoiding possible precision
issues with small or large numbers in the computation. Furthermore, the fits
were often repeated with a different cutoff scale which not only tests the cutoff
dependence but is also an extra check for possible minimization errors. Together,
these measures should reassure that the computation results can be trusted.

4.3.1 Original Fit

The results of the fit in its original form is plotted in Figure 4.4. At the top, the
dimensionless spectrum is plotted for each redshift as well as the corresponding
BOSS data points with their error bars whereas the bottom shows the spec-
trum in km/s. The linear fit is indicated with the dashed line and the 1-loop fit
with the solid one. In both cases our model seems to capture the shape of the
data quite good with the 1-loop case fitting visibly better to mainly the small
scales as expected. This is reflected by the x? values of 206.12 and 193.74 listed
with the other parameters in table 4.2. Overall, we have an improvement of
Ax? = 12.4. Tt is difficult to consistently interpret the other parameters but we
can make a few observations.

The overall amplitude is significantly smaller in the 1-loop case, which is not
surprising regarding the larger spectra. The redshift-dependence for the aver-
age transmission is stronger in the 1-loop case whereas it is weaker for the 5
parameter that also undergoes a switch in signs. The counterterm shows in
both cases a very strong redshift dependence and while generally negative, it is
approximately twice as large for the 1-loop case.

These parameters all not only capture the effects of the complex intergalactic
medium but also of the non-linear scales. While we already consider non-linear
corrections, these are still at first order and are not sufficient in the extremely
small scales influencing Iy. Overall, the parameters for this baseline model while
complex can still be used to make comparisons to the other tested models later
on.

‘ linear | 1-loop

X 206.12 | 193.74
1004 | 1.27 | 0.94

B; 172 | 2.60
a 0.80 | -3.22
By 301 | 1.48

e /100 | -0.85 | -1.77
Bet 47.70 | 35.95

Table 4.2: ACDM original fit results for the linear and 1-loop case.

Like explained in section 3.2, we have fixed the two parameters ks = 0.11s/km
and ky = 18h/Mpc. Since the IGM is a complex topic, we explicitly checked that
the fit is not very sensitive to these two parameters and the complex nature can
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actually be sufficiently captured by our remaining free parameters. In Figure
4.5 we plot the linear x? value for a range of k, and k ¢ values normalized to the
x? of the actual chosen values. In both cases the deviations are at the most 1%.
Additionally, the fixed values also lie in a minimum and represent the best fit.
Therefore, the choice of the two parameters seems to be good and not overly
important.
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Figure 4.4: The linear (dashed) and 1-loop (solid) fit for all redshifts z = 3.0—4.2
to the BOSS data with its errorbars.

4.3.2 Fits with 3, and (., Restrictions

The (8, parameters all describe a certain z-dependency we modeled with a poly-
nomial law which is only physically plausible for small variations across the
redshifts. Whereas 3; is always at a suitable value, this isn’t always true for
the two other ones. B is already extremely large in the original ACDM fit and
By displays jumps to high values from time to time - at least for the later tested
models. Therefore, it makes sense to restrict them with a prior ranging from
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Figure 4.5: 2 for different values of k, and ks normalized to the X2 with
the chosen values. The chosen values produce in both cases the best fit with
deviations around or under 1%.

—10 to 10. While still allowing for a generous range of parameters, this prior
filters the really high and all together quite unphysical values of 5, and ..
The result of this fit with the restrictions —10 < 3, < 10 and —10 < S, < 10
can be seen on the right in table 4.3. Since (. was larger before, it is now
fitted to the largest possible value of 10. The other parameters are only slightly
varied to before while the fit worsens to 211.11 and 203.77 for linear and 1-loop
respectively.

Another restriction we can impose, is to fix the £, parameter completely. We
already mentioned before, that the famous Zel’dovich approximation describing
gravitational collapse predicts a S parameter with no z-dependence [59]. In ac-
cordance to this, we can also try to describe 8 by only a constant and hence set
By = 0. The result of such a fit is seen on the left in table 4.3. Due to the five
instead of six free parameters, the fit worsens of course again with a x? of 223.91
and 243.45 for linear and 1-loop. Notably, the 1-loop fit is now for the first time
worse than the linear one and not only slightly. It seems much better to only
restrict [, to reasonable values instead of imposing this strong requirements.

By =0 By and [ priors

linear 1-loop linear 1-loop

% 223.91 243.45 211.11 203.77
100A 1.23 0.89 1.23 0.92
B 2.61 3.17 1.75 2.62
ay 0.75 —2.94 0.93 —3.55
By 0.00 0.00 3.37 1.09
/100 0.47 0.89 —1.43  —2.73
Bet —7.55 —5.65 10.00 10.00

Table 4.3: ACDM B, and (.t restriction fit results for the linear and 1-loop case.
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4.3.3 Fits with counterterm Restrictions

Another way to modify our fit further is by altering our counterterm. In princi-
ple, this counterterm is proportional to the used spectrum squared. The spec-
trum itself is in linear order proportional to the scale factor a = 1J1FZ and in
second order proportional to a?. In return, this would result in a linear countert-
erm proportional to a? and a 1-loop counterterm proportional to a*. According

to this approximation, our first alteration 'CT1’ is made up of

2
o 1+ Zpivot
Ictl,linear = Ot * ﬁ

1+ 2z 4
tvot
and IctLl—loop = dctl,linear + Qe - (ﬁ) ’ (41)

so only g1 and o are fitted in each case respectively.
For our second alteration "CT2’, we allow for more freedom with a quartic term
in the linear and 1-loop case and a completely independent 1-loop counterterm:

2 4
T _ 1+ Zpivot 1+ Zpivot
ct2linear = Qetl * | — 7 . + et | —/————

14+ 2 142
14 2z 2 14 2z 4
I(» Cloon = Qetl - pivot o - pivot 4.9
t2,1—loop = Qctl <1+z > + Qo (1+z (4.2)

Here, a1 and ago are fitted for each case, so we have 6 instead of 5 free
parameters.
The results of these variations are listed in table 4.4. For CT1, the counterterm

CT1 CT2
linear 1-loop linear 1-loop
% 22211  212.22 [[ 211.38  205.44
100A 1.18 0.89 1.25 0.95
Bs 1.95 2.64 1.80 2.70
ap 1.00  —4.11 0.87 —2.95
By 2.99 0.80 3.29 1.14
Qo1 /100 | —1.19  —1.19 4.23 13.17
Bet1 2.00 2.00 2.00 2.00
Qer2/100 —4.12 —5.33 —14.23
Beto 4.00 4.00 4.00

Table 4.4: ACDM ct restriction fit results for the linear and 1-loop case.

is always negative with an increase due to the extra term in the 1-loop case. For
CT2, the counterterm is also always negative but only due to the larger quartic
terms resulting in a more nuanced redshift-dependence. Due to the additional
free parameter CT2 gives overall a better x2. The fact that the higher order
term is larger, hints to a counterterm that doesn’t really behave according to
such an expansion approach. Therefore, these counterterm alterations are to be
taken with a grain of salt. While CT2 provides a similar freedom which results
in not too bad x? values, it also behaves not as intended, so this alteration
doesn’t provide really new perspectives compared to the original fit.
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4.3.4 Summary

Here, we give a quick overview over all the ACDM fit variations as listed in table
4.5. The original fit leaves all 6 parameters completely free, whereas ” 3, prior”

‘ linear x?2 ‘ 1-loop x?2

original 206.12 193.74

Bp prior 206.12 193.74

By and (B prior 211.11 203.77
By=0 223.91 243.45

By = 0 and S, prior 223.91 243.45
CT1 222.11 212.22

CT2 211.38 205.44

Table 4.5: Summary of all the x? values of the different fit variations in the
linear and 1-loop case for ACDM.

and ” 8, and S, prior” set the additional requirement of —10 < g, < 10 to limit
the z-dependency to reasonable values. The ” 3, prior” is a bit redundant since
its restrictions are already fulfilled by the original fit, but it was included for
better comparisons with the following dark matter model.

Leaving 5 parameters free, we have the 73, = 0” as well as the "3, = 0 and S
prior” fit where the latter is again redundant and only included for completion.
This change was motivated by the Zel’dovich approximation and its prediction
for the 8 parameter. However, they don’t seem very helpful for now.

The last two fits each alter the counterterm in a different way. The first one,
CT1, fits a quadratic term in the linear case and the same quadratic term plus
a fitted quartic term for the 1-loop case - so overall 5 parameters. In the second
one, CT2, a quadratic plus quartic term is fitted in the linear and 1-loop case,
leaving 6 parameters free again. They also don’t seem too useful but are again
discussed for WDM.

Overall, the priors seem like the best choice for a fit variation. While the
fit worsens of course, it only denies unphysical behavior while not imposing
lots of restrictions. With these reference results, we can now turn to the more
interesting models of first warm dark matter and then decaying cold dark matter.
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5 | Warm Dark Matter Model

5.1 Overview

Before going on towards DCDM, we first want to look at a WDM model. This
not only allows us to test our fitting method against a not too complex model, it
is also well studied and its effects well understood. Thus, it can help in uncover-
ing possible issues with the method or implementation and can be used to test
different fit variations and their impact. Additionally, it already encompasses
a feature also appearing in DCDM, namely the suppression caused by WDM.
Overall, it therefore serves well as a ”test model” and still allows us to derive
mass constraints at the end.

The difference between CDM and WDM lies in the free-streaming length which
describes the velocity dispersion. CDM has an extremely small free-streaming
length, meaning it is massive enough to always be non-relativistic. Warm dark
matter, on the other hand, is actually partly relativistic during structure for-
mation which causes it to slow down. This happens for scales smaller than the
free-streaming scale Ky, since fluctuations are washed out. The lighter the par-
ticle, the larger the free-streaming scale and the earlier clustering is inhibited.
This results in a characteristic suppression in the matter power spectrum for
k > ky, and is the reason why it is proposed as a possible solution for small-scale
problems. One is the cusp-core problem, meaning that the inner mass density
of dark matter halos is more cuspy in simulations than it is in observations [18].
The other one is the missing satellites problem, describing the larger amount
of low mass halos predicted by N-body simulations than observed [69]. Lots of
simulations have been performed on these and both problems can actually be
eased by WDM. It can lower core densities and increase the core radii as well
as also reduce the number and concentration of low-mass halos [70]. However,
while improving these issues, WDM can’t eliminate them completely [71, 71,
72, 73, 74]. Numerical simulations are however not only very complex computa-
tionally, they are also criticized for not being precise enough. One problematic
topic for example, is including baryonic processes and feedback which is chal-
lenging to simulate. Increasing computational power will make it possible to
implement more of such complexities. We can therefore look forward to more
accurate simulations and thus more insight on the impact of DM models on the
small-scale structure formation.

There are two popular theories describing WDM particles. One is thermal dark
matter that was in thermal equilibrium at some point and decouples as soon as
it falls out of equilibrium due to the decreasing temperature. Another, is sterile
neutrinos that were never in thermal equilibrium in the first place ([75], [76],
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[77]). They are produced by active neutrinos and can be quite heavy due to the
seesaw-mechanism. The important property of WDM is hereby the distribution
function which can be described as f = x/elp/T,) + 1 [78, 57]. For x = 1 and
T, << T,, we have the fermionic thermal relic and for y << 1 and T, = T},
the sterile neutrino. The free-streaming scale depends on the momentum and
therefore the distribution function which changes for different models [17]. How-
ever, for observables like the power spectrum, only the ratio T, /m,, is actually
important. Thus, the thermal and the sterile masses can actually be related via
[79]

B mu 4 (0123
mst—4.47kev<kev) (wz> . (5.1)

Additionally, the temperature is given by the relation

T, 3 My
e X(T,,) 94eV (5:2)

This allows us to only set one mass and then convert them into each other. In
. . 1/3
our case, we set sterile masses with a temperature of T, = % /

the photon temperature.

T, where t is

mge in keV | myy, in keV | Ty, in T,
0.05 0.034 0.61
0.1 0.058 0.48
0.2 0.097 0.38
0.3 0.132 0.34
0.4 0.164 0.3
0.5 0.193 0.28
0.6 0.222 0.27
0.7 0.249 0.25
0.8 0.275 0.24
0.9 0.301 0.23
1.0 0.325 0.22
1.5 0.441 0.20
2.0 0.547 0.18
2.5 0.647 0.17
3.0 0.741 0.16
3.5 0.832 0.15
4.0 0.92 0.14
4.5 1.005 0.14
5.0 1.008 0.13
5.5 1.168 0.13
10.0 1.829 0.1
15.0 2.479 0.09
20.0 3.076 0.08

Table 5.1: Chosen sterile masses with corresponding thermal masses and tem-
peratures.
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5.2 Power Spectra and Integrals

To generate the power spectra, we use again CLASS with the same parameters
as in Table 4.1. The cold dark matter is then replaced with non-cold dark mat-
ter and its mass is varied. The sterile masses we choose, encompass the range
mst = 0.05 — 20 keV and the corresponding thermal ones my;, = 0.03 — 3.1 keV.
All masses are listed in Table 5.1 with the additional temperature in the thermal
case. We can see nicely, how it decreases for larger masses since the WDM gets
gradually less warm and converges towards CDM.

10! 4

=

>

é 10~ lincar, ACDM

< linear, m =0.05keV
i N linear, m =0.2keV
a4 1077 A

— linear, m =0.6keV
—— linear, m =2.0keV
1054 — linear, m =4.5keV
linear, m =10.0keV
— linear, m =20.0keV

1077 T T T —— T
104 1073 1072 107! 10° 10!
k in h/Mpc
0.0
—0.2 A
Z 04
E lincar, m =0.05keV
E —06 1 1 loop Pss, m =0.05keV
1 loop Psg, m =0.05keV
1 loop Pyg, m =0.05keV
—0.8 1 m =0.3keV
—— m =2.5keV
104 —— m =20.0keV

107! 10° 101
k in h/Mpc

Figure 5.1: The linear and 1-loop power spectra Pss, Psgp and Pyy for a WDM
model at z = 3.0 at the top and normalized to the linear spectrum and zoomed
in towards the relevant scales at the bottom. The pink region highlights the
range of k-values that are contained in the BOSS data. The suppression visibly
sets in much earlier for lower masses.

The power spectra for a few selected masses are shown in Figure 5.1. At the
top, the linear spectra for the whole k£ range can be seen at z = 3.0. At the

31



bottom, we also show the 1-loop corrections Pjs, Psp and Pyy, that are always
normalized to their respective non-linear ACDM spectrum, and zoom in to only
the relevant k regimes. Like always, the pink region indicates the BOSS region.
For the largest mass of m = 20keV, we see in both plots, how the spectrum con-
verges towards ACDM. The suppression sets in well after our region of interest
and is only slightly present for very small scales. For the non-linear spectra,
this suppression is even more lessened. On the other end of the mass range,
m = 0.05keV has a much smaller free-streaming scale ks, washing out the
matter fluctuations even before the BOSS region where it converges quickly to
0. Due to its features being located at larger k values, its non-linear spectra
don’t deviate much from the linear one. Starting from m ~ 0.3keV, the sup-
pression is now located inside the BOSS region with larger masses shifting the
cutoff to smaller and smaller scales. The ACDM spectrum is traced until the
free-streaming scale is reached and the matter fluctuations drop to basically 0.
The 1-loop spectra get more important towards the smaller and more non-linear
scales. Interestingly, we also see that spectra including the velocity divergence
receive the most corrections compared to ACDM. Also, the non-linearities affect
the start of the suppression which is now delayed.

Overall we see, that our masses encompass three regimes with the cutoff setting
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— 1 loop, ACDM
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Figure 5.2: Iy, Iy and I, for WDM with three different masses m =
0.1,1.0,20.0keV and a redshift of z = 3.0. The ACDM model is also plot-
ted for better comparison. The dashed lines refer to the linear integrals, the
solid ones to the 1-loop case. The used cutoff scale is 20h/Mpc. The lower the
mass, the stronger is the suppression and thus the integral decreases.
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in before, during and after the BOSS region.

The same behavior for the masses can also be seen in the computed integrals in
5.2 where they are shown for the linear and 1-case for three different masses. The
smallest mass with m = 0.1keV quickly converges to 0 as its respective power
spectrum. For more intermediate masses, the suppression causes a constant
drop in the overall amplitude for Iy. For the higher integrals, the amplitude is
affected differently. While ACDM is almost constant, the suppression for WDM
induces an additional scale-dependency for the linear and the 1-loop case. The
largest mass off m = 20keV experiences no cutoff in the BOSS regime and there-
fore perfectly aligns with ACDM for I and I, and almost perfectly for Ig.
When we look at the cutoff dependency, we observe that the cutoff scale for
small masses is almost irrelevant due to them being already 0 beforehand. Only
for intermediate and high masses, the integrals aren’t that small anymore and
the cutoff scale makes a visible difference. Thus, we show the cutoff dependency
for the highest mass m = 20keV in Figure 5.3. Again, only Ij is affected much
which is absorbed by our counterterm, while Is and I experience deviations of
< 2%. Regarding these behaviors, we expect large masses to reproduce ACDM
results and small masses to cause really high amplitudes to try and lift the in-
tegrals. The intermediate values will of course be the more interesting ones. If
a slight suppression on small scales is actually supported by our data, the fit
should improve for these masses.

1.000 4

0.975 1

20h/Mpc
o 2
© ©
[ ot
ot o
L |

5
™3 0.900 7
g 0.875 Iy lincar, m =20.0keV
T Iy 1loop
:2 0.850 4 ---- I linear
~ —— I lloop
0.825 7 - 14 linear
— Iy 1l
0.800 4 1oop
0 0.005 0.01 0.015 0.02

k in s/km

Figure 5.3: The linear and 1-loop Iy, Is and I, integrals with a cutoff of 10h/Mpc
normalized to their respective integrals with a cutoff of 20h/Mpe. The devia-
tions are the largest for high masses, so the plot uses the WDM model with
m = 20keV. The behavior in this case is the same as for ACDM.

5.3 Fits

5.3.1 Original Fit

With these expectations, we can now turn towards our fit results. We always
show the linear and 1-loop case, allowing us to observe the non-linear effects, as
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well as the exclusion regions. The yellow and green bands show the confidence
intervals of 68 and 95%, respectively, around ACDM. Ax? values in this band
agree with our ACDM fit, while values above leads to exclusion and values below
to a preference. Note, that the reference value for ACDM changes depending
on the fit with them being summarized in Table 4.5.

In Figure 5.4 the results of the original fit are shown. At the top, the linear
Ax? values are plotted for the different masses, whereas the bottom shows the
1-loop fits.

In the linear case, the fit actually fulfills our expectations from before. Towards
extremely small masses, the x? value diverges together with the amplitude that
tries to do everything in its power to counterbalance the too strong suppression.
This obviously still produces the wrong shape and is thus strongly excluded.
With the shifting of the suppression in the BOSS regime, the fit improves a
lot and actually leads to a preference over ACDM. The minimum is around
m ~ 2.5keV which we also showed in the power spectra plots (5.1) and which
corresponds to a suppression for k¥ = 1h/Mpc. This hits apparently the sweet
spot for the BOSS data, since an earlier and later suppression worsens the fit.
For the high-mass regime, we also reproduce ACDM as expected. The black
dotted line corresponds to the same fit with an integral cutoff of 10h/Mpc and
follows the fit with a cutoff of 20h/Mpc quite nicely. We also confirm, that the
deviations become larger for higher masses as explained before. These cutoff
checks are however mostly done to probe the minimization process since large
deviations in shape would be a reason for concern. Thus, we don’t require a
complete overlay of the results but only similar behavior. Since this is given
here, and the overall results are very reasonable, the implementation of the
method seems to work pretty well.

Regarding this validation of our fitting method, we can now turn towards the
more complex 1-loop case at the bottom. Here, the linear fit is also plotted with
the different ACDM reference value to allow for a more direct comparison. The
high and low-mass regimes of the fit show a very similar behavior compared to
the linear fit, including the compatibility for late suppressions. Additionally, the
fit for the small masses is shifted a bit to the left. This can be explained, by the
corrections causing the suppression to be a bit delayed, so a similar cutoff scale is
achieved by a lower mass. This is also responsible for the earlier deviation from
the 10h/Mpc cutoff case compared to ACDM. The strongest differences to the
linear case, happen however before and are thus confirmed by the other cutoff
fit. These differences occur for the intermediate mass range where at first, the fit
seems to improve similarly, but then it worsens into the excluded region instead
of the preferred one. The minimum in this range is reached at m ~ 1.5keV, so
slightly before the linear one, as expected. In the sudden rise afterwards, the
fit actually produces worse absolute x? values than the linear case, which only
happens in this problematic regime. This indicates, that the data is indeed very
sensitive to the shape of the suppression which is altered by the non-linearities
and causes a stronger k£ dependence. The higher the mass, the more strongly
differs our shape to the linear case as the suppression occurs at smaller scales.
For high enough masses this is not a problem, since the shape can’t be fully
probed by the BOSS data. Instead, more intermediate mass values are affected,
where the shape differs already significantly but it can still be probed. That is
why, the compatible mass ranges are actually split in two. A very small mass
range at the lower end, which doesn’t yet include a strongly different shape and
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a higher mass range, which can’t probe it sufficiently anymore.
Overall, the original fit provides us with the mass constraints
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Figure 5.4: The linear (top) and 1-loop (bottom) x? values minus the respective
Xicpas for the original fit. The fit with a cutoff of 10h/Mpc (black, dotted) is
also shown. The green and yellow band shows the region around ACDM with
a confidence limit of 68% and 95% — meaning Ax? = 0.989 and Ay? = 3.841
respectively.

linear m > 1.31keV
1-loop 1.14keV < m < 1.82keV
m > 7.34keV

We see, that the linear case causes weaker constraints but we also know, that
this description is ultimately not valid. Thus, our final mass constraints from
the original fit, as well as the fits later on, are of course given by the 1-loop case.
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5.3.2 [, and (., Restrictions

Now, we turn to the fit variations which impair the 8, and B.; parameters that
were already explained for ACDM.

In Figure 5.5 the results of the [, prior fit can be seen at the top, and the 8, and
B fit at the bottom. Linear fits are always located on the left side and 1-loop
fits on the right side. Each plots also shows the original fit result to directly see
the differences.
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Figure 5.5: The linear (left) and 1-loop (right) x? values minus the respective
Xacpu for the B, prior at the top and the 3, and . priors at the bottom.

For the [ prior fit, we see immediately that the overall behavior doesn’t change
much for both cases. The linear fit only exhibits small deviations for the low-
mass regime, where the fit is excluded anyway. The remaining x? values are
reproduced perfectly, validating again our original fit. In the 1-loop case, we
also see slight differences for the intermediate mass regimes. The excluded bump
shape is much smoother and the first small compatible mass region erased. This
suggests, that this compatibility is produced artificially by unphysical high 5,
values and is not a result coming from the actual power spectra. Thus, it
improves the constraints from the original fit a lot while still not imposing
strong assumptions. The derived mass constraints should still be robust while
also being more sensitive to the actual underlying physics. This provides us with
mass bounds that are similar to before, but exclude one of the compatibility
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regions for the 1-loop case, tightening the constraints:

linear m > 1.31keV
1—loop m > 8.25keV

Regarding the additional included S.; prior at the bottom, we observe a higher
x? for the high-mass regime. The same effect was observed for the ACDM case.
The fit preferred a very large (. value, which resulted in a strong worsening
of the fit when constraining S.. Seeing this also occur for the WDM which
approaches CDM, shows that we also have that convergence towards ACDM in
the fit. In itself, these are great news, however, this also imposes a problem.
Our derived Ax? values are always set in reference to a ACDM fit. When this
reference value worsens a lot, the resulting constraints can actually be way more
lax despite limiting the freedom. In our case, the high and low-mass regimes
are then treated somewhat unfairly, especially when considering that they also
have differing cutoff dependencies. This is responsible for the large difference in
mass bounds to the previous variation, even though they actually include each
other. The constraints from an imposed [, and §.; prior are given by

linear m > 1.19keV
1-loop 0.72keV < m < 3.70keV
m > 5.36keV
Due to the reference problem, we see such constraints as very robust ones that

help in understanding the method and its problems but can’t be used to con-
strain the WDM model sensibly.

Another stronger restriction, is the setting of 8, = 0 which removes the z-
dependency from the bias parameter. The case without and with an additional
B¢t prior are shown in Figure 5.6 at the top and bottom, respectively. Again, we
see the same problem as before. The ACDM reference value is strongly wors-
ened and suddenly, almost all masses are not only allowed but also preferred for
the linear and 1-loop case. Also similarly, we observe that the absolute x? devi-
ations are increasing going towards higher masses. Regarding the unreasonable
result, we can say that 8, = 0 is simply not a very good description of ACDM.
This in turn produces mass constraints and preference regions for WDM, that
can probably be discarded. Nonetheless, these are the mass constraints from
purely B, =0

linear m > 0.97keV
1-loop 0.39keV < m < 0.48keV
m > 0.52keV,

as well as from an additional §.; prior

linear m > 0.97keV
1-loop m > 0.52keV.

5.3.3 Counterterm Restrictions

In another fit variation, we apply the counterterm restrictions CT1 (see 4.1)
and CT2 (see 4.2), resulting in fits shown in 5.7.
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Figure 5.6: The linear (left) and 1-loop (right) x? values minus the respective
Xacpu for By =0 at the top and for 3, = 0 and a (3 prior at the bottom.

For the first one, the linear fit shows a large difference for the first time, as
well as the 1-loop case. This happens for both in the intermediate mass regime,
which is the most sensitive to non-linearities. For the high mass regime, we at
least still reach ACDM.

When we look at the completely freely fitted counterterm, it is the largest for
the intermediate to small mass regimes while converging towards small values
for high masses. Since we already saw that non-linearities play the largest role in
this first regime, this is not surprising. The quadratic counterterm which is now
fitted for the linear case, exhibits the same behavior (with of course different
absolute values) but is a bit larger in the low-mass regime while being reduced
much earlier at around 2keV. Thus, we see that these masses are considerably
worsened to before. For the 1-loop case, the freely fitted counterterm is usually
much larger than the linear one and is slightly shifted to lower masses. When we
now use the quadratic counterterm from the linear case, the quartic counterterm
doesn’t focus on increasing it, but more on getting a similar shape to its freely
fitted one. The lower counterterm is obviously not ideal for the intermediate
mass regimes which we see in the fit. Still, the quartic counterterm is mostly
slightly smaller than the quadratic one, preserving our idea of a counterterm
expansion at least somewhat. This makes this fit variation not the best one
but it also can’t be discarded completely. Due to lowering the number of free
parameters to 5, this excludes much more strongly the lower to intermediate
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mass regime with

linear m > 12.56keV
1—loop m > 4.90keV.

For the more detailed CT2, we don’t have the properties of CT1. Instead, we
get for the linear as well as the 1-loop case, two counterterm contributions that
basically try to cancel each other out to get the perfect shape and are also of
the same order. Here, our actual idea of an expansion of the counterterm is not
preserved at all. However, this case with the same amount of parameters as the
original fit then of course leads to not much worse or even slightly better 2
values. The same behavior was already observed for ACDM. Overall, we shift
the freedom in the fit on the idea of an expanded counterterm. Since this is
not accomplished, the fit doesn’t really offer anything new and is of not much
importance. Its mass constraints would be

linear 1.49keV <m < 4.84keV

m > 7.03keV
1-loop 0.94keV < m < 1.79keV
m > 2.12keV.
100
—— linear, CT1, cutoff 20h/Mpc 120 —— 1-loop, CT1, cutoff 20h/Mpc
0 linear, original 1-loop, original
CL 95% 100 CL 95%

CL 68% CL 68%
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Figure 5.7: The linear (left) and 1-loop (right) x? values minus the respective
Xicpas for the CT1 case at the top and the CT2 case at the bottom.
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5.3.4 Amplitude Restrictions

Now we get to the only new fit variation that fixes the amplitude to the values
arising from the original LCDM fit. In the linear case this is Aj;, = 1.27 and
in the 1-loop case Ajo,p = 0.94. For this variation, the reference x? values
are the ones from the original LCDM fit. The idea is, that the only difference
between the power spectra is the suppression for small scales which should be
described by the counterterm and the § parameter. The amplitude shouldn’t
change much between the two models. However, especially the 1-loop case tries
to improve the fit by preferring larger amplitudes in the regimes with stronger
suppressions. When we remove this freedom, it worsens significantly in the
intermediate mass regime. For large masses, we still recover ACDM which
is a good sign. Ultimately, this fit variation also lowers the amount of free
parameters which results in stronger constraints. While restrictive, they still

1-loop, fixed A, cutoff 20h/Mpe
-------- 1-loop, fixed A, cutoff 10h/Mpe

—— linear, fixed A, cutoff 20h/Mpc
------- linear, fixed A, cutoff 10h/Mpe 175 1
1-loop, original
CL 95%
CL 68%

linear, original
CL 95% 150 4
50 \ CL 68%

Ay?

0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0 0.0 25 5.0 7.5 10.0 125 15.0 175 20.0
m in keV m in keV’

(a) linear, fixed amplitude (b) 1-loop, fixed amplitude

Figure 5.8: The linear (left) and 1-loop (right) x? values minus the respective
Xacpa for the fixed amplitude.

seem very plausible with

linear 1.98keV <m < 9.66 keV
m > 11.16 keV
1-loop m > 8.54keV.

and belong to the tightest constraints we can find.

5.4 Results

The results from all fit variations in the linear and 1-loop case are plotted all
together in Figure 5.9. We can see clearly, that the fit worsens for all restrictions
except CT2 which has the same amount of free parameters. This is of course
expected, since we usually impose less freedom for the fit. The visibly most
deviations for WDM are CT1 and a fixed Amplitude. The mass constraints we
can gain from all fit variations are listed in Table 5.2 for the sterile masses and
in 5.3 for the thermal ones.

One problem with these constraints are the reference values for ACDM
explained before, because we have to compare the same fits with each other.
Since the deviation allowed is only at x? = 3.841, a small shift in the reference
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Figure 5.9: The linear (top) and 1-loop (bottom) x? values for all fit variations.

fit can actually have a large impact. Thus, the fit with both priors has actually a
lower value compared to only a 3, prior or to the original fit and the differences
can be quite large. A similar problem arises for 3, = 0 which makes these results
not very interesting. Also we have excluded the CT2 restriction since it doesn’t
behave according to the original idea and are also not that convinced of CT1.
This leaves us with three fit variations, where we of course only use the valid
1-loop results. The most conservative one arises from the original fit with a
lowest bound of

mg > 1.14dkeV  my, > 0.36keV. (5.3)

We can arrive at much tighter constraints using the well motivated S, prior,
which leaves us with

mge > 8.25keV  myy, > 1.58keV. (5.4)

The fixed amplitude also produces constraints around that value, making this
result quite sensible. The CT1 case results in somewhat intermediate constraints

41



H linear mg;-bounds

1-loop mg¢-bounds

original m > 1.31keV 1.14keV < m < 1.82keV
m > 7.34keV
By prior m > 1.31keV m > 8.25keV
By and [ priors m > 1.19keV 0.72keV < m < 3.70keV
m > 5.36 keV
By =0 m > 0.97keV 0.39keV > m > 0.48keV
m > 0.52keV
By = 0 and S prior || m > 0.97TkeV m > 0.52keV
CT1 m > 12.56 keV m > 4.90keV
CT2 1.49keV <m < 4.84keV | 0.94keV < m < 1.79keV
m > 7.03keV m > 2.12keV
fixed A 1.98keV < m <9.66keV | m > 8.54keV
m > 11.16 keV

Table 5.2: WDM sterile mass bounds for all fit variations.

H linear mg;-bounds

\ 1-loop mg¢-bounds

original m > 0.40keV 0.36keV <m < 0.51keV
m > 1.45keV
By prior m > 0.40keV m > 1.58keV
By and [ priors m > 0.37keV 0.25keV < m < 0.87keV
m > 1.15keV
By =0 m > 0.32keV 0.16keV > m > 0.19keV
m > 0.20keV
By, = 0 and S prior || m > 0.32keV m > 0.20keV
CT1 m > 2.17keV m > 1.07keV
CT2 0.44keV < m < 1.06keV | 0.31keV <m < 0.50keV
m > 1.40keV m > 0.57keV
fixed A 0.54keV <m < 1.78keV | m > 1.63keV
m > 1.99keV

Table 5.3: WDM thermal mass bounds for all fit variations.

but are not interesting.

Overall, our fit variations provide us with mass bounds ranging from very con-
servative to more tighter ones. Warm dark matter is a well studied model and
therefore we have plenty of mass constraints to compare to. They are often
derived from simulations, with stronger values like my, > 4.5 [80] and others
around my, > 0.55 — 3.3 [81, 82, 78, 83]. However some concerns were raised
over the accuracy of these lower limits [84, 56, 55, 85],coming primarily from
the simulation of the complex IGM that doesn’t follow completely the under-
lying dark matter density due to a few effects. First of all, it is heated from
reionization which leads to thermal broadening that is together with the tem-
perature not precisely known. Additionally, the form of the absorbing hydrogen
”clouds” rely on the past thermal history and is generically smoothed compared
to the DM density. This is also influenced by the reionization happening be-
tween z ~ 5.7 and z ~ 8. This makes it difficult for simulations to predict the
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IGM behavior accurately.

With regard to this discussion, our most conservative result is of course still not
comparable, but our tightest constraints don’t deviate that much anymore. We
can also compare to the results in [57] that use the same model and arrive at
comparable mass bounds for WDM.

Overall, we see that our fitting method provides us with more conservative and
robust constraints. With this result we can now consider DCDM.
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6 | Decaying Cold Dark Mat-
ter Model

To generate the linear power spectrum for the DCDM model, we use the mod-
ified CLASS code presented in this paper [16], which is kindly freely available
online. We opted for the fluid approximation explained in appendix A to com-
pute the power spectra.

The cosmological parameters are set to almost identical values as before as seen
in Table 6.1. However, since DCDM actually has an effect on the Hubble rate,
it also affects the angular diameter distance D4(z) = m fOZ dz’%. This
in turn shifts the angular scale of the sound horizon 65 = m, so the posi-
tion of the first peak in the CMB angular spectrum. However, 0, is a very well
known observable, so we decide to fix 6, instead of Hy.

wii s fixed to the same value normal cold dark matter would have today,
if no decay is happening. The densities are also always fixed via w and not €
which would depend on h and therefore change for very small 7 and large €. For
CLASS to work, we also set weqm to a very small value needed for the gauge.
Our reference ACDM model needs to build on the same parameters, so we have
a slightly different one than described before in section 4. Its results are almost

identical though. To span a decent amount of parameter space, we choose 9

1006, 1.0411

Wy 0.0224

Wedm 0.00001
o 0.12
log(101°4,) | 3.047
Ng 0.965

Table 6.1: Cosmological parameters used in generating the DCDM spectra.

different lifetimes 7 as well as 14 different e values being

T= {1,3,5,10,15,20,30,50,80}Gyrs and (6.1)

€= {0.00017 0.0003, 0.0007,0.001, 0.002, 0.004,

0.008, 0.01,0.02, 0.05,0.08, 0.1, 0.3, 0.5}.
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This results in overall 126 different parameter combinations.

6.1 Background Evolution

Before we look at the power spectra and fits, we want to give a more detailed
description of the changes to the background dynamics in the DCDM model.
More precisely, we focus on the Hubble rate, the cosmic microwave background
(CMB) anisotropy spectra, the volume averaged distance Dy coming from bary-
onic acoustic oscillation (BAO) data as well as the growth rate f. This not
only leads to a better understanding of the model dynamics, we can also use
PLANCK and BAO data to restrict the parameter space.

— T1=lgyrs, e=0.1
1067 — 1=3gyrs, €=0.1
— 7=bgyrs, e=0.1
—— 71=10gyrs, e=0.1
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Figure 6.1: The Hubble rate depending on redshift normalized to ACDM for
the fixed parameter ¢ = 0.1 at the top and 7 = 20Gyrs at the bottom. The
dotted colored lines correspond to the equality of matter and dark energy and
the pink region to the redshifts spanned by our used data.
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The Hubble rate was already shortly explained in section 2, however, here we
show the Hubble rate with fixed 0, instead of Hy. In Figure 6.1, it can be seen
normalized to our ACDM model and for e = 0.1 at the top and 7 = 20Gyrs at
the bottom. For large z, it is identical to ACDM as no decay has happened yet.
In both cases, the Hubble rate is then first lowered and afterwards increases
again. The first drop in the matter dominated universe is caused by the lower
mass density which was replaced partly by dark radiation. Due to the different
scaling of matter and radiation in time, radiation has a much lower contribution
to the Hubble rate here. To still fulfill our required 8y, the only remaining free
parameter 24 has to increase. This accounts for the overall rise when trans-
ferring into a dark-energy dominated universe. The dotted lines correspond to
the times where dark energy and matter equality is reached for the different
parameter combinations. We see, that the dark energy contribution starts to
dominate here. When we have very short lifetimes 7, the deviations to H are
the largest. The drop sets in earlier in time since the matter density decreases
faster and has to be compensated by a larger 5. For large lifetimes, the de-
viations are in turn very small. For e, it is the other way round. Large values
produce the most radiation and therefore the largest deviations whereas small
values are almost identical to ACDM. In the most extreme case of 7 = 1gyr and
€ = 0.5, Hubble today is almost 70% larger. All values of Hy and 2, for each
combination are summarized in tables in appendix B.1.3.

The changed 25 also has an impact on the angular CMB anisotropy spectrum.
The increase in dark energy leads to more a strongly time-dependent gravita-
tional potential which is responsible for the late integrated Sachs-Wolfe effect
(LISW). Photons traveling through a density fluctuation experience a slightly
different potential when moving into it compared to moving out of it. This
results in a red- or blue-shift and affects only the largest modes. In the CMB
spectrum, it manifests as a rise for low multipoles. In Figure 6.2 this effect is
clearly visible. At the top, the extreme case of ¢ = 0.5 can be seen compared to
ACDM in blue and Planck 2018 [3] data in black, where the errorbars have been
binned in steps of 10. As expected, the LISW is the largest for small lifetimes
7 and gets almost negligible for large ones. At the bottom with 7 = 20Gyrs, we
see the contrary trend for e. Large values give the most deviation, small values
the least.

Another set of measurements comes from utilizing baryonic acoustic oscil-

Measurement z Dy in Mpc
6dF [86] 0.11 45627
BOSS DR10 [87] 0.32 1262436
0.57 2034+£28
SDSS-3 DR12 [88] 0.38 1477416
0.51 1877£19
0.61 2140+22
SDSS-4 [89] 0.85 2689456
eBOSS DR14 [90] 2.34 | 46264200

Table 6.2: BAO datapoints for 8 different redshifts.
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Figure 6.2: The CMB anisotropy spectrum for € = 0.5 at the top and 7 = 20Gyrs
at the bottom. The errorbars are from Planck 2018 [3] and are binned in steps
of 10 to increase the readability of the plot. For comparison, ACDM is plotted
in blue.

lations. TIts scale is determined by the sound horizon r; = f:j cs(z)/H(z)dz
with the sound-speed c; and decoupling redshift z;. Usually, ratios of the co-
moving angular diameter distance Djs to rq and Hubble to r4 are measured
[91], where we have Dy(2) = [; d2//H(z'), when disregarding curvature. This
then effectively constrains the volume averaged distance

Dy (z) = (W)l/?)

A few datapoints for redshifts between 0.1 and 2.4 are summarized in Table 6.2.
They were taken from [86, 87, 88, 89, 90|, each analyzing different data sets.
This data can then be compared to Dy from our models that can be seen in
Figure 6.3. A lifetime of 7 = 1Gyrs is plotted at the top and € = 0.1 at the
bottom. Due to the larger Hubble radius at small redshifts, the angular diam-

(6.3)
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eter distance decreases up until large enough z, where the decrease in Hubble
balances this effect out again. Thus, we see a suppression that disappears again
for larger z. Like before, small 7 and large € produce the strongest deviations
while medium values only have small differences.

For the growth factor, we have to solve the Mészaros equation describing the
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Figure 6.3: The volume averaged distance Dy (z) for 7 = 20Gyrs at the top and
€ = 0.1 at the bottom. The deviations are only small and only really relevant
for extreme 7 and e values.

evolution of matter densities. For subhorizon scales with k < H and neglecting
radiation perturbations, it takes the form
d2s dln(H) 3\ dé 3 pm H?

da 2a? Perit,0 H?

— e 6.4
da? da a (64)
where p, = Pdcdm + Pwdm for our DCDM model. Initially, at an a after decou-
pling but way before equality between matter and dark energy is reached, we

are in a matter dominated universe and hence expect 6 = a. With this starting
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condition, we can solve equation 6.4 numerically and plot the growth function
D(a) as well as the growth rate f(a) = dIn(D)/dIn(a). The solution can be
seen for 7 = 20Gyrs in Figure 6.4 with D(a) at the top and f(a) at the bottom.
We see that the growth of structure is impaired compared to pure CDM. This is
not surprising considering the lower amount of matter density that can actually
cluster. Again, deviations are the largest for small 7 and large e.

The space telescope Euclid developed by the European Space Agency and

ACDM
7=20gyrs, €=0.1
0.6 4

0.5 1

0.4

D(a)

0.3 4

0.2 1

0.14

0.0

1.0 4

0.9

dIn(D)/dIn(a)

f=

—— ACDM
7=20gyrs, €=0.1

—— 7=20gyrs, €=0.5

0.05 0.1 0.5 1
a

Figure 6.4: The growth function D(a) for 7 = 20Gyrs at the top and the growth
rate f at the bottom. The growth of density fluctuations is slowed for the DCDM
models due to the higher dark energy density. Therefore, the deviations also
occur for later times.

scheduled for takeoff in 2023 will focus mostly on dark energy and its effect on
cosmic structures. It will however also constrain the growth rate. Estimates
for the precision of the upcoming measurements are at around 1 — 2.5% for the
growth rate depending on the redshift [43]. Their data can be used to constrain
various cosmological models including DCDM. In Figure 6.5 the deviations for
€ = 0.1 at the top and 7 = 10Gyrs at the bottom to ACDM are plotted. We can
see that the large € 2 0.1 values and smaller 7 < 10Gyrs will definitely be in
the precision range currently proposed. Depending on the actual measurements
and a more accurate analysis for the DCDM models, even more parameter space
might be testable via the growth rate.

For each of these background quantities, we already see one important property
of DCDM: The two describing parameters 7 and € are degenerate and can bal-
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Figure 6.5: The growth rate f normalized to ACDM for € = 0.1 at the top and
7 = 10Gyrs at the bottom.

ance out each others effects. For either large lifetimes or very small e we should
always generate ACDM regardless of the other parameter choice. In turn, the
small 7 and large € regime can be constrained the most by the background evo-
lution. For a complete analysis an MCMC approach would of course be the best
but goes a bit beyond the scope of this work. With our limited setup, we can at
least analyze our data compared to the ACDM one. For this, our ACDM model
is set as the ”best fit” and we compute the x? of the DCDM models as the
difference of the data points to the model divided by the error squared. This
is done for the BAO data as well as the Planck data since we have errorbars
to work with. In Figure 6.6, the computed Ax? values which are compared to
the ACDM values, are shown for the Planck Data as well as for the BAO data.
The allowed maximum deviation can now be set admittedly a bit arbitrary. We
show both a tight (dashed line) and a more lax (solid line) constraint in the
parameter space. For Planck we allow for maximally Ax? < 30 while we allow
for Ax? < 10 for BAO which has much less data points and therefore a much
lower x2 in the first place. The excluded parameter space is marked by the
black lines. In both cases, we see nicely that it worsens towards the upper left
corner and shows the degeneracy for 7 and e. For the BAO data, we actually
see a band spanning from the left bottom to the right top corner with a better
fit to the data than our reference model. Interestingly, it doesn’t encompass
the lower right corner including the parameters for which DCDM converges to
ACDM indicating it may not be the best explanation for the BAO data.
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In the end, we will still fit to all parameters later on, but this treatment of CMB
and BAO data still serves as an indicator which parameter combinations are ac-
tually compatible with other measurements and are therefore more interesting
to look at. In-depth analyses are commonly done in the literature and we will
later compare them.

Comparison to PLANCK data
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Figure 6.6: The Ax? values for the Planck and BAO data compared to ACDM.
The black line shows what parameter space would be excluded for a deviation
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6.2 Power Spectra and Integrals

"
0.0 l.k ~ |
70'2 B
—
| — r1=lgyrs, €=0.0003, z = 3.0
g 04 —— r=3gyrs, e=0.0003
Qe —— 7=bgyrs, ¢=0.0003
% — 71=10gyrs, €=0.0003
S 061 i5eyrs, ¢=0.0003
—— 7=20gyrs, €=0.0003
—0.8 4 —— 7=30gyrs, €=0.0003
—— 1=50gyrs, €=0.0003
——— 1=80gyrs, €=0.0003
_10 1 T T T T T
1074 1073 1072 1071 10° 10!
k in h/Mpc
A
0.0 d <
|
—0.2 4
—
| — r1=lgyrs, €=0.004, z = 3.0
2 044 —— r=3gyrs, e=0.004
3& —— T1=5gyrs, ¢=0.004
% — 71=10gyrs, ¢=0.004
S 069 i5evs, e=0.004
— 1=20gyrs, €=0.004
—0.8 4 —— 7=30gyrs, €=0.004
— 1=50gyrs, €=0.004
—— 1=80gyrs, €=0.004
—1.0 1
1074 1073 1072 1071 10° 10!
k in h/Mpc
0.2
0.0 4
— —0.21
| — r1=lgyrs, €=0.05, z = 3.0
% o4 —— 7=3gyrs, ¢=0.05
%:‘ 1 —— 7=5gyrs, €=0.05
~ — 71=10gyrs, €=0.05
& 061 — r=15gyrs, e=0.05
— 7=20gyrs, €=0.05
_084 7=30gyrs, €=0.05
— 1=50gyrs, €=0.05
——— 7=80gyrs, €=0.05
—1.0 4
1074 1073 1072 1071 10° 10!
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The effects of the WDM and DR can be nicely seen in the power spectra. In Fig-
ure 6.7, three plots for all lifetimes and with the values e = 0.0003, 0.004, 0.05 can
be seen from top to bottom. The oscillatory behavior at around &k ~ 0.005h/Mpc
stems from the switching to the fluid approximation happening far away from
our region of interest. The power spectra are normalized to ACDM and show
the suppression based on 7. The smaller the lifetime, the stronger is the sup-
pression while it sets in at the same time. Additionally, this parameter sequence
shows the suppression shifting more to larger scales, the higher € gets. With our
€ parameters, we can look at three different cases. One, where the suppression
starts left of the BOSS region and it is constant in this regime for ¢ 2 0.05.
A second one, where the suppression is happening in the region of interest for
0.05 > € > 0.0003. And a third one, where the suppression has not happened
yet and there is almost no difference to ACDM for € < 0.0003.
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Figure 6.8: The DCDM power spectrum normalized to ACDM for 7 = 20Gyrs.

In Figure 6.8, we switch to a fixed 7 = 20Gyrs and show several € values. Again
we see that e is responsible for the position of the cutoff. This is the same as
in the WDM model where the mass determines the cutoff scale. A difference in
behavior only starts for € < 0.1 where the warm daughter isn’t warm anymore
but quite hot. This causes the free streaming scale to be larger than the Hub-
ble scale and no clustering can happen for WDM. Thus, we get two competing
effects. The density responsible for clustering is of course decreasing leading
naively to a stronger suppression. However, the smaller Hubble rate leads to
an easier clustering process, compensating for the lower density. In turn, there
is no suppression for € = 0.5 at z = 3.0 anymore. This trend is already visible
for ¢ = 0.1 and 0.3. Another effect comes from the larger Hy and therefore
h today shifting the k values to the left. This includes the peak of the power
spectrum at k., which is determined by radiation and matter equality that is
unchanged in our model. Thus, the peak is shifted towards the left for large
Hy deviations and the large scales are elevated. Lastly, in Figure 6.9, we show
the z-dependency as well as the 1-loop spectra for 7 = 20Gyrs and ¢ = 0.001.
It is normalized to the respective ACDM Pss, Psg and Pyy spectra but all at
z = 3.0. Thus, we see the overall lowered amplitude for higher redshifts as well
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Figure 6.9: The Pss5, Psg and Pyg spectra for 7 = 20Gyrs and € = 0.001 and all
redshifts. The normalization is with respect to the respective ACDM spectra
but always at z = 3.0

as the suppression in the 1-loop spectra. Similar to WDM, the Pyy spectrum
receives the largest deviations compared to ACDM. Additionally, we see again
the different shape, that arises from the 1-loop spectra. The cutoff scale is again
shifted slightly towards larger k values and the suppression is afterwards a bit
steeper.

The characteristics of the power spectrum are naturally imprinted on the in-
tegrals. The effect on Iy can be seen in Figure 6.10 on the top row, with the
linear (dotted) and 1-loop (solid) case at z = 3.0. Iy and I, are visible at the
bottom for 7 = 20Gyrs. We observe, that small 7 are suppressed tremendously.
Regarding the plotted €, we see the largest suppression for e = 0.01. For larger
values, the shape is significantly changed and it increases again, which we have
also seen in the power spectra.

Again, we also test the cutoff dependency of the integrals and additionally
include a check for the cutoff scale of 25h/Mpc. All integrals for 10h/Mpc com-
pared to 20h/Mpc as well as 20h/Mpc compared to 25h/Mpc can be seen on the
left and right of Figure 6.11. Even for Iy, the deviations are only at about 2%
for the latter case, and only around 0.1% for the higher integrals. This proves
nicely their convergence. Nonetheless, we still compute our upcoming fits for
both cutoffs to make sure, the minimization is doing its job properly.

6.3 Fits

6.3.1 Original Fit

Now, we can look at our performed fit and its variations, namely a 5, and Bt
prior as well as an amplitude restriction for the larger € values. Since we have
slightly different cosmological parameters, the x? for ACDM also changes in
the decimal place. In Table 6.3, we show the new reference values for the two
cases that interest us here. As usual, the different fits are compared to their
respective reference value.
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Figure 6.10: The shape of the integrals Iy, Iy and Iy.

First, we start with the original fit in Figure 6.12. Here, all Ax? values are

linear x2 | 1-loop 2
original 206.20 193.44
By and [ prior 211.24 203.52

Table 6.3: The reference x2 ACDM values for the DCDM fits.

plotted for each point in the parameter space. Dark colors indicate a large devi-
ation from ACDM and aren’t compatible, while lighter colors indicate a similar
or even better fit.

In the linear case, we can see a larger excluded region starting from the in-
termediate € values for the smallest lifetimes and tapering towards a lifetime
around the age of the universe. The parameter space below, with smaller e
values, is actually preferred over ACDM. These are values that produce a de-
cent suppression in the BOSS regime when compared to the power spectra as
seen in Figure 6.7. Higher lifetimes will produce less of a suppression but can
compensate somewhat with higher € values due to their degeneracy. Thus, the
shape of this preferred region curves upwards. In the excluded region directly
above, the suppression sets in too early, which doesn’t fit well to the BOSS data.
Only starting at € ~ 0.05, where the suppression starts before the BOSS region
and is already a constant in the relevant k regime, the fit improves again. The
suppression can be counterbalanced by a higher amplitude in this regime, to get
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Figure 6.11: The integral ratio for the cutoff scales 10 and 20h/Mpc at the top
and 20 and 25h/Mpc at the bottom. The deviation decreases greatly and shows
the convergence of the integrals.

effectively ACDM again. For high lifetimes and low e, all effects are reduced
and we also have a similar fit to ACDM.

In the 1-loop case, the excluded region is much broader in the € regime. Es-
pecially the high € regime isn’t compatible with ACDM anymore. This stems
from the 1-loop corrections causing the power spectrum to not be a constant
anymore in the BOSS regime but to actually experience a suppression and scale
dependency. For small 7, this effect is too strong and can’t be properly ab-
sorbed by a larger amplitude. The lower end of the € regime is also more tightly
constrained. Overall, this suggests that the 1-loop case is much more sensitive
for the shape and strength of the suppression which is more dependent on 7.
Additionally, we don’t have a preferred region anymore as in the linear case.
The only relic is a small parameter region that performs slightly better than the
ones around. For large 7, we again converge to ACDM as expected.

Overall, we observe a similar effect as in WDM. While the linear case prefers a
certain parameter region depending solely on the onset of the suppression, the
1-loop case is much more sensitive to the actual shape of it and removes the
preference. Thus, it can help in reducing the degeneracy in 7 and e. Addition-
ally, it also provides tighter constraints.

In Figure 6.13, we see a similar plot but for concrete contours at Ay? = £3.841

corresponding to a 95% confidence interval around ACDM and at Ax2 = £0.989
corresponding to 68%. These define the range where DCDM is compatible to
ACDM. A larger Ax? leads to an exclusion and a lower one to a preference.
This visualizes better the actual constraints for which the DCDM model agrees
with the data. Dark blue is excluded, middle blue, turquoise and middle green
is compatible and the light yellow-green shows a better fit.
In the linear case, we see that the excluded region starts from e ~ 0.0007 and
reaches 7 = 50Gyrs at € = 0.08. The preferred region goes up to € ~ 0.002 at
7 ~ 20Gyrs. In the 1-loop case, we see better how large the excluded region is
for the e values. Starting from 7 ~ 18Gyrs all values are actually compatible
to ACDM. Additionally, the fit converges better towards ACDM for higher 7.
We can overall notice, that the linear case is more sensitive to the € values, so
the onset of suppression, whereas the 1-loop case is more sensitive towards the
7 values, so the strength of the suppression.

In Figure 6.14, the contours around the best fit value of DCDM are plotted.
Since we are now comparing to a model with 2 free variables, the contours
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Figure 6.12: Ax? plot in the 2d parameter space for 7 and e. Light colors
indicate a good fit, while darker colors indicate a worse fit.

change to Ax? = 5.991 and Ax? = 2.279 for 95% and 68%, respectively. These
are indicated by the solid and dashed lines, while the best fit position is marked
with a black dot.

In the linear case, we can clearly see the preference for the low 7 regimes with
the best fit being actually at Tpestit = 1Gyrs, €pestit = 0.003 with an uncor-
rected 2 = 199.00. It is so strong, that the other compatible regimes that
converge to ACDM aren’t included here anymore. Since it disappears after
non-linear corrections, this stems from a different shape of the integrals due
to a false treatment of the smaller scales and shows how much impact non-
linearities can have. The 1-loop case looks much more sensible, with a best fit
value at Tpestar = S0GYTS, €pestac = 0.008 with x2 = 190.02. and a general
preference for large 7 values. € = 0.0001 is also still included, since it imitates
ACDM. This result has of course more validity than the linear one and also
seems to be quite reasonable.
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Figure 6.13: Contours for the comparison to ACDM in the 2d parameter space.
Dark blue indicates the excluded region, light green the preferred one.

6.3.2 [, and . Restrictions

Now, we get to the first fit variation, an implementation of a 3, and (. prior with
again —10 < B+ < 10. We already discussed before, that this is physically well
motivated. In Figure 6.15, the resulting contours with comparison to ACDM
are shown at the top. On the left hand side, the linear plots can be seen, on the
right hand side, the 1-loop ones. The overall shape, especially of the excluded
regions, is very similar to before. Mostly, the boundaries are shifted a bit to
more conservative values. Naively, we would expect the opposite to happen.
However, this shows again the problem with the reference value we get from
ACDM. In the the linear as well as the 1-loop case, we get additional preferred
regions and the overall plot seems less smooth and more patchy. For a better
understanding, we also display the contours more highly resolved under the
normal plots. This shows, that the new preferred regions are relatively small
and don’t have a strong decrease in Ax2. Instead the values are relatively close
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Figure 6.14: Contours around the best fit DCDM value, marked by a black dot,
in the 2d parameter space. The solid and dashed black lines indicate the 95%
and 68% confidence intervals.

and these preferred regions are not very sensible.
Thus, we can mostly see, that the exclusion shape is preserved which reinforces
their robustness in the original fit.

6.3.3 Amplitude Restrictions

The last fit variation we apply, is a restriction for the amplitude. This idea
comes originally from studying massive neutrinos with Lyman « data (see [92]
and [64]) but can be partially applied here.

The argument goes as follows: Massive neutrinos lead to a suppression which
starts well before the BOSS regime and is almost scale-independent there. The
fit amplitude can now absorb this suppression almost completely by increasing.
This makes it difficult to differentiate between effects from the neutrino masses
and the normalization of the primordial power spectrum and causes a degener-
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Figure 6.15: Contours for the comparison to ACDM in the 2d parameter space
with priors for 8, and SB.. On the left side are the linear results, on the right
side the 1-loop results. Dark blue indicates the excluded regions, light green the
preferred ones on the top. The bottom row shows the same plot but in more
detail.

acy.
The same concept applies to the DCDM spectra under certain conditions. For
e > 0.05, the cutoff in the power spectrum has happened before the BOSS
regime and we get also an almost scale-independent suppression similar to mas-
sive neutrinos. Thus, we would also expect a degeneracy between A and the
physical properties of DCDM in this regime. To deal with this, we follow the
same approach as in [64]: We look at the linear DCDM and ACDM spectra for
k < kys, so long after the drop, and compute their ratio R~ = Prcpm/Poepu-
To account for the lower spectrum, the fit amplitude A should increase and com-
pensate for this. We can calculate this new amplitude by

A=Ay R, (6.5)

where A is the fitting amplitude for the ACDM in the linear or 1-loop case,
respectively. In that way, we relate A to the ACDM case, which already includes
the primordial normalization, and keep it the same. The parameter ¢ allows for
more flexibility in this model and was calibrated by mock simulation data in
[64] for neutrinos. We are not doing this here however, instead we use the
simplest case with ¢ = 1. This gives us a fixed amplitude for every set of 7 and
€ parameters this method can be applied to. Since we can’t describe the cutoff,
we restrict the parameter space here to € > 0.05 and thus test 45 parameter
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points.

One issue is, that we fit several redshifts at the same time but also have a
slightly z dependent R ratio. In the most extreme case, the deviations can go
up to ~ 50% and are still at ~ 5% at 7 = 20Gyrs. There are several ways, we
can deal with this problem. Naively, one could take the mean amplitude in the
z regime as a fixed value. This however has one certain disadvantage. The 2pivor
used in our analysis is at z = 3.0, so this redshift takes a bit of a special place.
In this case, the 8 parameters describing the redshift dependency are irrelevant
and we effectively only have 3 instead of 6 parameters left, that actually have
an impact on the goodness of fit. Therefore, a mean amplitude is way more
problematic for z = z,y0¢ since there are less parameters to compensate for
a deviating amplitude. Instead, this redshift is the most important one while
fitting. This is why we decided to fix the amplitude for z = 3.0. To account
for the z dependency, we instead impose priors for A around a fixed amplitude
so we allow for more variance. Overall, we study three different cases. A fixed
amplitude at z = 3.0 as the strongest restriction, an allowed 5% and 10%
deviation around the fixed value as an intermediate limitation and of course the
free amplitude case as the most conservative one. This should give us a good
range to investigate the role of the amplitude.

In Figure 6.16, the different amplitudes for 7 = 20Gyrs are plotted. The green

0.3 4
0.2 4
I e S
014 Sy
7 =20gyrs, 1-loop
fixed A <
0.04 ---- mean A
10% prior
free A
—0.1 A 10% variance
0.05 0.08 0.1 0.3 0.5

Figure 6.16: The deviation to the ACDM amplitude for the different A restric-
tions at 7 = 20Gyrs and 1-loop. The yellow band indicates the 10% region
around the fixed amplitude. A with imposed prior traces the free amplitude as
long as it is allowed.

line corresponds to the fixed one and we indicate the 10% range around it. The
dashed line also shows the mean amplitude we checked. It is visibly smaller
than the fixed one, while the fit prefers larger values as seen with the free case.
Thus, we discarded it. The A with prior strives as far as it is allowed towards
the free one and stops when it reaches it.
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Figure 6.17: Contours for the comparison to ACDM in the 2d parameter space
with different levels of amplitude restriction. The left side shows the linear
plots, the right one the 1-loop plots. Dark blue indicates the excluded region,
light green the preferred one.
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We also see an overall decline for higher e. This comes from the same effect
we have already seen for the power spectra, where the radiation balances the
suppression more and more due to the lower Hubble friction.

The contours compared to ACDM for these discussed cases can be seen in Figure
6.17. On the left side, we have the series of linear fits going from the free
amplitude to the completely fixed one. On the right side, the same is plotted
for the 1-loop fits. In both cases, we can nicely see how the parameter space gets
more and more restrained. For the linear case, the amplitude mainly restricts
the upper € area whereas in the 1-loop case, it is pretty insensitive to the € value
and is also more restrictive in general. This confirms, what we have already
seen before. The non-linear corrections lead to a scale dependency that can
exclude more from the parameter space. For the fixed A, almost everything
is excluded and only the highest lifetimes with 7 > 80Gyrs are compatible
again. The 5% and 10% priors give intermediate results at 7 > 30Gyrs and
7 > 20Gyrs, respectively. They give probably the most sensible constraints.
The most conservative result comes from the free amplitude with 7 > 10Gyrs.
The best fit values with its contours are shown in the appendix, since they are
not that interesting compared to the more robust excluded regions. They show
a similar behavior though.

Overall, these cases show nicely the convergence of the exclusion regions towards
larger 7 values. The strong suppression for small 7 values can’t be at least
partially artificially absorbed anymore and is therefore excluded.

6.4 Results

The final result of our analysis can be seen in Figure 6.20. This shows first
of all, the Ax? values with the exclusion bounds for a confidence interval of
68% and 95% marked by a solid black line and dashed black line, respectively.
Also, we use of course the 1-loop case since this is needed to account for the
non-linearities. Mind, that we switched the x axis from 7 to log;o(I'/Gyrs™!)
to better compare to other results in a moment. Secondly, we see the excluded
region for an amplitude restriction in gray. We chose the 10% prior here, mean-
ing a stronger value than for the original case but still not the most restrictive
one. Thus, it is still on the conservative side and pretty stable. We see, that we
successfully can exclude more of the high e region, which is still allowed in the
original fit. All € values with approximately ¢ 2 0.001 are then excluded for a
lifetime of 7 < 18Gyrs. For larger lifetimes, our fit doesn’t restrain the € value
anymore, whereas for lower lifetimes only ¢ < 0.001 values are still allowed. This
is expected, as the model converges towards ACDM at this point.
Additionally, we plotted our strongest approximated exclusion from PLANCK
(dashed) and BAO (dotted) data in red. Since these are not exclusions relying
on an in-depth analysis, they should mostly serve as an indicator of what pa-
rameter space is expected to be further constrained.
We can compare this however to an in-depth analysis — namely the PLANCK
likelihood analysis, they have done in reference [16] which we show in Figure
6.19 on the left. Here, they compare the full (red) and lite (blue) likelihood
MCMC analysis of PLANCK data. Mind, that they are going towards even
larger lifetimes and also a bit smaller lifetimes, so we can only compare the plot
for 0 > log,o(I'/Gyrs~') = —2. In this regime, even at 7 = 80Gyrs, almost all
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Figure 6.18: Results for the 1-loop original fit and the indicated exclusion region
from a restricted amplitude with 10% prior. The excluded regions we get from
PLANCK and BAO data when using the strongest approximation are shown in
red, indicating their general behavior.

€ > 1072 are excluded. Even with the strongest bounds from our background
analysis, we don’t reach these values which is not surprising because we are
only considering the TT-CMB spectrum. Still, we preserve a similar shape of
the exclusion bound validating our general approach.

Log,,(€)
Log;(€)

-3 -2 -1 0 -3 -2 -1 0
Log,,(T/Gyrs 1) Logy,(T/Gyrs ™)
(a) Planck-likelihood analysis taken (b) The posterior distributions from
from [16]. The full one is described in imposing three different Sg priors from
red, the lite one in blue weak lensing measurements, taken
from [16].

Figure 6.19: Results of the in-depth analysis in [16] which we use here only for
comparison.

Other studies of DCDM usually all do an MCMC with CMB and BAO data.
Therefore, it is not surprising, that we have less constraints on the small 7 and
large € regimes compared to other results. Combining a full analysis with our
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fit should hence result in much stronger bounds.

In Figure 6.20, we show the same plot but with indicated og values replacing
the PLANCK and BAO exclusion. They were computed by CLASS with our
linear spectra. The dashed line corresponds here to the PLANCK result of
og = 0.8111 + 0.0060 [3]. Our computed values are slightly larger when con-
verging towards ACDM with og = 0.82, so the dashed line divides the lower
€ regime. The dash-dotted and dotted line belong to a value of og = 0.7 and
og = 0.6, respectively. Small lifetimes and larger e values lead again to the
largest decrease, since their suppression is very strong in the 0.1 — 1h/Mpc re-
gion. Disallowing too large deviations of og would hereby constrain a similar
region compared to Planck data. We also note, that our model itself would
allow a lot of og deviations towards lower values.

When using the exclusion contours from the Planck likelihood, a small regime
with lowered og data is still allowed. It is located at around 7 = 50 — 80Gyrs
and 0.004 < e < 0.01 which fits relatively well to the best fit parameters of [35]
at 7 = 55Gyrs and € = 0.007. While this is of course good news, we still have
to admit that our model doesn’t really provide much for this value, because it
is mainly constructed by the og lines and the transferred Planck exclusion. It
is not in contradiction though either, so BOSS data allows for such lower og
values at regions that are preferred in other analyses.
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Figure 6.20: Results for the 1-loop original fit with the indicated exclusion region
from a restricted amplitude with 10% prior. A few values of og are marked by
red lines, with the dashed line corresponding to the PLANCK result.

We can also compare our result directly to the ones from [16] on the right. Here,
they apply different Sg priors that rely on different weak lensing datasets with
the lowest one in black and the largest one in blue. The biggest difference is
that their results allow for approximated € values in the 0.001 — 0.005 regime up
to the lowest lifetimes, while ours actually exclude them. This effect can prob-
ably be accounted to our 1-loop corrections. In the latest paper from the same
authors as before [30], they also include a treatment of the non-linear scales.
They observe that due to this, lower lifetimes are more strongly excluded and
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the degeneracy between 7 and € is decreasing. This is exactly, what we observe
when comparing our linear and 1-loop case, which confirms further the impor-
tant effects of non-linearities.

Overall, we can observe several properties of our method: First of all, it pro-
duces bounds that rely on a conservative modeling of the flux power spectra
and should thus be very robust.

Secondly, our method is not really suited for finding sensible best fit values.
When doing fit variations, their position can change significantly and are not
really stable. Thus, the preserved exclusion bounds are here of the most impor-
tance.

Thirdly, the inclusion of the 1-loop corrections changes the final result heavily
and we are able to filter more of the smaller lifetimes almost independently of
the ¢ parameter. This is a similar observation to the one in [30], where they
experience likewise effects when including non-linearities even though they look
at different data sets. This strengthens the importance of going beyond linear
effects.

Fourthly, regarding the fact that our model uses only one kind of data set, our
results are still promising. When including CMB data in a more professional
manner, we would expect to get similar exclusion bounds as in other works,
while being even slightly more constrictive in the lower 7 regime.

Last but not least, we want to add, that our model tests data on larger red-
shifts compared to most other works with z < 1. Thus, it not only probes a
different data set, it also provides an independent result to other studies. The
fact, that no contradictions but even similarities are found, gives our approach
even more validation. The additional ability to more strongly constrain part of
the parameter space for smaller 7, also shows our models success.
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7 | Summary and Conclusion

In this work, we have studied a decaying dark matter model, where cold dark
matter decays into dark radiation and warm dark matter, by comparing to
Lyman-a BOSS data at z = 3.0 — 4.2. 'We modeled the observed flux power
spectrum with overall 6 free parameters. This method is overall more on the
conservative side since it doesn’t use much assumptions, especially on the IGM.
We adjusted for non-linearities in our power spectra via cosmological pertur-
bation theory by considering 1-loop corrections. We find, that their inclusion
already leads to a large difference in the fits compared to a linear treatment.
Higher loops can of course be applied for an even better description, but the
main effect is already captured for the first order. We therefore wouldn’t expect
strong changes in the fit behavior even for higher loops. The fitting model was
then first applied to ACDM and found that 1-loop corrections improve the fit
significantly. We then applied it to at first a WDM model to test our method.
We found mass constraints ranging from more conservative to tighter values and
are not too far away from constraints derived by simulations when comparing
our strongest bound.

Then, we finally turned towards DCDM. We first looked at its background
evolution and find that it can already strongly exclude the small 7 and large
€ regimes when applying an in-depth analysis. Applying the fit, we find an
exclusion region around 7 2 18Gyrs, and smaller lifetimes only allowed for the
lowest e values, where it converges towards ACDM. Large € values are also less
tightly constrained. However, we found that when dealing with degeneracies
in the amplitude, they can be excluded much better and we arrive at sensible
values between 20 and 30 Gyrs.

When looking at og, we see that our result still allows for smaller values that
were preferred in other works, which is promising regarding the og tension.
Comparing our overall constraints, we derive much weaker bounds for the small
7 and large € regime. This is expected, since we are not applying a full MCMC
analysis with Planck data. However, our method is able to provide stronger
constraints for the lifetime in the € ~ 0.001 — 0.005 regime when comparing to
e.g. [16]. This can be mostly attributed to our treatment of non-linearities.
Overall, our approach seems quite successful.

Currently, it seems that DCDM can still provide an explanation for the og
tension. However, it is at the moment not preferred over ACDM. Upcoming
high precision surveys like Euclid, DESI and Rubin/LSST will probably help in
further constraining or preferring the model. If DCDM will not be able to solve
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the og tension but is not excluded, more complex models that introduce new
aspects like e.g interactions to it could be interesting to study. In conclusion,
we can only be curios for the next years and the future of DCDM.
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A | The Fluid Approximation
and modified CLASS Code

To generate our DCDM spectra, we make use of the very helpful modified
CLASS code that was developed in [16] which we want to summarize here
shortly. They give us two possibilities for the computation, namely an hier-
archical method or their new fluid approximation.

Generally, the phase-space distribution is split into its background part and the
perturbation part, so f = f +Af. The perturbation is then normally expanded
in Legendre Polynomials with

Af =) (=)' +1)ARLP (A1)

=0

and applied to the Boltzmann equations. This results in an hierarchical series of
differential equations for the different moments f;. In the case of dark radiation,
we have E = ¢ which enables one to simplify these expressions by integrating
over the momentum with Fy,; o< [ dgd4mq®qAfary. The new series of equa-
tions for Fy,, is then not q dependent anymore and is much easier to solve.
For the warm dark matter, this simplification doesn’t apply since its energy
differs to its momentum. Its momentum dependence requires in turn a compu-
tation of the full phase space distribution which is computationally very expen-
sive. Therefore, [16] removes this q dependency for WDM by treating it as a
viscous fluid. In that case, they introduce a sound speed ¢, for WDM and can
describe it with the new continuity and Euler equations

Swdm = — 3H(? — W)buwam — (1 +w) (evwdm - Z) (A.2)
+ (1 —¢€)al :dcjm (0dedm — Owam) and (A.3)
Owdm = — H(1 = 3¢2)0wam + : wak?awdm — k20 wdm (A.4)
-(1- e)aFllif ’;i:: Ouwdm, (A.5)

where we have ¢5; = 0 Pydm /I pwdm and the adiabatic soundspeed ¢, = Pyam / pwdm-
This makes it possible to only consider the first two multipoles which is of course
much faster. For this to be valid, the high and low [ mulitpoles need to be ef-
fectively decoupled which is the case for scales deeply inside the Hubble radius.
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Ultimately, we decided to use the fluid approximation based on its behavior com-
pared to the hierarchical method. In Figure A.1 both are plotted normalized to
the ACDM spectrum and for € = 0.1 and 7 = 10Gyrs. The short oscillations on
the left, indicate where the fluid approximation is switched on. The hierarchical
spectrum is very shaky which could be problematic for the fit while not adding
new physical attributes to it. The fluid approximation however, is perfectly
smooth and describes the hierarchical method well.
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Figure A.1: Comparison between the normalized hierarchical and the fluid spec-
trum for € = 0.1 and 7 = 10Gyrs for the relevant scales.
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Figure A.2: Dependency of the hierarchical spectrum on the precision parame-
ters for € = 0.1 and 7 = 10Gyrs.

Additionally, the hierarchical method relies strongly on the precision parameters
Imaz describing the highest multipole taken into account and the number of gp;y,s
used. The default values used, are the same ones as recommended in [16] with
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lmaz = 17 and Ngpins = 1000. In Figure A.2, we compare the hierarchical
spectrum with the default values to the one with larger precision parameters.
It is normalized to the default spectrum.

The spectrum exhibits large deviations for the relevant scales and is dependent
on the used parameters. Thus, we decided that the fluid approximation is overall
better suited for our work. Not only does it run much faster and therefore allows
for more parameters in € and 7, it also provides a smoother spectrum being less
error-prone when dealing with it.
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B | Some Details for DCDM

B.1 Background Dynamics

B.1.1 Boltzmann Equations for DCDM

Here, we give the detailed derivation for equations 2.9. We start with DCDM
and its Boltzmann equation in 2.5. Multiplying by fooo dqa%éhrq2 and using
Eicdm = Macama as well as relations 2.6, the left-hand-side can be written as:

oo 1 9 .
/ dq¥4ﬂq mdcdma.fdcdm =
0

o0 d /Mmaeama ~ d Maeama\ =
/ dq4ﬂ—q2d7 ( d Z fdcdm) - ( ded ) fdcdm =
0 T a

dr at

d [ Mdedm@ = a [~ Mdcdm@ 7

di / dq4ﬂ-q2 #fdcdm +3- / dq4ﬂ-q2 %fdcdm =
T 0 a a 0 a

ﬁdcdm + 3Hﬁdcdm

In turn, the right-hand-side takes the form
*© al -
*/ dq¥47rq2mdcdmafdcdm = —al'Pdcam
0

resulting in the first equation in 2.9.
For DR, where E4. = q, the left-hand-side takes the form

oo 1 .
/ dg—4nq*qfar =
0 a
e d /q - d q)\ -
dg4 2— (= r] —\ 37-"1 r =
/0 L (a4fd ) (d’l’ a4) Ja
ﬁdr + 4Hﬁdr-

For the right-hand-side we make use of the relation for N and get
o 1 al' Dacd a®
dg—drg® — " 45(g — a =
/0 qa4 i 47’1’(]2 Mdedm 1 (q pmaz)
al ﬁdcdm
Mdcdma@
Similarly, for WDM with Eygm = /m?2,,,a> + ¢?, the right-hand-side ends

. 2 _ 2 _
with /m2, a2+ a2p2,,. = aMacam/M2, 4, /Mdcam?2 + € = aMaeam(1 — €).

A€Mdcdm = 6af]-—‘ﬁdcdm~
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Thus, we have (1 — €)al'pgcdm. The left-hand-side is given by

%)
1, .
/O dq¥47rq mi}dmaz + q2fwdm =

o0 d (m2, a?+¢q2 - d /m2, a2+4+q¢2\ -
/ dq4ﬂ—q2 a4 < deL4 wdm | — E wd'rar}L4 fwdm =
0

dr

. o0 vm? a2+ ¢> m2, a® -
pwdm - / dq47rq2 <4 wd;n4 M+ wdm H fwdm =
0

4 2 2 2
a*y/mz . a +q

o] 2 2
/L)wdm + 4Hﬁwdm - / dq47r% \/ mideZ +q% - 2q— wadm =
0 a V ’rn'wdma2 + q2
ﬁwdm + 4Hﬁwdm - Hﬁwdm + 3HPwdm-

With the equation-of-state parameter w = Pygm/pwim the final equation is
derived.

B.1.2 Own Implementation of Background Evolution

Solving the background evolution isn’t completely straight forward since the
densities depend on each other and can’t be decoupled in time. To battle this
problem, we first choose some starting values and then solve the system of equa-
tions in time steps.

The fixed parameters we will need are Hy = 67.7km/sMpc and peis,o =
3HZc*/8nG. Additionally, € for baryons, €2, for photons and Q, for neu-
trinos are fixed to typical ACDM values. At last, we choose w?¥, =~ = 0.12,
which describes the density DCDM would have today when not undergoing the
decay. The only open parameter is 25 which runs through several possible val-
ues. The one that actually preserves our fixed Hy is then chosen.

Now, we create a logarithmic range for the redshift with 10~% < z < 10%. The
starting point is at the largest redshifts, where the decay hasn’t really set in.
Thus, we choose as starting conditions wygm = wegr = 0 and omit the expo-
nential decay factor for DCDM. Our background quantities H, ¢ and pe; are
computed with the same starting values.

Then we are going through a number of steps in z. At first, we fix the new time
parameter which is given by the old one plus the spent time between z,4; and
Znew Which depends on the old densities. The new H is also computed with
the old densities. Then, the densities are computed with the new background
quantities. This method is of course not accurate, so we do this step a few times
for each z-step to make sure we get the best possible approximation of the ac-
tual values. Afterwards the critical density is computed, so we can actually plot
So overall, the code returns a list of z, t, H, pcris, all individual densities and
the total density parameter. Since we know the supposed value for the latter
as well as ‘H and thus pit, these quantities are checked to adjust Q4. In our
case, there are 300 timesteps with 3 iterations each to get a sufficiently accurate
result. Still, this code is certainly not efficient and precise enough to use for de-
tailed analyses. However, we can still reproduce the background evolution quite
well and it helped to gain a deeper understanding of the underlying dynamics.
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B.1.3 Detailed Tables for Hy and €2,

e\T 1.00 3.00 | 5.00 | 10.00 | 15.00 | 20.00 | 30.00 | 50.00 | 80.00
0.0001 | 67.71 | 67.70 | 67.69 | 67.69 | 67.69 | 67.69 | 67.69 | 67.69 | 67.70
0.0003 | 67.71 | 67.70 | 67.70 | 67.69 | 67.69 | 67.69 | 67.69 | 67.69 | 67.70
0.0007 | 67.73 | 67.71 | 67.70 | 67.69 | 67.69 | 67.69 | 67.69 | 67.69 | 67.70
0.001 67.74 | 67.72 | 67.71 | 67.69 | 67.69 | 67.69 | 67.69 | 67.69 | 67.70
0.002 67.78 | 67.74 | 67.72 | 67.70 | 67.70 | 67.69 | 67.69 | 67.70 | 67.70
0.004 67.86 | 67.78 | 67.75 | 67.72 | 67.71 | 67.70 | 67.70 | 67.70 | 67.70
0.008 68.02 | 67.87 | 67.81 | 67.75 | 67.73 | 67.72 | 67.71 | 67.71 | 67.70
0.01 68.10 | 67.91 | 67.83 | 67.76 | 67.74 | 67.73 | 67.72 | 67.71 | 67.71
0.02 68.50 | 68.12 | 67.98 | 67.84 | 67.79 | 67.77 | 67.74 | 67.73 | 67.72
0.05 69.75 | 68.78 | 68.42 | 68.09 | 67.96 | 67.89 | 67.83 | 67.78 | 67.75
0.08 71.07 | 69.47 | 68.89 | 68.34 | 68.14 | 68.03 | 67.92 | 67.83 | 67.78

0.1 71.99 | 69.96 | 69.21 | 68.51 | 68.25 | 68.11 | 67.97 | 67.86 | 67.80

0.3 83.92 | 76.07 | 73.33 | 70.76 | 69.79 | 69.28 | 68.76 | 68.34 | 68.10

0.5 114.10 | 89.92 | 82.37 | 75.57 | 73.06 | 71.75 | 70.42 | 69.34 | 68.73

Table B.1: Hy in km/sMpc for all parameter combinations € and 7 in Gyrs.

e\T 1.00 3.00 5.00 | 10.00 | 15.00 | 20.00 | 30.00 | 50.00 | 80.00
0.0001 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.0003 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.0007 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.001 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.002 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.004 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
0.008 0.70 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69

0.01 0.70 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69

0.02 0.70 0.70 0.70 0.69 0.69 0.69 0.69 0.69 0.69

0.05 0.72 0.71 0.71 0.70 0.70 0.70 0.69 0.69 0.69

0.08 0.74 0.72 0.71 0.71 0.70 0.70 0.70 0.69 0.69

0.1 0.75 0.73 0.72 0.71 0.70 0.70 0.70 0.69 0.69

0.3 0.85 0.81 0.79 0.75 0.74 0.73 0.72 0.71 0.70

0.5 0.97 0.93 0.90 0.84 0.80 0.78 0.76 0.73 0.72

Table B.2: 2, for all parameter combinations € and 7 in Gyrs.
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B.2 Fits

B.2.1 Best Fit Values for 3, and . priors

linear, /3, and Gy prior 1-loop, 3 and [ prior

- Best Fit 55 + Best Fit ' 55

55 55

=== CL 68% 50 === CL 68% 5.0

1074 — CL 95% > 107 — CL95% B
4.5

Ax? to Best Fit Value

3 <
10 “ 15

10%

0.0 1074 0.0
1 3 5 10 15 20 30 50 80 1 3 5 10 15 20 30 50 80
in gyrs 7 in gyrs

Figure B.1: Contours around the best fit DCDM value, marked by a black dot,
in the 2d parameter space and with priors for 8, and 8. The solid and dashed
black lines indicate the 95% and 68% confidence intervals. The linear fit is on
the left, the 1-loop fit on the right.

Here, we show the best fit contours for the g, and . prior in Figure B.1. The
best fit values are at Tpestit = 1GYTS, €pestac = 0.0003 with x? = 199.00 in the
linear case, and at Thestat = 3GYTS, €pestat = 0.002 with x2 = 194.60 in the 1-
loop case. The linear case doesn’t really differentiate from the original fit. The 1-
loop case though, only encompasses the patches we have seen before. Therefore,
the best fit values are not of much use and are mostly added for completion.
The important attribute is the exclusion shape which is still preserved.

B.2.2 Best Fit Values for the restricted Amplitude

Here, we show the best fit values for the restricted amplitude cases in Figure
B.2. The parameter space is smaller and only includes ¢ > 0.05 In the linear
case, the best fit values are at Tpestar = 10GyTS, €pestac = 0.3 with x? = 205.89
for the 5% prior, at Thestar = 10GYTS, €pestar = 0.3 with x? = 205.94 for the
10% prior and at Thestrs = DOGYTS, epestac = 0.08 with x2 = 206.15 for the fixed
amplitude.

In the 1-loop case, we have values of Tyestit = DOGyYTS, €pestar = 0.05 for the 5%
prior with x? = 192.23, Thestat = 30GyTS, €pestat = 0.05 with 2 = 191.77 for
the 10% prior and Tpestas = SOGYTS, €pestas = 0.5 with x? = 195.37 for the fixed
amplitude.

Since the differences in the allowed regions are relatively small, these values
aren’t of that much importance and are again only shown here for completion.
The excluded parameter space shows the same behavior as before and is there-
fore very robust.
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Figure B.2: Contours around the best fit DCDM value, marked by a black dot,
in the 2d parameter space and with different levels of amplitude restriction. The
left side shows the linear plots, the right one the 1-loop plots. The solid and
dashed black lines indicate the 95% and 68% confidence intervals.
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