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Feasibility Study for Measuring the Branching Ratioof B->¢
Mesons at Atlas
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Our Research Question
In a high-energy environment, what is the probtiitiat a B mesdrwill decay into ap (Phi) particle?

Background

In the Large Hadron Collid&{LHC) - which is an enormous, underground, circiparticle
accelerator built in Geneva - protons are accaddréd more than 99.9999% the speed of light.
Two beams of protons, accelerated in opposite tiires, are made to collide into one another,
precisely in the detector named "AftasThis particle detector can record all of the hemade
particles and hadrons that form as the result@ttilision. One of the types of hadrons that can
be formed in such an experiment is a pair of "Bangs. These B mesons always either form as
a pair, or not at all (Two B or not Two B).

There are 8 types of B mesons. Four of them invalvegular b (bottom) quark, which has an
electric charge of -1/3 eV:{bottom' quark + ‘anti-up' quark), §thottom' quark + ‘anti-down’

quark), bs('bottom' quark + ‘anti-strange' quark), and(bottom' quark + 'anti-charm' quark).
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The four remaining B mesons involve g'b bar’ or 'anti-bottom’) quark, which has anctie
charge of 1/3 eV b (‘anti-bottom' quark + 'up' quark)d lf'anti-bottom' quark + 'down' quark),
bs (‘anti-bottom' quark + 'strange' quark), aied('anti-bottom' quark + ‘charm' quark). When a
pair of B mesons is formed, one contains a b qaatckthe other contains agoark.

The Ji (Jpsi) meson is made up of ¢charm' quark + 'anti-charm' quark). It can bedoiced by
many processes. One such process is the decayBofmnason. When the yW/meson is not
produced from the decay of a B meson, its prodagbioint is the "Interaction Point” - IP (the
point where the two beams collide). But becauseBtimeeson has a certain "lifetime", when the
JAy meson is the product of a B meson decay, its mtomlupoint is a certain distance away from
the IP. This happens ONLY when the Jpsi is proddicad the B meson.

The Phi ) meson is made up of gstrange' quark + 'anti-strange’ quark). It atsm be
produced from many processes, among them the @é@B meson.

In this study, we took a sample of data, in whicbkré are 3/ mesons which have production
points that are not on the IP. This indicates ttes@nce of a B meson, which also indicates that
there has to be ANOTHER B meson (remember? Two BobrTwo B) Using this technique,
and this knowledge, we set out to find the peragnta Phi particles that were produced in a B
meson decay.

Analysis

All of the study was performed in the Linux opengtsystem, using a program named "Root" by
CERN, which is an object-oriented based program.

We searched forp mesons using their decay into charged Kaon§ (K). We took all
combinations of oppositely charged Kaons and catedltheir invariant mass.

Our simulated file had multiple types of particlsgnulating an actual proton collision: Phi
particles that came from B mesons, Phi particlest thdn't come from B mesons, and
“background”. The background is all the other wdes that are created due to the collision, but
are not “interesting” to the goal of the experiméitiese can be any type of particles. We were
interestedonly in the Phi particles that came from B mesons. Tdte between the B¢
particles and the background was very small: ~1:@08 first goal was to find a set of selection

criteria, in order to optimize the ratio. To findese selection criteria, we had to brainstorm and

17



Entries

look into the particles’ characteristics, in ortiedifferentiate between the types of particles. We

called these criteria: “cuts”. One by one, we fotimd set, made up of 6 cuts:

The cosine of the angle between the direction and the direction should be larger than
0.9 (a small angle.) In other words, the directodrthe Jiy and the direction of the should

be very close, because the both of thé B#sons in a pair are very close.

The ‘decay length’ of the particle — the distance between tjie production point and the
IP — should be larger than 0, in order to remoeedgibtion of Phi particles that were produced
on the IP, and reduce the background.

Assuming thep particle doesn't originate on the IP, the cosifighe angle between the
direction of its decay length and the directioriref particle’s momentum must be larger than
0.9 (a small angle,) reducing the chance of a wsengpasured IP-originating particle.

The cosine of the angle between each of the twakdrémaking up the particle) and their
respective jet must be larger than 0.975 — to nsake that they indeed are part of the jet.
The momentum of the particle, on the plane that is perpendicular ® d¢blliding beams,

must be larger than 1.8 GeV.

These cuts lowered the Bp> bg ratio to ~1:13. As shown in the plots belawgptimized the

data very well. These plots show the number ofigdagt as a function of the particles’ mass. The

‘signal’ of theo particle is easily seen around 1019 MeV.
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The probability that a B meson will decay into a pérticle can be stated in the simple equation:
Br = SphiB/#B

Where ‘Br’ stands for “Branching Ratio” (the proli#lp we are trying to measure), ‘SphiB’ is
the number of Phi particles that came from B megBrse), and ‘#B’ is the total number of B
mesons. Sadly, we don’t know the number of Bparticles, so SphiB can be exchanged as:
SphiB = Sphi * P

Where ‘Sphi’ is the total number of Phi particlesthe experiment, and ‘P’ is thprobability
that the Phi particle decayed from a B meson.

Using data from our sample file, we calculated ‘®ir~0.57; with an error smaller than 0.01.
The total number of Phi particles can be found &lguating the integral below tregnal that
we see in the graph. But because the graph sholygsle particles thapassed the cutswe
must upgrade the equation to include the chanaatecle has to pass all cuts, marked with the
lettere (epsilon):

Br = (Sphi * P) / (#B *¢)

Using the sample data file once again, we calcdlai@ ¢’ to be ~0.18; again with an error
smaller than 0.01.

Results

In this way, we could turn to a large data fileupped with our equation and calculated
probabilities, and run a test study, to attempfind the number of Phi particles that decayed
from B mesons.

Hence, we obtained a branching ratio of 0.0107@010, compared to the original branching
ratio in the file used of 0.0112.

Conclusion

We have demonstrated that using the above kineahatits, we can obtain an accuracy of 9%
on the branching ratio of Bg» This accuracy will increase with statistics, gsin larger data

sample, which suggests that such a search is possiBtlas.
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ATLAS detector. If this came about, | would likedontinue this feasibility study and turn it into

a measurement with real ATLAS data.
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Future Expectations
My personal hope is that | will be given a chanzéravel to CERN in Geneva and work on the
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Does translation initiation efficiency change dued cancer?
Which genes' translation initiation efficiency chamge?
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Background

Cancer is a term used for diseases in which abriarefia divide without control and are able to
invade other tissues. Cancer cells can spreadhir glarts of the body through the blood and
lymph systems.

Cancer may cause changes in the expression orabNi#yl of the genes. A lot of research
showed changes in transcription in caner but litlknown about changes in translation in these
diseases. Translation efficiency is regulated spoase to the frequency of the different tRNA
molecules in the cell.

Whether the tRNA molecules change in cancer andheh&anslation efficiency changes as a result
is not known. Such a change could lead to moreagjicianges, such as an increase or decrease in
the amount of the different types of proteins m¢kll.

In particular, interest is directed towards twodypof genes in cancer, oncogenes, and tumor
suppressors, whose expression often change iniskasg¢. An oncogene is a gene that when
mutated or expressed at abnormally-high levelsrimries to converting a normal cell into a

| 4 A
cancer cell.
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Tumor suppressor genes are genes that regulatgrdieh of cells. When these genes are
functioning properly, they can prevent and inhth growth of tumors. When tumor suppressor
genes are altered or inactivated (due to a mufatibay lose the ability to make a protein that

controls cell growth. Cells can then grow uncorémbland develop into a cancer.

Study Methods

The current research discusses the reciprocaleinéie between cancer and cell's translation
efficiency. The research includes several stages:

Analyze genomic data using a computer programminmd) rmathematical formulas in order to
calculate genes' translation initiation averageedpeat normal status and cancer status. We

denote by xthe speed of translation of codon | in a gene.r@le@e 3 average calculation

n

n 1 :":l‘ Xy T II+I2+"'+$"
formulas (harmon.. >i=1= | geometr_ V' 2T

orarithm=~- -~ ). hder

to decide which formula to use for calculating genieanslation average speed we calculated the
correlation coefficient of the proportion betweancer and normal average translation speeds
vs. MRNA sequence measurement.

MRNA sequence vs. Normal-Cancer
average speed prportion Harmonic

mRNA

-10 10 15
Proportion(LOG scale)

Harmonic correlation coefficient
0.00538434
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mRNA sequence vs. Normal-Cancer
average speed prportion Arithmetic

mRNA

' Proportion (LOG scale)

Arithmetic correlation coefficient
0.00370040

We found out that geometric average formula ismtable in our case, since the average we
calculated was always zero or aims to it sincealidhe codons appear at every gene.

We calculated average speeds by given genomic seguand given translation initiation speed
per codon, in normal status and 380 cancer saroplestients with glioblastoma.

After we analyzed the genomic data using theseditas, we calculated statistics facts about
this information, and made charts about them ireotd see the relation between normal and
cancer translation speed.

We filtered these factors and searched for gendscadons which their translation initiation
changed the most between cancer and normal statuses

Later on we analyzed via internet program (1, 2séhgenes in order to see if there is a bond
between them and checked their properties to s#yf are acting like an oncogene or tumor
suppressor.

The programs we used are: Gorilla [Gene Ontolagyiehment analLysis and

visuaLizAtion tool](1) and gene-cads(2). More imf@tion could be found at bibliography.
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@ Normalvs. Cancer average spped by codons
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Charts 3 and 4 reflect the Relation between caaoer normal samples average translation
speeds, by genes. Normal vs. 380 cancer sampleagavelhe grey line represents normal

equals cancer, genes above the lines are predategltranslated more rapidly in cancer.

N
Findings
The research findings are shown in the followingrth
Charts 1 and 2 reflect the relation between camrel normal samples average translation
speeds, by codons, in a Normal tissue vs. 380 caaceples average.
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3 Normalvs. Cancer average speed- Arithmetic,
by genes
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by genes

()

0.45
0.4 L
0.35

<
w

0.25

<
[N}

Cancer (average)

0.15

<
s

0.05

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
Normal

We choose few charts of normal vs. one of the aase@ples, which represents cases we found.
That charts are extreme situations; they haveatgelchanges between the speeds or difference
between the genes' changes, few genes speed giets im cancer while others get lower.

Charts 5 and 6 reflect the relation between camcel normal statuses average translation

initiation speeds, by arithmetic average calcutafmmula. Charts 7 and 8 reflect the relation by

harmonic average calculation formula.
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Discussion

We found out that there is a difference betweerteaand normal samples average translation
speeds, we can notice that from charts 1-4, tleeeedifference by codons and genes translation
speeds.

From charts 1 and 2 we can see that in most o€dldens translation speed is lower in cancer
except for two codons- TGC and TGT, that curiouslgle for the same amino actisteine

From charts 4-8 we can see that in different casamples the translation speed can change; be
higher or lower than normal translation speed. Fidmart 4 we can see that usually cancer
translation speed is lower.

We also noticed that as the translation initiaspeed gets higher the change between cancer and
normal translation initiation speed also grows.

During the research we found out some genes tleat titanslation initiation speed grow more
than others, and they appeared in many cancer sanagl higher translation initiation speed
growth; such as ELN, LST1 and COL13A.

In a literature search | found out that ELN bindscélls that rapidly expand and to cells' recover
(2). We also found out that the gene LST1 has hibitory effect on lymphocyte proliferation (2).
Also we found out few genes that their translagpeed growth is lower than others, or that their
speed gets lower in cancer, such as: RBM24, NFYCN#RY A, another form of that gene.

The largest change we found in NFYC was -0.5709.@G2 scale, which means that the
translation speed got lower by 0.673 in cancer-oatmhalf than in normal. That change
happened at NFYC >CCDS455.1|Hs37.1|chrl gene, TG&A569 sample.

The gene NFYC is involved in the transcription @® (2). It has been shown to interact with
the protein MYC (3). MYC is an oncogene, so thatwtated version of it, which causes it to be
constitutively expressed, is found in many cancéhss leads to the unregulated expression of
many genes, some of which are involved in cell ifedtion and results in the formation of

cancer (4).
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Website:http://cbl-gorilla.cs.technion.ac.il/

(2) Gene Cards- a searchable, integrated, databasenainhgenes that provides concise
genomic related information, on all known and pecésti human genes.

Website:http://www.genecards.org/

(3) Wikipedia. Websitehttp://en.wikipedia.orgpage: NFYC.

(4) Myc Cancer gene. Websitettp://www.myccancergene.org/

Vv N
Bibliography
(1) GORILLA - Gene Ontology enRIchment anaLysis andi@lszAtion tool.
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The effects of inhibition of protein synthesis on@nsolidation of
Extinction of Recent and Remote Aversive Memories
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Introduction

To survive in a world with varying stimuli, animalsve to learn which stimuli are safe and
which are not safe and need to be avoided. Basethisnthere are at least two types of
associative aversive paradigms that can be leameédtudied in the laboratory that are based on
different and distinct modalities; the contextuedif conditioning which associates a context with
electrical shock and the taste / odor conditiompagadigms which associates a more natural
modality with malaise feeling. The two paradigmarghcharacteristics of robust, intense and
one trial formation of the associative memory; thegn undergo extinction upon repeated
exposure with the stimulus without the reinforcetmen

The neural network participating in the acquisitiomintenance and extinction of both these
types of aversive memories might be overlapping @&ndcludes the amygdala, the medial
prefrontal cortex, the hippocampus and olfactogiaes.

The medial prefrontal cortex (mPFC) is engagedhéextinction of fear and impairments in this
region are associated with impairments and resistda extinction of fear. In our lab, they

Vv N
generalized the role of the mPFC to also the etitinof conditioned taste aversion in which the
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animal learns to associate between a novel taglegastatory malaise. It was shown that
blocking the inhibition of protein synthesis blodkextinction.

Why blockade of protein synthesis blocks extinction

For memory to be stored and remembered it mustabsferred from short-term storage to long-
term storage in a process termed consolidationeshany. Memory consolidation refers to the
progressive post-acquisition stabilization of thenmory trace. Research has shown that shortly
after learning, memory traces are fragile and sudde to disruption by various agents.
Memory consolidation mainly depends on protein 8gaits and thus blockade of protein
synthesis blocks memory. It can block the origiloamation of fear or aversive memory or the
memory of extinction depending on when we injeetitthibitor.

By testing memory at recent and remote time pomasearchers have been able to characterize
how the circuits that support memories are gragiualbrganized over time, to identify sites of
permanent storage in the cortex, and to providdeeme for reorganization at both regional and

sub-regional levels.

Objectives of this work: The aims of this work wee

1) The role of the mPFC in extinction of conditionedioo aversion as compared to contextual fear
conditioning.

2) The role of mPFC in recent vs remote extinctiothee memories

In order to examine the role of the mPFC we focumedblocking protein synthesis at a certain stage o

the experiment.

Methods
Surgery: In order to target the mPFC, we anaesthetizedrdahend its head was fixed in a
stereotaxic apparatus. Bilateral cannulae wereategdénto the mPFC and then the cannulae were

fixed in the brain by using dental cement. The vatge given one week to recover from surgery.

Conditioned odor aversion: Animals are trained to associate between the oflbawana and
malaise feeling. They get the odor of banana bykdrg odorized water and the malaise feeling
by injection of LiCl.

On the next exposure to the banana-odorized wisiierats avoid drinking though that they are

restricted in water-intake.
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The conditioned aversion is presented as an aeeirsilex, defined as [mL water/(mL water+mL
banana)*100] consumed in the test; hence, 50 iteBoaqual preference. Higher aversion index
means higher preference of water over banana.

Contextual fear conditioning: Animals learn to associate between context andredacshocks.
Recent memory: Was tested up to 4 days after leanmg

Remote memory: Was tested one month after learning

Results
Inhibition of protein synthesis inhibited the consdidation of extinction of both conditioned
odor aversion and contextual fear conditioning.

1) For the conditioned odor aversion, the control grehowed normal extinction, however,
the group that received protein synthesis inhibiw@s impaired in extinction. This was
expressed by high aversion index to the banandiaolu

2) In fear conditioning, the group that received salimto the mPFC (Control group) showed
normal extinction that was expressed by reducezling to the presentation in the context.

However, the group that received the protein sysishenhibitor showed impairment in

extinction.
Recent memory: Injection of anisomycin
into the mPFC after T1
100 m Vehicle (n=10)
m Anisomycin (n=14)
90
g 80
-
Remote memory: Injection of anisomycin 60 1
into the mPFC after T1 s0 |
110 T1 T2 T3
W Vehicle WAniso
100 - N=20 per grou
c 90
2
L:" % Figure 1: Microinfusion of the protein synthesis
R inhibitor into the mPFC after the first retrievatst
impaired extinction of recent conditioned odor mgmo
60 but not the extinction of remote memory. Star iatdis
5 significant difference between the groups.
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recent memory and remote memory.

Injection of anisomycininto the mPFC after

retrieval
100 4 * mvehicle (n=10)

80 - W Anisomycin (n=10}

*

60 -

40

% of Freezing

Retrieval Extinction 1 Extinction 2

100 4

*

W Vehicle

80 -+ M Anisomycin

*

60 -

40

% of Freezing

Retrieval Extinction 1 Extinction 2

Figure 2: Microinfusion of the protein synthesisilnitor into the mPFC after the first retrieval tes
impaired extinction of recent and remote contexfaal conditioning. Star indicates significant difénce

between the groups.

Different effects of inhibition of protein synthesbn extinction of remote and recent memory:
dependence on the paradigm of conditioning

1) In conditioned odor aversion, inhibition of protesynthesis in the mPFC did not affect
extinction of remote memory

2) In contextual conditioning inhibition of proteinrghesis impaired extinction of remote memory

N
For the fear conditioning memory we show that titehition of protein impairs extinction of
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protein synthesis in the mPFC.
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N
Conclusions
1) We bring new evidence showing that the protein Isgsis is important for extinction of
conditioned odor aversion.
2) Remote extinction memory of contextual conditionibgt not odor conditioning, requires
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Multifoliated Analytic Surfaces
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Intr oduction and the generalproblem
A real analytic non-singular surface S R3 (for instance, the graph of eeal analytic

function z= f(x, y) over an open domain (x, §D < R2) is said to be foliated, if it is
a union ofone-parametridamilies of non- singularpairwise disjoint analytic curved's
(s being theparameter)ocally analytically equivalert to a family of parallel lines on a
piece of a reaplane.

We saythat S is multi foliated, if there aréwo or differernt foliatigns onS by analytic
curves crossing each othéransversally(by a nonzero angle)For example, the graph of

an analytic function defined on treguarex| < 1, ly| < 1} is bi-foliated by the analytic

curvesT's and 'Y which aregraphs othe functions z=f (s, y) and z= f (x, t).

A more general example can be obtained as followssider two non- singular vector

fields X,Y in (R3, 0), nonsingular and lineandependenat the origin (i.e., X(O)\Y

(0) = 0).If these vector fieldeomnute,[X,Y ] =0, then their flows also commute and
admit the common integral surface S passing through the origin. This surface in
multifoliated: for any ¢, B) € the integral curves of the fieldX + BY form afoliation of S,

cf. [3].
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The general direction of the research can beulated as follows: asuming that a
surface is multifoliated by curves of known local ftagty, what conclusionscan be made
about the regularity of the surface itself

Algebraicity of a curve (the possibility of defining it Ipolynomial equations)is the most
fundamentaland the strongest form of spatiggularity. The following was thestarting
point of the researh.

Conjecturé. A 2-surface that admits two transversal analytic foliatioypsalgebraic curves,

is itself algebaic.

Statementof the main resuk

While the general form of the conjecture is still open, fatlewing par-ticular case (where
the algebraic curves are planar) is alresettled.

Theorem?2. A real analytic functiorf (X, y) of two variables, algebraic of glee 6 d
separately in each variable, is algebraic jointly irhbedriables and hathe degreer2d.
More precisely, if for any value x a the functionfa(y) = f (a, y) satisfiesa polynomial
equation Pa(y, z) = 0 of degree6 d in y, z, and similarly for any y¥ b the functionyp
(x) = f(x, b) satisfies an equatio@p(x, z) = 0, then there exists a polynomial R in the
three variables X, y, z sudinat fsatisfiesthe equationR(x, y,f (x, y)) = O.

Despite itsapparen simplicity, the questioiurnedout to beratherdel- icate, especially

no apriorianalyticity of the dependence &g and @ on a, resp., byasmade.

Methods of theproof

It is known that regularity results of the specified sort may well bery delicate. For
instance, the facthata function analytic in eaclariableseparatelyis analytic intwo
variables jointly, is a very difficult result frotme theory of several complex variables [2].
In our case we assumed from tkery beginning thisjoint analyticity, yet the remaining
difficulties turnedout to be quite significah newertheless.

The proof required developing of a general theoryatfebraicfunctions analytically
depending on th@arameters.The key lemma stateshat all Taylor coefficients of such
functions are algebraic and belong to the salgebraicextension field localized for the

central value of thgarameter.
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Future directions andrelationship to other problems

The next obvious step is to prove tl@onjecturein full generality, which weare now
working on. In the process we discovered some pher@mmdnch constitute unexpected
obstructionsto easy solvability of this problem. For instanceylanarfoliation by algebraic
curves not always can be rectified by an algebpdmediffeomorphism: theobstructionlies

in the local holonomygroup.

However, the further steps are more ambitious. If instéacgularity we will assume the
finiteness of local intersection degree, tlaparentlya completelydifferert toolkit should
be applied to see whether the surface bi-folidggedmulti-foliated) by curves of finite
local intersection degree, itself has finitecal intersection degree with respect to
codimension 2 affine subspaces. Tgeneralproblem could be considered as iatermediate
step to solution of thédilbert 16th problem [1].
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Preface
When observing the universe one notices the brightestemuvhich are galaxies. In between
the galaxies most of the Universe is empty. Surprisinglyen counting the atoms in the
universe, astronomers have found out that only 10%eatoms lie in galaxies. The remaining
90% therefore are thought to reside in the intergalactdiume (IGM). The detection of these

“missing atoms” is difficult. Since they are so rarefied lidjat that they emit is extremely faint.

One effective way to probe these atoms in the IGM isbserve light from the most remote

sources in the Universe and to measure how it is abd@b it travels through the IGM.

Research challenges and Goals
The aim of the research was to find the average metgaléaid filling factor of the intergalactic

medium by calculating the absorption at different filling faceord metallicity arguments.

Theoretical Background

First we need to define a few terms:

e Metallicity- Z : Astrophysicists call any chemical element other than hydragd helium a
metal. The Metallicity, marked in the present work as & niseasure of the total abundance
of metals relative to their abundance in solar-composgas, which well represents average

cosmic abundances. Metallicity is changing as the z gbmeause that as the z grows we go
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farther and farther in the universe and as we go innherse the level of metallicity is
decreased. This beaver is defined by the fordilar z)?.

Red Shift — z Due to the expansion of the Universe, distant sourcegeeeing and
therefore their radiation is (red)shifted to lower frequenisiea factor of 1+z, where z is the
redshift. Given the currently known geometry of thevdrse, this redshift is synonymous to
a distance measurement. Figure 3.1 shows the connéetimeen redshift and distance.
Filling Factor- f: The filling factor of the IGM in our models is the fractiohthe volume of
the Universe that has gaseous content, whereas thef rds Oniverse is assumed to be
empty. The filling factor is the ratio of the number abdel cells filled with matter to the
number of the total cells. Here, we define the parameteroha over the filling factor. For
example a filling factor of f = 25 means that for everyc2is there is one cell with gas
content and 24 Empty ones. The total amount of atomic mattee universe is known and
thus is constant in our models. Therefore, when theevaliuhe filling factor increases (less

full cells), the gas density in each filled cell increases.

Distanc in light years
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Absorption optical depth —t: The optical depth of a medium marked with the letter
represents the chance ) for a photon (light particle) to be absorbed in the ionad
Absorption in the intergalactic medium as a function ad Bhift at a given photon
frequency (or energy) is defined by the formwla) = [ Z(z) * n(z) * r(2) * o(z) dz,
where Z(z) represents the metallicity, n(z) representattira number density in the
intergalactic medium, r(z) represents the mean free paidhof ando(z) represents the
cross section for absorption of X-ray photons at angsneir0.5 keV at any given z. The
length scale r(z) represents the standard cosmologidajeometrical model of the

Universe, including the dark energy and dark matterpaomants.
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This research is motivated by a recent work by ProfeBsbtiar entitled "Can the soft X-ray

opacity towards high redshift sources probe the ngdsaryons”, where absorption of distant X-
ray sources indicated the presence of all the missing atoting IGM.

We use a one dimensional grid to describe the Universgesthinting point of our research is that

the matter is spread in "full" and "empty" bins acrossuhiverse in a constant filling factor.

Method

In the research we calculat€z) by applying the formula above. We generated a simulated
intergalactic medium in the computer. We assign a redealifte to a 1000 cells from z=0 to
z=10 (with redshift steps of 0.01). Subsequently, byyapp the formula we find the absorption

contribution of each cell.

In the formula(z) = [ Z(z) * n(z) * r(z) * 6(z) dz, we know that n, r, and'as functions of z,
so we have one more free parameter in the formula-edafhtity). Another free parameter in
the simulation is the filling factor. Filling factor influencéeetresulting, because it determines

the amount of matter in each cell, or n in the formuld,thns directly the level of absorption.

One of the problems with the filling factor is that we ddmbw where the "full"* cells are. For
example we know that for a filling factor of 25 there ifull cell for every 25 cells. We don't

know which one it is along a line of sight through the irdkxgtic medium. The full cell and its
distance from us determine the valuerofBy using different random values for the filling
factors, the position of the full cells change, thus chapghe value of. Through this method

we obtain an ensemble of simulations, which in effect Eitaudifferent lines of site (directions)
in the IGM. For example figure 1.1.

T in last cell

0.445
0.42E
0.40f
Figure 4.1 This figure shows the importance

o.ssi of the position of the first filled cell in a given
! filling factor (25). The horizontal axes are the

first full cell and the horizontal axes ar&'

* first fillad call
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Our solution to this problem was to draw different possibgitiad calculate the average
Our goal in the present research was to find the averagallicity and filling factor of the
intergalactic medium that will best match the observed optiathd We did this by comparing
our results to the results of Behar et al. (2011) for bath0.5 keV € = 0.4) and the standard
deviation (0.2) of the gamma ray bursts in that sam@edy©n, we realized thatalone is not
enough. We needed to compare two different indicatortmiroa meaningful constrain on the
|

IGM. The reason for this method is that the averader 100 (or more) draws, with a given

filling factor, is only a function of the metallicity. For@xple see figure 4.2.

Figure 4.2This plot showg as a function of f and Z;
The lighter the color the highertisOne can see that

for different filling factors the averag€ doesn't
change and the metallicity is the only factor.

Mty
The way we calculated the standard deviation is accordintg standard statistical definition.
We took ther values in all of the cells at each draw in a certain sitedlantergalactic medium
(certain filling factor and metallicity) and compared thenthi® average in the matching cells
of the same "intergalactic medium"”. After that we comp#&eith the average and the standard
deviation (denoted here as s) in our simulation to thetseBom Behar et al. (2011). We plot
below the parameter regimes in which there is a goadhrzetween the calculations and the
observed values.

Results

In the following we compare the averaggnd standard deviation for different simulated filling
factors and metallicitis to the observed values from Behat. €2011) that show an average
7 = 0.4 and standard deviation of 0.2. First, we wanted b tiire differences between different

filling factors in theirr value. You can see this in figures 5.1 and 5.2.
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Figure 5.1. In both of these figures we plot T vs. z. One can see that even though the
left plot is for f= 10 and the right one is for f= 80, both have the same average tau(blue

This plot shows that the filling factor does uniquely deterntieaveragevalue. We turn

find the relations between different metallicitis and therayer. The results are plotted in

figure 5.2.
Figure 5.3 In this figure, the lighter the color Figure 5.2. In this figure the lighter the color the
the higher is the standard deviation. This figure higher i .This plot shows that as the metallicity

shows that there is a strong relation between growsT grows as well. This figure also shows

t?otr_r[_gnd filling factor to the standard that the filling factor doesn't influence the

T T T T T %?
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After we understood the relations between different fillinrgdes and metallicitis to the average
7, we wanted to find the connection between different filliagtors and metallicitis to the
standard deviation. You can see in figure 5.3 thdt tiee filling factor and the metallicity affect
the standard deviation. From this plot, we can see thdteasetallicity or the filling factor
grows, the standard deviation grows too. We also cordgheeaverage from our calculations
to the average in Behar et al. (2011) (i.e.= 0.4). Thiscomparison is presented in Figure 5.4.
Since we already found that the filling factor alonesdaet affect the average we do not
expect to obtain specific filling factors that match the obsems of the IGM better than others,
but we can still learn from this plot about the metallicitis that bet&tch the observations. It
can be seen that the matching metallicity areas are apm@imty from Z=0.35 to Z=0.5. After
we compared the averagewe need to also compare our standard deviation calcidataotmat
from the IGM observations. This comparison is presentédume 5.5. From this comparison we
learn that the matching filling factor and metallicity appr@ximately a linear function of each
other. These two figures show us that there is onlyawea where both standard deviation and

|

average tau will be similar to the observations of the IQMe function for the average

0.4— [(1-0.4)2

similarity plot is simt = =

= similarity to 0.4, and the function for the standard

deviation similarity issim$ = @ = similarity to 0.2 where s is the standard deviation.
After we found out what are the matching areas of fillecidr and metallicity in both average

and standard deviation, we merge the plots (5.4 abgibto a single one, which gives the
combined best-matching values of the metallicity and thedilfactor to the ones in the IGM.

This plot is presented in figure 5.6

100

Figure 5.4.In this plot we compare the average
between the calculations and the observations.
The lighter the color, the better is the agreement.
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The function for the combined similarity in bothand standard deviation to the observations is

given by the formula sim szetsims,

L
A
oo . : : . -
| Figure 5.5 In this plot we compare the standard
I I deviation between the calculations and the obsenat
The lighter the color, the better the agreement.
i '
Figure 5.6.This plot displays the similarity areas
between our calculations of the combined averagel
standard deviation to the ones from the observsitidén
the IGM. The lighter the color, the better the agnent
]

In this plot one can see that the area with the best ragréebetween simulations and
observations is where the metallicity is between Z = 0.38B t0 0.5 and the filling factor is
between f = 70 and f = 30. One can also see thatrbasis quite big, and we need to narrow it
down. Thus, we zoom into a small area between Z =10.250.5 and between f =30 to f = 70
at higher resolution. This plot is presented in figure Where one can see that there is a 95%
match in the areas between Z=0.38 to Z=0.45 from a fifluatpr of f = 45 to f = 60.
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Figure 5.7. This plot displays the similarity areas
between our calculations of the average tau anulatd i 1
deviation to the ones from the observations of|Giel.
]

The lighter the color, the better the agreement.

0.36 0.38 0.40 042 0.44 0.46 0.48 0.50

Conclusion sty

The conclusions from our plots and calculations are thafiltimg factor and metallicity that
best match the observations of absorption in the IGMbateeen Z = 0.38to Z =0.45 and f =
45 to f=60. In these areas the similarity was over 95%.cdrfe narrow down this areas to a
smaller one, but because the errors in the observatiahtharrandomness of our calculations,

we won't be able to get a more accurate result ovdt areas in parameter space.

Further Research

There are several ideas for further research. Thenaligens we compared our results with were
all from the same kind of sources (GRBs) and do noesearily represent the entire IGM. An
idea that is already under research is to look at auation sources in the far universe, for
example quasars, and to compare our results to tHmssrvations. Another thing that can be
done is to get more accurate theoretical results byguairstronger computer to run these
calculations with more random lines of sight. One mbiegtthat can be done is to use censored
statistic. In the observations of the GRBs, many soueasired low absorption that was not
properly constrained, so the telescope could only peosid upper limit to the optical depth,
which the absorption cannot exceed. This field of researiclth uses upper limits for statistics,
is called "survival analysis". This approach will be besiafibecause it will enable the estimate

of averageand standard deviation for these sources as well.
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