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Origins of Modern Cosmology

A scientific approach to the shape and evolution of the
Universe date to the brilliant insights of Einstein’s
General Relativity in 1915.

Friedmann, Robertson, Walker, Lemaitre (1920" s)
applied Einstein’ s theory to the universe as a whole.

Several possible solutions to the equations existed:
expanding, contracting, or static.

Einstein preferred the extra symmetry of a static
Universe. Idea of small universe is consistent with static
universe. He postulated that it looks the same (on the
average) at all times.




Hubble Expansion in 1929 #** &¢
Edwin Hubble using the Mt. Wilson Observatory
above Pasadena made astronishing discoveries.

He proved that other galaxies exist beyond our own.

He observed light from galaxies at various distances
away from Earth. The light waves are stretched, or

redshifted, by the time they gets to us. The reason is
the expansion of space.

THE UNIVERSE
IS EXPANDING

Einstein
abandoned
the static Universe




Galaxies are moving apart
from one another. _
The Universe Is expanding.

(1929)




THE BIG BANG

14 BILLION
YEARS AGO

The Universe started out hot;
It is cooling and expanding.




Raisin Bread Model of the
Universe

As the loaf rises,
raisins move
steadily apart
from one

another, with the
loaf maintaining
the same
configuration.




As we look backwards in time;:

All points in infinite universe getting closer and
closer

--- yet universe can still be infinite all the way back!

Eventually, the density at each point is so great we
lose description (maybe string theory?)

Big Bang at every point in the universe.




Big Bang happens
everywhere at once (not at
single point)




Where do we stand In
Cosmology?

Big questions answered at the turn of the millenium:

What is the geometry of the Universe?

What is the total mass/energy content of the Universe?
How old is the Universe?

Primordial density perturbations lead to growth of structure

BUT other big questions remain:

How did the Universe begin?
What is the Universe made of? Dark matter, dark energy.




Geometry of the Universe

Closed Geometry = Open Geometry Flat Geometry




Geometry of the Universe




The Universe according to ESA’s

Planck Space Telescope:
the Cosmic Microwave Backgroun_d (light leftover

from the hot early epoch of the universe)




Planck Data

If light moves in straight lines, then we expect a peak at 1 degree

Multipole moment, ¢
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2000: The geometry of the universe is FLAT!




Universe has Flat Geometry

Universe is NOT two-dimensional.
Goes out to infinity in all three directions:

Shortest distance between two
points is a straight line.

No curvature required,
no weird geometry. 0




General Relativity: Einstein’ s
Field Equations (1915)

Curvature of Distribution of
space mass/energy

Some constants

Relates geometry (left hand side of equation)
to

matter/energy content (right hand side of
equation)




Geometry is Determined by
Matter Content

Warping of Spacetime:




Einstein’s relativity connects
the geometry with the total
mass/energy content

The energy density of the universe is

p=p =107 gm/cm’

(compare to water on Earth, which has 1 gm/cm”3 )

This is the density of “outer space” (as | tried to explain to the
Queen of Sweden)




SH initials in WMAP satellite data




What is the Universe made of?
The answer is very SURPRISING!

All the objects of our daily experience:

e T

ALL ADD UP TO ONLY 5% OF THE UNIVERSE!




PIE PICTURE OF THE UNIVERSE

Ordinary matter
5%

Less than 5% ordinary matter.
What is the dark matter? What is the dark energy?




The Cosmic Cocktail Recipe

3 oz. dark matter

7 oz. dark energy

1/2 oz. hydrogen and helium gas

3 thousandths oz. other chemical elements
5 hundredths oz. stars

5 hundredths oz. neutrinos
5 ten-thousandths oz. cosmic microwave background light

1 millionth oz. supermassive black holes

Shaken, not stirred.

Secret ingredient: dark matter
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The Dark Matter Problem is 90 years
old: Dates back to Knut Lundmark in
1930 and Fritz Zwicky in 1933

Knut Lundmark
= e

Galaxies in the
Coma cluster were
moving too rapidly.

Proposed
Dunkle Materie
as the explanation.

It's not stars, it doesn’t shine.
It's DARK.




Vera Rubin and Kent Ford
In 1970s

Studied rotation curves
of galaxies, and found
that they are all FLAT.

This work led to scientific
consensus that the DM
problem is ubiquitous.




Analogy: Solar System
Rotation Curve
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Seolar System Rotation Curve

Average Speeds

of the Planets v = VGM/r

As you move out from
the Sun, speeds of the
planets drop.

| - l L1 1 1 l L1 1 1 l 1 1 1 I L1 1 1

If Sun were more massive,
planets would move faster

10 =20
r (AU)

SHOWS THE IDEA (This slide has nothing to do with proving DARK MATTER exists)
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Tyco Brahe
546-1601)

Lost his nose in a duel,
and wore a gold and
silver replacement.

Studied planetary orbits.

Died of a burst bladder
at a dinner with the king.




Now let’s get back to Dark Matter:
Rotation Curves of Galaxies

Orbit of a starin a
Galaxy: speed is
Determined by
Mass. Larger mass
causes faster orbits.

GM(r)m _ my”

2
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95% of the matter in galaxies is

unknown dark matter

Rotation Curves of Galaxies:

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Our Galaxy:
The Milky Way

The mass of the galaxy:

solar masses

Perseus arm

Orion arm

Cygnus arm

Centaurus arm

Sagittarlus arm .

\

Rotation

o 80,000 Iy e
25,000 ly

Central bulge
Galactic nucleus

Globular clusters




2020 Nobel Prize in Physics

(half) for the discovery of the
supermassive black hole at the center of
our Milky Way Galaxy

Reinhard Genzel

Andrea M. Ghez

The BH weighs 4 million Suns







SUPERMASSIVE BLACK

HOLES are NOT the DARK
MATTER

Every galaxy has one at the
center, but they make up only a
tiny fraction of the Universe as
a whole




Galaxies have Dark
Matter Haloes
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Einstein’s Lensing:
Another way to detect
dark matter: it makes

light bend
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Strong lensing by dark
matter

Gravitational Lens in Abell 2218 HST - WFPC2

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA







. Two merging clusters: dark matter passes through while atoms get stuck -« -
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Evidence for Dark Matter:
Formation of Structure,
Computer Simulations

Initial conditions 7=28.62
from inflation

Dark Matter particles
come together to
make galaxies,
clusters, and larger
scale structures

Computer simulations
with dark matter
match the data
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Evidence for Dark Matter
Redux

=There exists a wide variety of
iIndependent indications that
dark maftter exists

*Each of these observations infer
dark maftter’ s presence through
its gravitational influence

=Still no obbservations of dark
matter’ s non-gravitational
inferactions. We still don’t know
what it is

133 rotation curve




PIE CHART OF THE UNIVERSE

WHAT ARE THE PIECES OF THE PIE?7??




WHAT IS THE DARK MATTER?

The Dark Matter is NOT

« Diffuse Hot Gas (would produce x-rays)

* Cool Neutral Hydrogen (see in quasar absorption
lines)

« Small lumps or snowballs of hydrogen (would
evaporate)

* Rocks or Dust (high metallicity)

(Hegyi and Olive 1986)

« Small stars, planetary objects, white dwarfs or
neutron stars (Fields, Freese, and Graff 1990s)



Neutrinos (too light, ruin galaxy formation)
Sterile Neutrinos: no Standard Model interaction
Primordial black holes

Asymmetric Dark Matter
Light Dark Matter, Fuzzy DM

) Florian Kuhnel
Self Interacting Dark Matter Srsrfa
Q-balls Ay Black Holes
WIMPzillas '




Primordial Black Holes as
Dark Matter?

Primordial: they would have been born in the

Universe’s first fractions of a second®Wis=la

fluctuations in the density led to small regions having
enough mass to collapse in on themselves.

One possibility: they formed at the transition in the

early Universe when free quarks became bound
together into protons, neutrons, etc. Pressure drop
led to black holes.

Resurgence of interest as possible explanation of

gravitational waves seen in LIGO detector in 2016
due to merging black holes as massive as 30 suns}

There could be millions of these between us and the
center of the Milky Way.




Gravitational Waves

Gravitational waves alternately stretch and squeeze
space-time both vertically and horizontally as they
propagate.




Detection of Gravitational
Waves by LIGO

Two arms, 4km each, length of one increases while the other decreases —
by a fraction of the size of a proton -- when gravitational waves come by
that stretch the spacetime differently in perpendicular directions

2017 Nobel Prize
to Barish, Thorne,
and Weiss




Best motivated Dark matter
candidates: cosmologists don't need
to "invent" new particles
m,~10-G9 eV

arise in Pecceil-Quinn

(WIMPS). e.g.,neutralinos

solution to strong-CP

problem

(Weinberg; Wilczek;
Dine, Fischler, Srednicki;

Zhitnitskii)




Axions

Axions automatically exist in a proposed solution to
the strong CP problem in the theory of strong
interaction. They are very light, weighing a trillionth
as much as protons; yet they are slow-moving. Axions
are among the top candidates for dark matter.

Frank Wilczek

Steven Weinberg




Steven Weinberg, 1933- July 23, 2021

Driver of some of the most
groundbreaking ideas of
the last half century. One
of the most important
thinkers on the planet and
a wonderful human being.

Foundational work creating
the Standard Model of
Particle Physics.

We will miss him terribly at
University of Texas --

A major loss for us and for
the world!




Weinberg Institute for Theoretical
Physics at UT Austin

‘The University of Texas at Austin
. Institute About Research People News Events Outreach e

Weinberg Institute for
Theoretical Physics

Researching at the intersection of astrophysics, cosmology,
physics and high-energy physics.

IN THE TRADITION OF STEVEN WEINBERG

Center for Gravitational Physics

With research that aims to unravel the mystery of
strong-field gravity in our universe, the center
sparks new ideas and collaborations in
gravitational research.

Our research & people

Texas Center for Cosmology and
Astroparticle Physics

The center brings together researchers from the
departments of Physics and Astronomy to
facilitate interdisciplinary research in cosmology
and astroparticle physics.

Our research & people

Theory Group

With scientists pursuing a deeper understanding
of a variety of challenges facing theoretical
physics, the Theory Group explores topics ranging
from understanding quantum mechanics and
gravity in cosmology to particle physics
phenomenology.

Our research & people




Summary Weinberg's Legacy Travel Information Accommodations

Scientific Program Social Activities Attendees Organizing Committee

Register Now

Weinberg

Inaugural
onference

November 14 -17, 2024

AT&T Conference Center
1900 University Avenue
Austin, TX 78705




Very active area: Searches for
Axions and Axion Like Particles
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Among the top candidates for
Dark Matter Particles: WINMPs

Weakly Interacting Massive Particles

Billions pass through your body every
second (one a day—month hits)

No strong nuclear forces
No electromagnetic forces
Yes, they feel gravity

Of the four fundamental forces, the
other possibility is weak interactions
(e.g. responsible for radioactivity)

Weigh 1 to 10,000 times protons



Two reasons we favor WIMPs:
First, the numbers come out

right’!
Many are their

own antipartners. Annihilation rate in the early universe
determines the density today.

This is the mass fraction of WIMPs today, and gives
the right answer if the dark matter is weakly
interacting




Another reason we favor WIMPS: Iin
particle theories, eg supersymmetry

* Every particle we know has a partner

Standard particles SUSY particles

UAEA L

Bl

. Quarks . Leptons

* The lightest supersymmetric particle
may be the dark matter.



Collider Search (make it)
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Indirect detection (break it)




FIRST WAY TO SEARCH FOR WIMPS
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LHC= 27knt

Rlng that IS 17 mlles around.
= Two proton beams traveling underground in opposite
directions collide at the locations of the detectors



ATLAS detector:

Fabiola Gianotti, spokesperson for Higgs searches
now Director General at CERN




ATLAS Detector at CERN
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Brookhaven's Sally Dawson
Is known for her work on the Higgs




Second major goal of LHC: search
for SUSY and dark matter

* Two signatures: Missing energy plus jets

* Nothing seen yet: particle masses pushed to
higher masses



SECOND WAY TO
SEARCH FOR WIMPS




A WIMP in the Galaxy
travels through our
detectors. It hits a
nucleus, and deposits .
a tiny amount of energy. §
The nucleus recaoills, | 9
and we detect

this energy deposit.

Nuclear recoil

{neutrons, WIMPs)

Expected Rate: less than one count/kg/day!



PhD Advisor at Univ of Chicago, David Schramm




Drukier, Freese, & Spergel (19806)

We studied the WIMPs in the Galaxy and the
particle physics of the interactions to compute
expected count rates, and we proposed annual
modulation to identify a WIMP signal
— e

~ 3




A PR 2 ST ~ W] Needto
& s e A l% shield
Cosmic
Rays

XENON experiment in Gran Sasso Tunnel



UNDERGROUND DARK MATTER
LABORATORIES WORLDWIDE

SNOLAB
DEAP/CLEAN®
PICASSO | N
Soudan R . | Gran Sasso
CcDMS' s e RUEN CRESST'
CoGeNT' N s DAMA/LIBRA*
WX A DarkSide®
XENON?®
& Frejus/Modane
Techniques: s EDELWEISS'
" Cryogenic (Ge, Si, etc.) [F 2
* Solid Scintillator (Nal, Csl) : South Pole
° Noble Liquids (LXe, LAr) [ DM-ICE*

e—




DAMA annual modulation

Drukier, Freese, and Spergel (1986);
= Freese, Frieman, and Gould (1988)

= 2 3} -
5— |:u: | _‘ 2-6 keVee 1
i 2 . ) e :,;_ 2 ]
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= ? 0 ‘:‘ i
LG s DAMA/LIBRA — Best-fit A
1996 1998 2000 2002 2004 2006 2008 2010

Nal crystals in Gran Sasso Tunnel under the Apennine
Mountains near Rome.

Data do show modulation at 14 sigma. Peak in June,

minimum in December (as predicted). Are these
WIMPs??



Two Issues with DAMA

1. The experimenters won't release their data to the
public

2. Comparison to other experiments:

Other experiments don’t confirm their results
(see no signal)
But comparison is difficult because
experiments are made of different
detector materials




“I"'m a Spaniard caught

:L between two Italian women”

Rita Bernabel, ;2 Collar, COGENT |
DAMA Elena Aprile, XENON



Bounds on Spin Independent

WIMPs

Events
in detector

BUT:

--- it's hard to
compare results
from different
detector materials
--- can we trust
results near
threshold?
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o test DAMA
snnexplained signal still there after 13 years
= Other groups are now using the same material:

Nal crystals
x COSINE-100 has new results

= NO MODULATION: ""does not confirm” DAMA
iIn terms of dark matter interpretation

s SABRE
s ANAIS also has new results, no modulation

= COSINUS
= DAMA, the only expt with signal isn’'t confirmed



Talk at International Dark Matter

meeting in ’Aquila last summer:
Cosine-100 disagrees with DAMA at
99% statistical confidence

No Modulation Detected

6.7-20 keVy,

[ COSINE-100
3.250 AL

«—“K
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Identification of Dark Matter 2024 CENTERFOR -9

AL 14 Jul-
PHYSICS 2024



Paleodetectors

WIMPs leave tracks in ancient
minerals from 10km below the
surface of the Earth.

Collecting tracks for 500 Myr.

Backgrounds: Ur-238 decay

and fission

Take advantage of nanotools: can
identify nanometer tracks in 3D

Pat Stengel

Digging for e
dark matter

Despite making up most of
the universe, we still haven't
detected dark matter. A clue

could lie buried in ancient rocks,

savs physicist Sebastian Baum

. 0S
around us-accounts for only one-fifth of all
matter. The remaining 80 per cent is a mystery.

After decades trving to hunt down this




New Research Direction
with many ongoin |
experimental efforts worldwide

e.g. Color Centers:

Vacancies in crystal lattice,

e pairs fill in, get excited and fluoresce,
the crystal changes color

Biannual Conferences
Trieste 2022
Wash DC 2024

Useful for many things:

Dark matter

Neutrinos from Supernovae
Cosmic Ray neutrinos
Monitoring Nuclear Reactors




Paleodetector Experimental
Efforts have received funding!

1) Josh Spitz at Univ of Michigan got 1.5M from the
Moore Foundation to study neutrinos from cosmic

rays
2) We got an NSF grant for 3.5M led by Patrick

Huber at VA Tech together with international
collaboration (Europe, Japan)
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Many WIMPs are their own-\
antiparticles, annihilate
among themselves:

-1) Early Universe gives WIMP W+ T q
miracle

.2) Indirect Detection expfts et V
look for annihilation products 0
N

.3) Same process can power
Stars (dark stars)




Indirect

Detection: looking tor DM

annihilation signals

AMS aboard the Intfernational

excess e+

lceCube

Space At the South Pole

ll Searching for neutrinos




INDIRECT
DETECTION: HIGH
ENERGY
PHOTONS
(GAMMA-RAYS)

Are they from DM
annihilation?

THE FERMI
SATELLITE




Stony Brooks’ Neelima Sehgal




The gamma ray sky

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner e

Excess from Galactic Center could be from Dark Matter annihilatior



Towards galactic center:

Model and subtract
astrophysical sources

Excess remains

Consistent with DM (50 GeV)
BUT it could be astrophysical

point sources. Status unclear.

(Hooper and Goodenough)

Interesting Hint of Detection!

1.0 - 3.16 GeV 0.316 - 1.0 GeV

3.16 - 10 GeV

2:5°

-2.5°

2.5°

-2.5°

2.5

-2.5°

Total Flux

-
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4.0
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4 6.0

4.5
3.0
15
0.0
20.0
16.0
12.0
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FOURTH WAY TO
SEARCH FOR WIMPS




Fourth Way: Find Dark Stars (hydrogen

stars powered by dark matter) in James
Webb Space Telescope, sequel to Hubble
N Doug Spolyar, P. GondoIcS nace eleSCO e

DAVID GRANT presents e
A JOHN CARPENTER fim From
ALAN DEAN FOSTER .
FIRST

: 2001:A SPACE ODYSSEY
‘(S‘;\ : . THEN e ;
THE POSEIDON ADVENTURE
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==== Douglas Spolyar,

bombed out in space ' Paolo Gondolo
with a8 spaced out bomb!




. These may have
been seen in James Webb Space Telescope.




Basic Picture

The first stars form 200 million years after the Big

Bang in the centers of protogalaxies --- right in the
DM rich center.

As a gas cloud cools and collapses en route to star
formation, the cloud pulls in more DM
gravitationally.

DM annihilation products typically include e+/e- and
photons. These collide with hydrogen, are trapped
Inside the cloud, and heat it up.

At a high enough DM density, the DM heating
overwhelms any cooling mechanisms; the cloud can
no longer continue to cool and collapse. A Dark Star
IS born, powered by DM.




DS Properties
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IHeIpS Solve the BIG BLACK HOLE PROBLEM!_

After the Dark Stars die, they collapse to million solar mass

black holes which can merge together to make the

otherwise unexplained very early giant black holes.
Challenging to form 10'© M@ Supermassive Black Holes
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Observing Dark Stars with
James Webb Space Telescope

| /{{ﬁ/  . '

One supermassive dark star would be as bright as an
entire early galaxy of stars. Observable in JWST!




Dark Stars in JWST

I

T Ni=10M
Mpe=10"Mg

Extended AC
:|With Capture
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mininm
WST ADVANCED DEEP EXTRAGALACTIC SURVEY (JADES)

WEBB SPECTRA REACH NEW MILESTONE IN REDSHIFT FRONTIER

NIRCam Imaging NIRSpec Microshutter Array Spectroscopy

Highest redshift
A

Jades z13

Jadesz12.

2 - : :
Warelengih n
NEBB Lowest redshift

SPACE TELESCOPE




* 1) Point object (SMDS) vs. extended object

(galaxy)
« 2) DS spectra match data (the right amount of

light in different wavelength bands)

« 3) Dark stars are only made of hydrogen and
helium from the Big Bang; galaxies have many
other elements like carbon, nitrogen, etc.

* 4) Smoking gun for Dark Stars:
Hell1640 absorption line



JADES-z13: z=13.98,u=1.50, y>=14.12, 10°M,; SMDS Spectrum
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The Bottom Line

JWST found ~ 700 bright objects from the early
Universe. They assumed these are “galaxy
candidates”

Too many galaxies for the standard model of
cosmology.

Are some of them Dark Stars?

One Dark Star can be as bright as an entire galaxy of
early stars

OUR RESULTS: Two of the five hi-z JWST objects w
published spectra are consistent with Dark Stars.




WIMP Huntir
Good chance of des

decaqade

Q-
rection this

Direct Detection

Indirect Detection

Collider Searches

Looking for Dark Stars
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Even stranger: Dark Energy




DARK ENERGY: Galaxies
are accelerating apart
from one another!




The three women representing Dark Matter are, from the right, Katherine
Freese, Elena Aprile, and Glennys Farrar. Continuing to the left are three men
representing Dark Energy: Michael Turner, Saul Perimutter and Brian Greene

(co-host of the Festival).




“Dark matter Is attractive, while
dark energy is repulsive!”




The Cosmic Cocktail Recipe

3 oz. dark matter

7 oz. dark energy

1/2 oz. hydrogen and helium gas

3 thousandths oz. other chemical elements
5 hundredths oz. stars

5 hundredths oz. neutrinos
5 ten-thousandths oz. cosmic microwave background light

1 millionth oz. supermassive black holes

Shaken, not stirred.

Secret ingredient: dark matter
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Fuzzy Dark Matter (UltraLight Axion)

Particle masses are around 107-32 times that of a
proton. So light they act more like waves than
particles.

At scales larger than galaxies the dark matter acts
like cold dark matter, while below the scale quantum
pressure from the uncertainty principle suppresses
the smaller structure formation so that it can resolve
the small scale crisis of the conventional cold dark

matter model.




Fuzzy Dark Matter (ultralight axion)

Particle masses are around 104-32 times that of a proton.
So light they act more like waves than particles.

Fuzzy DM. Another possibility is DM as an ultralight scalar field. For particles of mass m
and velocity v, the corresponding de Broglie wavelength is

1002 ev\) [ 1073
).d3~600pc( me )( ) (2)

Vv

The wave nature of the DM stabilizes it from collapse on scales of A 43, smoothing out inhomo-
geneities on smaller scales and thereby suppressing structure [230]. For DM within the Galaxy;
the scalar field behaves classically. Its pressure oscillates with an angular frequency w ~ 2m
and induces oscillations in the gravitational potential [231]. DM masses of m ~ 10723 eV
are particularly interesting, since the oscillation frequency f ~ 5 x 10~%(m/107??eV) Hz is in
the sensitivity range of PTAs. Current limits constrains the ultralight DM density to be below
6 GeV/cm? for masses m < 10723 eV [232].




Dark Sector Candidates, Anomalies, and Search Techniques
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Super Massive DS due to extended adiabatic contraction since
reservoir has been replenished due to orbital structure
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Observed Flux(nJy)

Observed Flux(nJy)
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Figure 7. Spectra for supermassive DSs formed at zform = 15 (formation redshift)




Star reaches T=107K, fusion sets in.

A. Heger finds that fusion powered stars
heavier than 153,000 solar masses are
unstable and collapse to BH

Less massive Pop Il star lives a million
years, then becomes a Black Hole

Helps explain observed black holes:

(I) in centers of galaxies

(i1) billion solar mass BH at z=6 (Fan, Jiang)
(iif) intermediate mass BH




Very Massive progenitor Million Solar Masses at z=6
No other way to form supermassive BH this early
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X-B Wu et al. Nature 518, 512-515 (2015) doi:10.
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An 800 million solar mass black hole in a
significantly neutral universe at redshift 7.5

Eduardo Banados'’, Bram P. Venemans?, Chiara Mazzucchelli, Emanuele P. Farina?,
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ABSTRACT

Quasars are the most luminous non-transient objects known, and as such, they enable un-
paralleled studies of the universe at the earliest cosmic epochs. However, despite extensive
efforts from the astronomical community, the quasar ULAS J1120+0641 at z = 7.09 (hereafter
J1120+0641) has remained as the only one known at z > 7 for more than half a decade’. Here
we report observations of the quasar ULAS J134208.10+092838.61 (hereafter J1342+0928) at a
redshift of z = 7.54. This quasar has a bolometric luminosity of 4 x 10'3 L, and a black hole mass
of 8 x 105M,. The existence of this supermassive black hole when the universe was only 690
Myr old, i.e., just 5% its current age, reinforces early black hole growth models that allow black
holes with initial masses > 10°M,2° or episodic hyper-Eddington accretion®:5. We see strong
evidence of the quasar’s Lyo emission line being absorbed by a Gunn-Peterson damping wing
from the intergalactic medium, as would be expected if the intergalactic hydrogen surround-
ing J1342+0928 is significantly neutral. We derive a significant neutral fraction, although the
exact value depends on the modeling. However, even in our most conservative analysis we
find xy, > 0.33 (x> 0.11) at 68% (95%) probability, indicating that we are probing well within the
reionization epoch.




