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Abstract: The initial conditions of our Universe can be summarized on a single sheet of paper. Y et the Universeis full of complex structures today,
such as stars, galaxies and groups of galaxies. | will describe how complexity emerged in the form of the first stars out of the smple initial state of
the Universe at early cosmic times. The future of the Universe is even more surprising. Over the past decade it was realized that the cosmic
expansion has been accelerating. If this accelerated expansion will continue into the future, then within a hundred billion years there will be no

galaxies left for us to observe within the cosmic horizon except one: the merger product between our own Milky Way galaxy and its nearest
neighbor, the Andromeda galaxy.
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The initial conditions
of the Universe can be
summarized on a
single sheet of paper,

yet thousands of books
cannot fully describe
the complex structures
we see today ...
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We can feed the initial conditions to a computer and
solve for the evolution of cosmic structure. Does it
mean that the fate of everthing else (including our
own daily actions as human beings) was already



On small scales the universe is clumpy

Early imes :
Density peritirization
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The building blocks of life were not
available in the Big Bang...

Rocky planet:
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The building blocks of life were not
available in the Big Bang...

Rocky planet:

iron (Fe) core

Life: H50
A
Big Bang stars

and they will not be available in the distant futire...




{201 - of the Universe

Astronomers are trying to fill in
the blank pages in our photo album
of the infantumiverse

W

By Abraham Loeh
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Cosmic-Archeology

L —

The more distant a source is, the more fime it fakes for ifs ight to reach us Hence the hght
must have been emitfed when the universe was younger. By looking af distant sources we
can frace the history of the universe




Evidence that Most Matter is EM Dark




Cosmic Microwave Background (WMAPS)
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The polarization data mndicates that the first stars must
have formed 400 million years after the big bang, when
the universe was only a few percent of is current age!

Dunkliey et al. 2008



The First Dwarf Galaxies Form at z~30

Yoshrda of
al 2003




The First Dwarf Galaxies Form at z~30

The distribution of matter can be
mapped through:

(1) Surveys of galaxies

(i) Surveys of the difflses

(intergalactic) gus
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Obsorving the OStars




Hubble Ultra Deep Field (HUDF)
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Hubble Ultra Deep Field (HUDF)
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A Tres-dmanscnal view of the Hubbis Uitra Desp ~elc Each piane i3 abslad with
the age of the unrvarse at the time when the light we now sas left the Jalaxes.







ong Gamma-Ray Bursts: Observing One Star at a Time

Collapse of a Massive Star
(accompanied by a supernova )

Existing finder: Swiff; Proposed: JANUS, EXIST (high-z (R Bs)




A Bright Explosion 600 Million Years after the Big Bang
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James Webb Space Telescope (successor to Hubble Space
Telescope): Searching for the First [.1

o \
L ¥

Mirror diamefer: 6.5
meter

; Materiaf: beryiliim

l-

18 segments
_—

t::: ‘avelength coverage:
0.6-28 micron

—

L2 orbit

Launch date: 2013
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xtremely Large Telescopes (20-40 meters

« GMT=Seven mjrrzlg, each 8.4m in diameter
« TMT. EELT — segmented 20-40m aperture




Obsarving the G asmic FCpdrogeon
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Hydrogen

Ground level
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21cm Tomography of lonized Bubbles During Reionization is like
Slicing Swiss Cheese

>

Observed wavelength < distance
2lecm x (1 + z)




Mellema et al 2006
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Separating the Physics from the Astrophysics

Physics: initial conditions from inflation;
nature of dark matter and dark energy

Astrophysics: consequences of star formation

Three epochs:
mapping of density
fluctuations through 2 1cm absorption

anisotropy of the 21cm power
spectrum due to peculiar velocities

dense pockets of residual
hiydrogen (DLAs) trace large scale structure




Counting Modes in Cosmological Surveys
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Experiments

*MWA (Murchison Wide-Field Array)
MIT'U Melbourne ATNF ANU/CfA/Raman I

*LOFAR (Low-frequency Array)
Netherlands

*21CMA (formerly known as PAST)
China

*PAPFR
UCB/NRAO

*GMRT (Giant Meterwave Radio Telescope) = -
India/CITA/Pitfsburg

*SKA (Square Kilometer Array)

International




Murchison Wide-Field Array: mapping

cosmic hydrogen through its 21cm emission

. tlles of 16 dlpole antennae 80 3001\/IHZ
* 500 antenna tiles with total collectlng area 8000 sq.m. at

OMH7 across = m area” few aremin resc 28




Murchison Wide-Field Array: mapping
cosmic hydrogen through its 21cm emission

e 4mx4m tiles of 16 diol antennae, 80—30N[HZ
* 500 antenna tiles with total collecting area 8000 sq.m. at
OMNMH7 sero 7

7M1n resolutior

2 K111 ATCA  168W &



Terrestrial Radio Frequency Interference

200dB = 108)y : Required: ~ 10ulJy



a-lerresirials can see us wiitn an UMwA-like

observatory out to 50 light years!

r | Power/Hz







& a more advanced  civilization is
discovered, 1t would be lempling lo ask them
if they know more about the “Universe... but
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Ballistic Missile Early Warning Systems




Ballistic Missile Early Warning Systems

nulitary purpeoses, we better not communicate with the
Rezabbtoet ovtra torvroctrral ~rvrlz~atios




Enough about the past...
what does the future hold?




The Long Term Future of Extragalactic Astronomy
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Analogy

Ants = Photons Balloon=Expanding Space
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Future Evolution of Nearby Large-Scale Structure




How many galaxies will reside within
our event horizon in 100 billion years?
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Answer: one surrounded by vacuum




How many galaxies will reside within
our event horizon in 100 billion years?

Answer: one surrounded by vacuum
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Our galaxy is on a collision
course with its neighbor, the -«
Andromeda Galaxy. What will
the night sky look like after the
crash? v sy ABRAMAM LOEB AND T.1.(
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The Forthcoming Collision Between the

Milky-Way and Andromeda
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The Forthcoming Collision Between the
Milky-Way and Andromeda

The merger product is the only cosmological object
that will be observable to future astronomers m 100
billion years

Collision will occur during the lifetime of the sun,
The mght sky will change

Simulated with an N-body/hydrodynamic code (Cox
& Loeb 2007)

The only paper of mine that has a chance of being
cited in five billion years...



The Local Group

D
Milky Way

102 M . e
Andromeda
1.6 x 10'-M_.

o
—

(2.6 X 102 M) / -

Intragroup Medium







locaigraup

Gas Stars 6.429
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locaigraup

Gas Stars 7.286




localgroup

Gas Stars 15.286
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Fate of the Sun
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S-Stars Orbits Around SerA*

Mgy = (4.5 £ 0.4) x 105M;

daoc = 8.4 +0.4kpc (BH at rest m GC)

Ghez et al 2008; Genzel et al 2008
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S-Stars Orbits Around SerA*

Mgy = (4.5 £ 0.4) x 105M;
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No, but no worries - you will be able to hear us for
~10 minutes until you reach the singularity...
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Is general relativity a valid description of strong gravity?

Rroderick & T oeh 70052




Broderick & Loeb, 2006, MNRAS, 367, 905

L |
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SgrA*

230 GHz
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with irfferstellar scattefing
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Different orbital phases of the hot spot >
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Chandra X-Ray
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MS&7

Mg — 3 x 10° M, (~700 times more massive than SgrA *)
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Chandra X-Ravy
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M&7
Mgzr — 3 x 10° Mg (~700 times more massive than Ser4*)
dMST’ — b == 1.2Mpc
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Chandra X-R=vy

Vil A Dacke HeT Oiritie=l |



\Y t.¥/

Mgy =3 x 10° M, o (~700 times more massive than Ser4*)
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Mgy =3 x 10°M, o (~700 times more massive than SgrA *)

dvs7 = 16 £ 1.2Mpc (~2000 times farther than SgrA*)

But Gebhardt & Thomas (2009) argue jor a mass twice as
large, | . If true, this would make

M87’s apparent sizé as large gSgrA*!
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0.87 mm Images

y |pas)

X lpas)




Very Large Baseline Interferometry
(VLBI) at sub-millimeter wavelengths
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Hydrodynamic Simulations of Quasar Feedback




Gravitational Wave Recoil

d"""-'_'_-_\-\""-\-\
— e = — g
i F— _—-—-—______-
— —
— ~
“--____ —
p—
——— \ e
o




Gravitational Wave Recoil

GWs




Gravitational Wave Recoil

GWs

Anisotropic emission of gravitational waves >
momentum recoil




Gravitational Wave Recoil
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« Cosmologists are currently exploring the scientific
version of the story of genesis (“let there be light”).
Future observations will utilize large-aperture
infrared telescopes (for imaging the first galaxies)
and low-frequency radio arrays (for imaging
cosmic hydrogen in between the galaxies).



Highlights

« Cosmologists are currently exploring the scientific
version of the story of genesis (“let there be light™).
Future observations will utilize large-aperture
infrared telescopes (for imaging the first galaxies)
and low-frequency radio arrays (for imaging
cosmic hydrogen in between the galaxies).

» The merger product of the Milky-Way and
Andromeda (CAMilkomeda ) is the only object that will
remain visible to us as the Universe ages by a
factor of ten (a hundred billion years from now).
Subsequent generations of observers will not be
able to find direct evidence for the bie banse.




