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Physics is a frontier science.

* As every explanation raises a new set of questions, the buck
stops with the physicist.

* Material phenomenon — molecules/ atoms — particle
physics — ¢

« Where does the chain of explanation end?




Theoretical Physics is the study of how and why the laws
of nature are the way they are. It is the meta language

through which we understand not just this, but all possible
universes.




A Theoretical Cosmologist is someone who seeks to
understand the fundamental questions at the very
end of that chain..

Understand the origins of our universe and the struciures
that we see in it. |

To see if we can explain the Big Bang' itself- was it really
the beginning of the universe? Was there anything before it?
To test theories of fundamental physics at energy scales up
to a Trillion fimes higher than what we can reach a’r ihe LHC.
Are there any extra dimensions? gy :
Any new particles "beyond the standard model o<

Is spacetime itself geometric or “atomic’?

Does the universe have a non-trivial iopology"? A e |
Is there only one universe, or are there others jusi like ours’? |
As scientists, we will always have more questions 1hcm AT
answers.. S s e = NG
How can weeven hope o answer such queshons'?



Cosmology- a brief historical overview.

 For allinfents and purposes, modern cosmology beginsse
with Einstein.

* In trying to make Newtonian gravity consistent with
special relaftivity, Einstein realized that:

« Gravity isn't so much a force, but a distortion in the
of spacetime.

 The Einstein equations’ G, = 8nGyT,, determine how
spacetime reacts to the presence of masses, and v.v.

« The orbits of planets around stars is
simply the consequence of masses
moving along straight lines
"geodesics’ in a curved’' geometry.

« Geodesics-- c.f. airplanes on the
surface of the earth.

« Spacetime is dynamicall

« The same must be true of the universe
on the largest scales.

« But this cannot be, righte




Cosmology- a brief historical overview.

« Einstein was so embarrassed by the fact that his
theory predicted an expanding/ contracting
universe, he modified it.

« “The biggest blunder of my life":

* Gy = 8uGyNTy, + g\ < the cosmological constant™

« Until of course, Hubble observed that all distant
galaxies were all moving away from us, by looking
at how the spec’rrum of hydrogen was red-shifted’

LA
DEaw: \\\
KR
\\v

Mowing towards you: blue-=hift

&t resi

S\

Moving away from you: red-shift




Cosmology- a brief historical overview.

« So stars appear to be moving away from us at a
rate given by Hubble's low--v = H r

« This implies that the universe is expanding.

« Rewind the film far back enough, then all matter
must have been squeezed info some very hot,

dense initial state.
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Figure 2.5 A plot of velocity versus estimated distance for a set of 1355 galaxies. A straight-
line relation implies Hubble’s law. The considerable scatter is due to observational uncertain-
ties and random galaxy motions, but the best-fit line accurately gives Hubble’s law. [The
z-axis scale assumes a particular value of Hyp.]

Friedmann, Lemaitre, Robertson
and Walker wrote down
solutions to Einstein’s equations
that reproduced Hubble’s law.
Implies that the universe began
in some sort of a "big bang'’.
Lemaitre referred to the initial
state as the primeval atom’.



The Big Bang model is the simple result of Einstein’s
equations, with added simplitying assumptions of
symmetry (homogeneity, isotropy) and the properties of
matter (thermal equilibrium)... and It makes predictions!

COSMIC TIMELINE

FROM THE DARK AGES...

After the emission of the cosmic microwave background radiation [about 400,000 years after
the bigbang).the universe grew increasingly cold and dark. But cosmic structure gradually A biltion years
evolved from the density fluctuations leftover from the big bang CATR
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(perhaps asearly as 100 millionyears after the big bang) set off

Modern galaxies
a chainofevents thatwansformed the universe -
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The history of big bang cosmology typifies progress in
theoretical physics— guided by notions of simplicity and
symmetry (‘invariances’), we posit models of the universe
that we then go out and test.

« |t goes far beyond educated
guesswork!

* The big bang made a lot of
predictions that took many
years to be confirmed.

» |t predicts the relative
abundances of the light

elements ~ 75% 'H,25% *He,

and 0.01% “H (w.r.t. mass)

|t predicts relic backgrounds of
different particles,

« Forlight, thisis the "cosmic
microwave background’

« Has the characteristics of @
perfect black body’.




But what is this “primeval atom’?

w11

- Does the “initial singularity’ géffesolved by new
physics at the “Planck scale’?

 |s the big bang really the beginning of the universe?

 How did the ordered initial conditions of the big bang

come to be arranged so?



Our biggest trove of clues: the Cosmic Microwave
Background (CMB) can be thought of as an “echo

of the Big Bang.
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What caused these primordial fluctuationse Where
did all the stuff that makes up everything come
frome How did the universe even begine

« The Big Bang is premised to have been preceded by a
phase of primordial inflation--

« a phase of rapid (exponential) expansion of space fime.

« Once inflation ends, it violently dumps all of its energy into
all the particles it can, resuWé’r we observe ’roday
the Big Bang. e* g

 The quantum mechanical fluc’ruoﬁoras/’rhe nfafon\ﬁe

caused the primordial plasma into which it dump@d’/s
energy to be hotter in sorri plcces and colder in others. \,s'

/)






The innomogeneities of the CMB are a snapshot of
the acoustic excitations of the primordial plasma at
t=378,000vy.
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“Can One Hear the Shape of a Drume”

-- Mark Kac

Every sound you hear can be decomposed into
a series of constituent harmonics.

« Musicians know this as “Additive Synthesis”, scientists, as
“Fourier Decomposition™, your ears, as “Hearing”.

* By analyzing these harmonics, you can learn about the
material properties of whatever is making the sound.

« Can hear the shape of the bell and its material properties!

* Inreality, any sound is made up of a continuum of
harmonics (and phases).
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We can generalize this “Fourier analysis” to the

sphere, and decompose the acoustic
excitations of the CMB last scattering surface

intfo its “spherical harmonics”:

Multipole moment, ¢
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A lot of current research involves adapting a very
powerful tool from high energy particle physics to
search for “beyond the standard model” physics
INn the context of cosmology.

« Effective Field theory-
« the systematization of
parameterizing your ignorance...

« generalized to fime dependent R - - R
backgrounds. + LPBW 4+ e,
« What works at LHC beyond the + YWD +he.

standard model searches, also | + [Do|” - V@)
works in cosmology...

«  With some inferesting twistsl!

* And some interesting analogs...




As inflafion progresses, very heavy fields can
influence the dynamics of ifs fluctuations, much
more than you would normally expect?®.

>2000f cusp

reliminary +— S/B Weighted Data
(51800F 1s=7TeV,L=5.1fb" iy

« Manifest as transient reductions in the

[ 1s=8TeV,L=53fb"

2105 speed of sound during inflation.
%,ggg?_' « Resultin “bumps” in the spectral
3 800 analysis of the CMB.
P o « Can infer properties of the theory in
A n which inflation lives by studying these
Courtesy CMS collaboration  m,, (GeV) b um ps ]
| - - Correlate in a precise way with
e o localized “non-Gaussian” features in
N i the primordial perturbations.
S. ie—__ 1« Ifdetected, could allow us fo infer
U E properties of the inflaton, possibly
| even falsity inflation itself.

, *Achucarro et al., ‘10- 12
k/Mpc™ Burgess, Horbatsch, Patil, ‘12



The CMB is but one possible window onto the early
universe. Within a generation, we will have
extracted all of its information content %
(polarization, spectral distortions’, etc.

« We will also eventually map all possible large scale™
sfructures.

« With 21 cm’ cosmology offering us a view into the universe
before the first stars formed, we may be on the verge of an
epoch where we have mapped the entire visible universe!l

« c.f. the early explorers vis a vis the earth.

« What might we learn about the origins of the universee Dark
mattere Dark Energye

« Might there be new surprises in store for use

« Alifeisscience is an incredible adventure.

« Maybe some of you will be the ones that find the answers to
our most vexing questions?



