


Physicists like to think in terms of “characteristic” scales...

.. the "typical’ size of something or some process.
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The Universe is full of different structures with vastly
different characteristic scales.



Can you conceive of a number this big?
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Can you conceive of a number this small?

10—35

(I have great difficulty in doing so!)
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Metric Prefixes

Metric prefixes are pretty casy to understand and very handy for metric conversions. You don't have to
know the nature of a unit to convert, for example, from kilo-unit to mega-unit. All metric prefixes are
powers of 10. The most commonly used prefixes are highlighted in the table.

Prexis Symbol Factor
yotta Y 1074 = 1,000.000,000,000,000,000,000,000
zetta Z 1021 = 1,000,000,000,000,000,000,000
exa E 10'* = 1,000,000,000,000,000,000
peta P 101 = 1,000,000,000,000,000
tera T 10'2 = 1,000,000.,000.000
giga G 107 = 1,000,000,000
mega M 10° = 1,000,000
kilo k 10° = 1,000
hecto h 102=100
deka da 10 =10
deci d 107t =0.1
centi ¢ 102 =0.01
milli m 10 = 0.001
micro n 10°° = 0.000,001
nano n 1077 = 0.000,000,001
pico p 107"2 = 0,000,000,000,001
femto f 10715 = 0.000,000.000,000,001
atto a 107" = 0.000,000.,000,000,000,001
zepto z 10721 = 0.000,000.,000.000,000,000,001
yocto y 1072 = 0.000,000,000,000,000,000,000,001

Most people even in the countries where metric system is used only know the most important metric
prefixes like 'kilo' and 'milli. They are very handy for understanding metric conversions. The prefixes
like 'zepto' or 'yotta' are very specific and used mostly in science.



The "Planck length’ — the smallest scale
at which geometry makes sense.
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S Tenbilllon light-years

SR 13.8 billion Hght-years /

The Hubble horizon — the edge of the
observable universe.



These scales of the Universe
are far beyond those of our
everyday experience...



But we can bring them back
to a more human scale by
converting them into time...



. But we can bring them back
c = speed of light to a more human scale by
converting them into time...



But we can bring them back
c = 299792 Km/second to a more human scale by
converting them into time...



c = 299792 Km /second But we can bring them back
to a more human scale by

: : converting them into time...
speed = distance/time ©



c = 299792 Km /second But we can bring them back
to a more human scale by

: : converting them into time...
speed x time = distance 5



(amount of time lig avigate the earth)



1 second

(amount of time light takes to travel to the moon)
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VIRGO SUPERCLUSTER

55 million years
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(There are about 10 million superclusters in out observable universe...)



LOCAL SUPERCLUSTERS
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How did this all come to be?



Cosmology— a brief historical overview

 For all intents and purposes, modern cosmology begins with Einsti

* Intrying to make Newtonian gravity consistent with special relat
Einstein realized that:

* Gravity isn’t so much a force, but a distortion in the fabric of
spacetime.

* The 'Einstein equations’ G, = 8mGy Ty, 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.

e Spacetime is dynamical!

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

e But this cannot be, right?




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 = 8nGyTy, + gy < the cosmological constant*
* Until of course, Hubble observed that all distant galaxies were

all moving away from us, by looking at how the spectrum of
hydrogen was ‘red-shifted’

Mowing towards you: blue-shift

‘ 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’slaw--v = H r

* This implies that the universe is expanding.
* Rewind the film far back enough, then all matter must have
been squeezed into 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 Hy.]

Friedmann, Lemaitre, Robertson and
Walker wrote down solutions to
Einstein’s equations that reproduced
Hubble’s l[aw.

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 simplifying
assumptions of symmetry (homogeneity, isotropy) and the properties of matter
(thermal equilibrium)... and It makes predictions!




Fluctuations
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permeate all of space.

3

[cm
of TV stat

photons”

Approximately 1

(]

400 CMB

ic is from this afterglow

%



Same temperature in every direction but for 1 part in
100,000 fluctuations.



iverse cooled enough so that light

A snapshot when the un
broke free from matte

= 378,000 years...

r, around t



“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

into its “spherical harmonics™:

Multipole moment, ¢
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Courtesy PLANCK Collaboration 2013






redshift = 24.2
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early Universe, we can learn a lot about the big bang...
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By looking at the d



Was it really a bang? Or was there something before?



Does continuum spacetime break down at some scale?



Are there extra dimensions? Non-trivial topology?



Is there a multiverse?



Are there any other particles or forces other than the
ones we’ve seen?



There are always more questions than answers...



But what is the ultimate fate of the Universe?
(to the best of our knowledge)



But what is the ultimate fate of the Universe?
(to the best of our knowledge)

TGN = 10— 120

We're entering an era of ‘dark energy domination’



But what is the ultimate fate of the Universe?
(to the best of our knowledge)

__ 10—120

We're entering an era of ‘dark energy domination’

mlmZ)

(Recall gravitational force = G’y ™5



But what is the ultimate fate of the Universe?
(to the best of our knowledge)

TGN = 10— 120

(? = a?(t)r?; a?(t) is the ‘scale factor’ of the universe

For a fixed coordinate separation r, zf =

Define ¢ = H — Hubble’s law: v = H/






But what is the ultimate fate of the Universe?
(to the best of our knowledge)

TGN = 10— 120

a(t) oc t1/? (radiation domination)
a(t) oc t?/3 (matter domination)
a(t) oc e8TENAL (dark energy domination)



But what is the ultimate fate of the Universe?
(to the best of our knowledge)

TGN = 10— 120

8mG N AL

a(t) < e (dark energy domination)

When dark energy starts to dominate, the expansion
of the universe starts to accelerate!



About 4 billion years from now...

... the Milky Way and Andromeda are at the midpoint
of their collision



About 100-150 billion years from now...

... only the local galactic group will be inside our
cosmic horizon



About 1 Trillion years from now, the characteristic
wavelength of the CMB will be greater than the size of
the cosmic horizon...



There will be no electromagnetic evidence of the big
bang... what might an observer around then conclude?



Some observations
suggest that dark energy
density may not be
constant in time, but
might actually grow. If this
is the case, everything
ends in the so-called big
rip! However, refined
observations continue to
converge on a small
window around A = const.

e ]

101 seconds before big rip:
Atoms ripped apart

30 minutes before big rip:
Earth explodes

9

3 months before big rip:
Solar System breaks apart

60 million years before big rip:

Milky Way destroyed

22 billion years before big rip




