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So, Wha*tﬁ is time? \ \
* Time is just one damn thing after
another,

* Time is nature's way of keeping
&erything from happening at once.

\ - John A. Wheeler

N
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time just an “instant” that is moving?
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l/e 1905 days :
‘Why? \
|II 1I|
PHYSI ISTS BELIEVED IN GALILI AN\
RELATIVITY i ,"

, space is SPACE and time is TIME

r the-twain shall mix.
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From one inertial frame to an\\gligr:

\\\ & lll.l.n

= Sfpatial coordinates transformed, but time did not

—

# Simultaniety of évents was absolute

= Lengths, areas, volumes, shapes etc. o physmal
\ bjects did not transform

\\ ife-times of radio-active nuclei, amoeba, plants,

# Span o‘f THIS LECTURE remains 60 min. no
““Wmatter from Wthh frame you obse/ rve ‘



Il)/éﬁort, physicists had it easy!
/C ame 1905: | “*\

W\

A 26 year old patent clerk entered the scene.
% \\ \
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I—iearing the old poeni: 1
( O, spla' elis SPPACIE and time is TIME

Never the twain shall mix.
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Oh yeah! ir mix is no longer a jinx,

s a Minkowskiian quick-fix!
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‘EINSTEIN'S TH
RELATIVI

space-time.

\\- Space and time are just different /
ordinates of the “event” .

. \Sp e\an\tlme merge toget er into a

ﬂ,.___.__folll‘ dlmensmnal "world". % ,

* Every event corresponds to a }roint in
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# Speed of lﬂight in Vaculks‘: an invariant.

Therefore, c is a fundament lﬂconstant

u ".,
# Two e&rents simultaneous in one frame may
occur at different times in another frame.

“# The space coordinates and the fime
coordi %t mixed up by the’ Lorentz
~_transfor matlo.ns, when one goes from one frame
lisimoving with a relative

velocity.
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/4 No ob]ect with a real a\\(l positive rest

mass can move faster than the speed c=
3 times 10/\10 cm/s |

i _

# There cannot be a perfect rigic boc;iy.

/

Energy is equivalent to inertjal mass



# Tlme dilation and leh' gth a
contraction due to the facto (1-
VAZ/('K/\Z)/\(I./Z) J ¢

/

# Time span of THIS TALK
dergoes a relativistic /'

TRETCHING by a facter of 2.
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Special Relativity Galileo’s relativity

t= g (- v xioe ) F =
W= x - v t) ¥ =x-wt
=¥ posy
=T o= E
m
m=—==
v2
)
Vo

Lorentz gamma factor = (1 — vA2/cA2)\(-1/2)
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Where y is defined as




special Relativity
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At v = L42¢, y= 110, which means the
effects of Relativity become noticeable.

Length contraction

Time dilation




# (length)A2= (sigma) 2 = |
(x1 - X2)A2 + (y1 - y2)A2 + (z1 - z2)/\2
\ here (x1, y1, z1) and (X2 y2, zZ) are the







i The proper mterval between two events is
defined by

(s1- s2)A2 = A2 (t1 - £2)A2 - (x1 - )Az (y1 -
y2)A2 - (z1 - 22)A2, !| | /

\o\\s 1- s2)A2 = - A2 (t1 - t2)A2 +(X1 - x2)A2 +
\1 y2)A2 +(z1 - 22)N\2,

/

: Y and (t2, k?, y2, z2) are
the coordinates of the two events.

e




# The proper interval is invariant under Lorentz
transformations, space-time translations as well as
rotations in 3D space.

# Note that (s1 - s2)A2 can be negative for a pair of
events! Such events are necessarily causally disconnected.

# If we consider two events separated infinitesimally, (t, x,
y, z) and (t + dt, x + dx, y + dy, z + dz), then the interval
becomes

ds/A2 = ¢cA2 dtN2 - dxA2 - dyA2 - dzA2.
or, -dsN\2=dx/2 + dy/2 + dzA2 - cA2 dtN2

This "distance" formula is called the Minkowski line-
element and the corresponding four-dimensional "world"
is called the Minkowski space-time or just the Minkowski
space.






Minkowski: "Henceforth space by itself, and time
by itself’are doomed to fade away into mere
shadows, and only a kind of unmn of the two will
preserve an independent reality."

‘.-" 1 000 '-.‘ (¢t ""‘ .
ds? = {cdt, dx, dy,dy* ¢ & - 0 0 e 9
' N I ||_1||| |.1

‘,III [ ||_1‘ ‘, dz ‘




Imaginary time?
Use “i t” instead of “t” !
-dsA2=dxA2 + dy/A2 + dzA2 - cA2 dtN2
=dxA2 + dyA2 + dzA2 + d(i c A2

Grdffiti in 1.1.Sc., Bangalore (~ 1981):
Person A: Einstein had an 1 on time.

Person B: 1 C.



Einstein's relativistic theory of
GRAVITATION is based on the
EQUIVALENCE PRINCIPLE:

# Inertial Mass = Gravitational Mass
(Galileo, Eotvos, TIFR-Gauribidnur,....)

# Gravitational force disappears in a frame of
reference that freely falls in a gravitational field
(Einstein: “..... happiest day of my life ....”)

# Or, equivalently, in free space (i.e. zero
gravity condition), one can simulate a
gravitational field by going to an accelerating
frame






gravitational inertial
mass mass







GENERAL THEORY OF

S__,zilient features:

# Gravity\ is not a force

/
\\ # The apparent gravitational effects are due to /

‘\Non-Euclidean nature of space-time' geometry
# Pr anatter makes the g¢ émetry curved

RA .'."".--Ylseq_ulvalent to spﬁce -time
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GENERAL THEORY OF‘“R%ATIVITY

# Geometrj’ is characterized by 10 functions of space
and time called the metric tensor g ij

# Proper interval, dsA2 = g_ij dxi dxj, (i,j summed
over f\ro |t

0 to 3)
(Special Relativity: dsA2=n_ij dxi dxj) B

# x0 is tiihé\e_\o.ﬁmale, and x1, x2 and x:
spatial coordinates /'

# The metri€®
equation
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Consequeﬁces of GTR:

# Redshlftlng of llght > (Test of Equwalence Principle)
(Time runs slower in stronger gravity) |
# Bending of llgt\ => . Gravitational Le smg

# Lense - Thirring Precession - Precession of

# Blackholes

# Big-bang model
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g e falls c;verthe
e __|diameter D of an
object with mass M




The Bending of Light

Apparent
position

ofstar "
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low mass star

General Relativity: Einstein described gravity
as a warping of space-time around a massive '
object. The stronger the gravity, the maore

space-time is warped.

heutron star

light is deflected
from its arginal
straight path.

General Relativity, Light travels along the curved space taking the
shortest path hetween two points, Therefore, light is deflected toward
a massive object! The stronger the local gravity is, the greater the
light path is hent.






Einstein Equation

1 aTC
Rymaiey iy = Ty

T_ij is the energy-momentum tensor of matter.

Lambda is the Cosmological Constant.



Corotating
Neutron Stars

v - .
s » )" radcte]  Coalescing
o | Gravity
: WEVES
g 2] Merge Binary neutron
Stars:

Short duration

To form a Black Hole

GRBs ?









SUPERNOVA EXPLOSION



BASIC STRUCTWUWURE

EVEMT HORIZON
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energy

\
density energy flux
T W0 Lo T

\ \

-shear stress / |

—-pressure

momentum momentum

density flux
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Gravitational Lens in Abell 2218

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

'HST - WFPC2
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Hubble Deep Field

PREI6-0Ma - BT Sl QPO - January 15, 1908 - R. Willisema (ST Scl), HASA

"

HST - WFPC2
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Geometry for homogeneous and isotropic space-time:

ds% = cCdtt - ([’ + Fx)°(d8° + sin“Bdg )]
ds’ = (cdt)* — R*(t) |dx* + S{(x)(d6® + sin® 0.d¢”)

Geometry around a spherically symmetric mass distribution:

2

ds? = c? |1 - 28 gz - (4-30)
L

clr?
2 oM

o

-r?{de‘+sin‘edp?) .
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Possible Models of the Expanding Universe

Deceleratlng Universes Coasting Universe Accelerating Universe

M C~C

Present

D

A decelerating universe reaches its current size in the least amount
of time. The universe could eventually contract and collapse into a
"big crunch” or expand indefinitely. A coasting universe (center) is £l
older than a decelerating universe because it takes more time to

reach its present size, and expands forever. An accelerating universe

(right) is older still. The rate of expansion actually increases because

of a repulsive force that pushes galaxies apart.

1___;\ I AN



Cosmic Background "Era"






ds/A2 = cA2 dtA2 — (dxA2 + dyA2 + dzA2) for an empty
universe. The curvature is zero every where.

BUT
If matter is distributed homogeneously and isotropically:

ds® = e°dt® — R*(t) =

o
( 9 | 52dp? 4 o2sin® Ed:ﬁ:z) , (1)

(1 — ko2

R(t)= Expansion scale factor.

(1) k=0 (Flat model or Einstein-de Sitter universe)
dsA2=cA2dtN2 — RA2 (dxA2 + dyA2 + dzA2)

(2) k= +1 (Closed universe)

(3) k= -1 (Open universe)
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# Arrow of time > Entropy, Psyc\hological;
#1Is “it” mo{{e fundamental than “t”?

# "l; e machine = Exotic matter with negative
energ density, wormholes

\

# Is there c&orshlp on “closed tim
trajectories”? —) Chronology Prot}Ctlon surmise

# Time evolution and unitarity = Blackhole
information puzzle



i e

TIME'S’ARROW: : \
* For a system in thermodynamlc equ1h rlum there is

\[@) arrow of time \

|
* In the absenC > of thermodynamic equilibrium, the state
of the system eiolves in time, while entropy keeps |

increasing /

ton ake entrOPY increase

globally















of a second

billion
years
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\ \
Life would be 1ndef1n1te1y happler‘* if we cm\;ld

only be born at the age of eighty and gr duglly
approach eltheen - .}

| |
---- Mark Twain




DiscoveERY OF Cosmic BACKGROUND
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Microwave Receiver

Arno Penzias

MAFD20045 Robert Wilson



SPEcTRUM OF THE CosMic

MicrRowAvVE BACKGROUND
Frequency (GHz)
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Bic BANG PLuUs TINIEST

.. INFLATION







Distant Supernovae and the

Accelerating Universe

o~ - P g
- | * If the Universe 1s
expanding at a

constant rate, one can
predict how bright

distant supernovae
should seem

| In 1998, astronomers
discovered distant
supernovae were too
faint!
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The . /15 @ form of en-
ergy density which is inherent in “empty space”,
remaining constant as the universe expands.

The only effects of this vacuum energy are on
gravity, as reflected in Einstein’s equations:

1
Rpw — ERQF-H + Agpe = BWGT;T'HEEF »
or

1
Rpy — ERQPP R Tﬂatter + Tﬁscuum }

corresponding o a vacuum energy density
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Accelera!;i‘ﬁg Universe:

# In general relativity, pressure of matter is a

\
\_so a
source of space—\'eme curvature i

# Matter with “weird” equation of state: Qumﬂtesstence

Pressure = w . Energy density,

\ with w <0

Pressure = - Energy density



The dark energy equation of state
> Dark energy equation of : Perchal etal , 2002
state: w(z)=p/p

— p(2) o< (T+-2)"
with n = 3(T+w);

- c05m0|agica| constant

hasw=-Tand n=0.

o The combined constraint on
{w), assuming 3 ﬂaf universe,
from the CMB and 2dFGRS
power spectra p|u5 the HST
key project H, is:

(W) <-052 (95%cl)

o With the WMAP data: ]
W) <-0.78 (95% c.|.) & er wd




Positive cosmological

Size of the  .onstants: universe
“”'VFFEE expands forever
I ¥ i
I f
/ / /  Increasing
;J; casmological
= P constant

cosmological

Np Big Hg =65 km/s/Mpc constant
\\E:_mg today
- Negative
b cosmological
Static g constant:
coasting hﬁ"“m__ _ universe
universe P— recollapses
_Giobular
~Cluster ages,
; ot . . 5
20 billlon 10 billion Present Time

Vears ago 4 years ago

1 ;HD
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Effect of Baryon—Density

0 _=0.3 1,=0.7 h=08 n=1.0

10 -
[ Data scaled by calibration uncertainties |

COBE

BOOMERanG—28 (x1.1)

%\ 0,h?=0.03
(1, h?=0.025
A T i =4

Q

190 200 300 400 500 600 YOO 800
{E FKomatsu, May 3, 2000) 1




Heavy Elements:
0.03%

MNeutrinos:
0. 3%

Free Hydrogen
and Helium:
4%

Dark Matler:
25%,

Dark Energy:
70%%







Measuring Cosmological Parameters

» SNAP will measure
Q, and Q,, to
unprecedented
precision.

>Together Q, and Q,,
determine Q.

»SNAP will also
measure the equation
of state w =p/p.

{cosmological constant)

=
w
=
k]
=
=
L
=
L E]
E
=
S
m
=

»More importantly,
SNAP will measure
the variation of w with
time (redshift)

mass densi

April 17, 2004 Gregory Tarle Saturday Morning Physics || 38



Th& Casmic Pyramid
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Black Hole X-ray Nova

Neutron 3tar X-ray Nova
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