Relativity: review

Einstein’s postulates

Special relativity: two frames with velocity differencesfueral relativity
deals with large acceleration differences). Postulates:

® The laws of physics are the same in all inertial referencaés

® The speed of light in free space has the same valuel/, /1ip€o In
all inertial reference frames.

If the only way we can compare measurements between twaodliffe
frames is by signals traveling at the speed of light, we needddify
frame transformations.
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Lorentz transformation

Net transformation between coordinate systems is
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Consequences
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e Clocks in other frames appear to us to run slow. Time dilation
t' = to.

e Meter sticks in other frames appear to us to be shorter. lbengt
contraction¥’ = 4o/~.

e Velocity transformations:

Vox = — VViy (5)
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Classical Doppler shift

Doppler shift

Consider a source emitting sound at a frequenrcyl he sound travels in
a medium at a velocitg. If source is moving at a velocityrelative to

the medium such that = v/c, the frequency observed by an observer ¢
rest relative to medium is

;o 1
v (1+6cos€) ®



Relativistic Doppler shift |
Doppler shift
e Observer atrest i§;. Source in framé&; at speed in X direction.
e Emitter is stationary in fram&, sox, = x, and we can set both to
zero.
o All agree ony; =y = Yo.
e “Crests” of the electric field are emitted in frarBgat the timed,
andt), giving a period ofT, =t;, —t; = 1/v,.
e In frameS,, the electric field crests are emittedtat= ~t, and
t] = t5.
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Doppler shift

e Observer irS; also has to wait for crests to reach observation poir
This adds in time delays of /c andr} /c, respectively.

e Time difference between crests as perceived by obseni&rig

thus
rioor rh—r
=l -t)+(2- D=1kt + 2= (9
or
T = ’}/Tz + (ri — I']_)/C. (10)

e From Eq. 1, position shift perceived by stationary obseivey; is
X| — X1 = 7((x’2 — %) + V(th — tz)) = WT, (11)

sincex, = X = 0.
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Doppler shift

e Nowc = \/T, sovT, = (v/C) A2 = BA2. Therefore to fram&, the
source appears to move hy\,. As we shall see in Eq. 15 the
wavelength observed i is approximately\; = A2/, S0 even a
very relativistic source{ — 1) appears to move only by a
wavelength\. For a distant observef; ~ 6;.

 Radial distance differenag — ry is then
ri—ri= (X; — X1) costj >~ YT, cosh;. (12)
e Now use Eg. 12 in Eqg. 10 to give

T =~T2+ (r; —r1)/c = T2+ vfT2cos01 = 7 T2[1 + [ costy].
(13)
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Doppler shift

e Take reciprocal to get the frequency:

V2 / Yo

Tt geoss] O Y T 51+ Boosh)

(14)
e Also sincel = cT, we have
A1 = YA2[1+ (B cost] or )\ =Xoy(l1+Bcosd) (15)

or a red-shift in wavelengtt(= 0 corresponds to receding).

e These are the general results for the relativistic Dopyhigt.s
Recall again that the classical Doppler shift (Eq. 8) for beayver
at rest with respect to the medium, and a moving source, gaes |

oot
1+ G cosh

so the difference is a factor of In a vacuum, there’s no medium
and one can't distinguish the case from the source staiandhe
medium or the emitter stationary in the medium.
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Doppler shift

e Again, we have
RelativzlStiC: Classical, observerstahonary in
0

~ (1 Bcosh) medium:’ = 73— 5cose

As you can see, the relativistic and classical cases differfactor
of v, and of course a8 — 0 theny — 1 so thecor respondence
principle is again demonstrated!

e As an example of how the relativistic and classical Doppiéits
differ, consider the case whén= 7 /2. In the classical Doppler
shift, there is no shift; the relativistic result is

/

/ )
Ysource perpendicular N
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Doppler shift

e When the source is moving straight towards the observerave h

0, = m and

/ —
Ysource directly towards =

(16)

vor| —— ~1p(l+ B) for g <« 1

e When the source is moving straight away from the observer, we

havef,; = 0 and

Vo

YSource directly away = 119 7)

Vo % ~p(l—-p)forg <1



Relativistic Doppler joke

Doppler shift

Attributed toAndrzej Kudlicki
Question: What's the easiest way to observe Doppler’s effect
optically (not acoustically) in one’s everyday life?

Answer: Go out in the evening and look at the cars. Their lights
are white or yellow when they approach, but they are red whey t
are moving away of you.


http://home.achilles.net/~ypvsj/humour/jokes.html

Hubble constant

Hubble constant
e From measuring the relativistic Doppler redshift of common
spectroscopic lines (like the hydrogen wavelengths welealin
about when we get to quantum mechanics) we can measure the
recessional velocity of a distant star.

o If we think the star is like our sun, we can estimate the distdvy
comparing the light we receive relative to what we get fromghn.

e Eq. 17 lets you find the velocity from the frequency shift. Baw
Hubble in 1929, summarizing estimates of galaxy redshétsws
distance:

The results establish a roughly linear relation between
velocities and distances among nebulae for which
velocities have been previously published, and the
relation appears to dominate the distribution of
velocities.



Hubble’s figure

Hubble’s original paper isere Assumingv = Hpx, Hubble estimated
Hp ~ 500 km/sec per megaparsec.

Hubble constant
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Note: 1 parsec=distance to an object which has a parallarefoc
second as viewed from Earth six months apart=3.261 light
years=3086 x 106 meters.


http://antwrp.gsfc.nasa.gov/diamond_jubilee/1996/hub_1929.html
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Hubble constant

e Hubble’s value oHg ~ 500 km/sec/MPc was way off from modern
estimates of about 72 km/sec/MPc. One paper that discusses t
history ofHy estimates isiere

e What does it mean? Sinee= Ax/At andv = Hgx, we should
think of 1/Hg as a time, in which case 70 km/sec/Mpc works out tc
14 billion years.


http://tinyurl.com/24ed55

Hubble constant: improving

estimates

Here’s the plot of how the measurements have been refinedimer
this is from thesame paper as before
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http://tinyurl.com/24ed55

Hubble constant

Is Hubble’s constant constant?

Has the expansion rate of the universe
been constant over time?

Strategy: use Type la supernovee as
“standard candles” since their total
radiation power should reach a fairly
well defined peak.

From measuring the amount of light
we observe from such a “standard
candle” we can calculate its distance.

Problem: in a typical galaxy~ 10!
stars) there may only be two or three
type la supernovae in a thousand
years!

Supernovae that could be seen by the
naked eye or even by binoculars: the
most recent was in 1987, and the next
most recent was 400 years before!

How can we get many data points?

oA

Supernova SN1987a,
after and (from
archived telescope
images) before. At
the time, it was
thought rather silly
and optimistic to
label the first (and of
course only) super-
nova of the year with



Hubble constant

e Take lots of pictures of

Hunting for supernovae

Neigboring Galaxies

Before Supernova Explosion
Supernova

“SN 1995ar”

dark regions in the sky,
and save them.

Take pictures of the
same regions a week or
two later. Use a
computer to hunt for
differences.

Now in a few years you
can get data on- 100
supernovae!

B Perimutier et al
Supemova Cosmology Project



Is Hubble’s constant constant?
Doppler shift Maybe nOtI

Hubble constant

See article by Saul PerlmutéHysics Today, April 2003, p. 53 (you can

getithers.
Perimutter, Physics Today (2003)
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http://supernova.lbl.gov/PhysicsTodayArticle.pdf
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