


housekeeping

Gotta come to class

question about anything? I’ll make a movie for you:

Special Relativity:

Hobson_GR.pdf is chapter 11 out of Hobson

MasteringAstronomy registration expiration now set to March 30

Homework and readings: MasteringAstronomy!



honors project began

https://gstbb.pa.msu.edu/storage/Homework Projects/honors_project_2018/

contains the first instructions: the plan & tutorial
Minervalnstructions1_2018.pdf

dates:
complete first part, March 16

analyze data and complete writeup, April 20


https://qstbb.pa.msu.edu/storage/Homework_Projects/honors_project_2018/

Energy/momentum relations:
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particle colliding beam

Er = mass energy + Kinetic energy +

~—p  —
Use head-on collisions to make obje
Make Two things that each have

E budget
units of
Mpc=

total energy, Et

mass energy required

total Kinetic energy

K=3Mpc2

total mass-energy

Em = ]\lpc2

T
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Er = mass energy + Kinetic energy

1 proton’s mass = My

1 proton’s mass energy = MpC?
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thingg”
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what about the

"energy of mass" and “mass of energy' crack?



a hydrogen atom, take 2

weighs less than the components of a hydrogen atom

where Is that "missing mass"?

In the energy of the Electric Field,

AL
£R
.ﬁ. Energy IS mass

4& E field




stupid

elevator
trick, #1

gravitational
attraction

gravitational
force



force up to
create an
acceleration
of 1g




There 1s no mechanical or electromagnetic

experiment he can perform

that would tell him that he was

1. being attracted by the Earth due to gravity or

2. being pulled and accelerated g with no gravitational field anywhere




There is no mechanical or electromagnetic
experiment he can perform

that would tell him that he was
1. being attracted by the Earth due to gravity or

2. being pulled and accelerated g with no gravitational field anywhere

R —

said another way

any effect in an accelerated rest frame

should occur in a rest frame at rest in a gravitational field
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stupid elevator
trick, #1

gravitational

called sometimes RE

weak Equivalence Principle

identical

forceupatg

stupid elevator
trick, #2




some subtly to the Equivalence Pry

force down at g

EP says that If
these are the
same

-

the laws of physics
will be identical

So, anything that
happens in L happens mevtial Lovce
In R and visa versa

m(grav) = m/(inertial) F = m(inertial)a




3 light tricks -

forceupatg

relative to
couch people: at vest  coustamt speed up accelevated, up
boy observes light beam:horizontal straight, slanted curved

CP observe light beam: horizontal horizontal horizontal
14



what’s ‘‘straight’’?

"shortest distance between two points”

BUT: light travels differently shaped paths between
relatively accelerated frames

Then the Equivalence Principle requires:

15



light paths

map the shape of space
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not just
light

C =27R

experimentally:
you could show that

Now, start it rotating.

acceleration fast...so special relativistic effects are apparent.
messes with
geometry

The ruler on the radius?

The rulers on the circumference?

straight is not C £ 2R
straight

and Einstein knew The rules of Euclid’s geometry — flat geometry — don’t
that this was hold for an accelerating object.

problematic Hold this thought: accelerated motion seems to change
regular Geometry.

17



acceleration from the Equivalence gravity
warps space Principle should

warp space




1 e am \\\\““tl;w"/,,,
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what about time? n receivesatsay 5 ticks
. per second
use a clock | | | |
A 1 second

accelerating....
so B moving away from A B would say that A’s
A and B are different clock has longer

B between ticks:

inertial frames at each
time Runs Slower

A sends at say 10 ticks
per second

I T

1 second

force up at g

————
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light beam

same idea as last time, slight ‘
different take Equivalence

Principle woulA
vequive that:
B would say that A’s

clock has longer
B between ticks:

Runs Slower

forceup atg

R

—




‘‘red shift”

| length .
PMIEY WAVEIENT longer between ticks?

receives at say 5 ticks
per second

‘ ‘ ‘ ‘ like the wavelength of the light Is
) ! longer as seen by B than as seen by A
1 second < Increasing Frequency (v)
10 102 10 10® 10 10" 10 10" 10 10° 10* 10° 10° v (Hz)
B WO u | d S a y t h at A’ S y rays Xrays | UV || IR Microwave I;l:;io wa‘::: Long radio waves
C | OC k h a S |0 n g e r 1(|)-'6 1(|)-‘4 1(|)—12 1(|)-‘° 1|0-8 ill(ﬁ 1|04 1|0-2 10° | 1|o2 1|04 1|06 1|o8 A (m)

between ticks: I |

Visible spectrum

Runs Slower

sends at say 10 ticks Increasing Wavelength (1) in nm —
per second
AVAVAVAAAVAATATATAN
T an appavent shidt to
" isecond s 2 lowger wawvelength,.. “red shift”

J— s oA & slowev clock
21



acceleration from the Equivalence gravity
warps time Principle should

warp time

force down at g



I was sitting 1n a chair 1in the
patent office at Bern when all of a
sudden a thought occurred to me. If
a person falls freely, he will not
feel his own weight.

Albert Einstein

reminiscence from 1907 -
later he called this the "happiest thought of my life"



Burrito Making In Space!
- . louielouie11224 0 Subscribe 16 videos

IS a strange state of motion

you don't notice your own weight




free fall 1s speci

Rgh%
Lree-Lall in bend fw H/\e

another Equivalence Principle

Nelther situatioh "'sees' gravity

youcan “"transfarm” gravityraway

all Elnstein

no 3vo\\/'d'y no 3vo\\lii—y




modeling all of this was

arguably one of the most technically challenging piece of
physics ever
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the question 1s

Could gravity be an illusion?
A circumstance relative only to your state of motion?
Could gravity be "transformed away"
by the change of a reference frame?

Maybe gravity is not a force at all?

27



there should be observable consequences

and Einstein knew It

and calculated them - half a decade of Newton-like concentration




acceleration
warps space

what we’ve found:

from the Equivalence
Principle

gravity
should
warp space

acceleration
warps time

from the Equivalence graVity
Principle should

warp time

B would say t
clock has lont
between ticks

Runs Slower

like & |
wawele
a ‘ved
shift”

e
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gravitating bodles..masses:

warp both space and time.

They warp: spacetime

30



Einstein had to learn that geometry &

energy-mass

Interact & that space and time respond

That took him 5 years after his happy thought to figure
out

he had to go back to
school...privately with

his buddy Marcel
Grossman



tests of general relativity
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There are a handful of Pound Rebka Gravitational Red Shift

‘‘classic tests”

The perihelion of Mercury’s Orbit
of these ideas: Light bending around the Sun
that space and time are warped by

ravitation . .
J “The Hafele-Keating experiment”

“Binary Pulsar period”

Black Holes

B —

33



light beam

what about time? o =] g receivesatsay5ticks
o per second

Gravitational Red Shift is built
Into your phone’s GPS

If you get where you want to go, you just
confirmed General Relativity

g

N
| SN N NNNR

=3 =
\\\('\'ﬂ 12 1’/,;
=10 24
7 ° 37
orce up at
N

el
R 1 second
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Vulcan?

Mercury

misbehaves

"advance of the
perihelion”

Einstein
calculated it
Including the
sun’s warping of
space

“Advance of the Perihelion of the Orbit of Mercury”

point of closest approach of
the orbit advances by 43
seconds of arc per century

1916: Got precisely the right amount.

Had heart palpitations when the result
appeared on his papetr...
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the mother of all
experiments

SUlAl ELIPSE  CAPEIIIEIHL ~ GUUYIE Ocaiuil

the “solar eclipse” experiment  coge e :

All Videos Images News Shopping More Settings Tools

About 387,000 results (0.70 seconds)

May 29, 1919: A Major Eclipse, Relatively Speaking | WIRED
https://www.wired.com/2009/05/dayintech_0529/ ¥

May 29, 2009 - 1919: During a total solar eclipse, Sir Arthur Eddington performs the first experimental
test of Albert Einstein’s general theory of relativity. ... A total solar eclipse on May 29, 1919, would
occur just as the sun was crossing the bright Hyades star cluster. ... Photo: Observations of ...

Tests of general relativity - Wikipedia
https://en.wikipedia.org/wiki/Tests_of_general_relativity ¥

At its introduction in 1915, the general theory of relativity did not have a solid empirical ... One of
Eddington's photographs of the 1919 solar eclipse experiment, ...

Classical tests - Modern tests - Strong field tests: Binary pulsars

Creating eclipses in the classroom | www.scienceinschool.org
www.scienceinschool.org/2012/issue23/eclipses v

May 22, 2012 - Solar and lunar eclipses have somewhat different causes: during a solar eclipse, we
are in shadow. When the Moon passes exactly in front of ...

NASA's Science During March 2016 Solar Eclipse | NASA

https://www.nasa.gov/feature/goddard/2016/a-moment-in-the-suns-atmosphere v
Scientists from NASA Goddard explain the experiment they will perform in Indonesia during the March
2016 total solar eclipse. During the brief period of totality, ...

Images for “solar eclipse” experiment

za

é More images for “solar eclipse” experiment Report images

Citizen Science for the Great American Solar Eclipse - Sky & Telescope
www.skyandtelescope.com/get.../pro.../citizen-science-great-american-solar-eclipse/ ¥

Feb 29, 2016 - The spectacle of a total solar eclipse will interrupt daily activities for about 2% ... The
Citizen CATE Experiment intends to open a new window ...

solar eclipse experiment: Topics by Science.gov
https://www.science.gov/topicpages/s/solar+eclipse+experiment.html v

Rocket borne solar eclipse experiment to measure the temperature structure of the solar corona via
lyman-. cap alpha. line profile observations.

Make Your Own Solar Eclipse-A Hands-on Astronomy Experiment ...
https://www.teachervision.com/activity/make-your-own-solar-eclipse v

Make Your Own Solar Eclipse. Students learn how and why solar eclipses occur with this hands-on
science activity. They create their own eclipse using clay and ...

Solar Eclipse Model Experiment | Education.com

www.education.com » Science Fair » First Grade » Astronomy v

Yk k& Rating: 3.7 - 28 reviews

Sep 23, 2013 - Check out this fun science fair project idea for 1st grade: a solar eclipse model that
demonstrates total partial and annular solar eclinses




“Solar Eclipse Experiment”

light

obeys the
strong
Equivalence
Principle

the laser
pointer...for real

Not totally surprising...light has energy...behaves
like mass - it should bend

The deflection should be

about 1/4 milli-degree

The star is actually at A

w Zoneed t0.4L. 73 BUt it WOU |d
i poelotin Hiu Kollegs’ , dppear to be

" DRPSPVA /q/fél# edie ol I/f .
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1911 calculation - initially wrong, only the E=mc?2
component...

In 1915 he changed his 1911 calculation to
include the warping of space...worth x2



eclipse

experiment
May 29,1919

Sir Arthur
Eddington led 2
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there was
some
cloudiness!

Eddington had 10

seconds to get a
photograph
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1/16 plates had usable data

Eddington announced the result

November 6, 1919 at the Royal Astronomical Society
meeting

Einstein woke up in Berlin the next morning and was famous.




eclipse announcement at scientific meeting, 11/06/19:

instant celebrity, 11/07/19  LIGHTS ALL ASKEW.

cover of December 14, 1919 issue of

Berliner Illustrirte

Berliner

Jlluftrirte 3eitung

caption: “A new great figure in world history: Albert Einstein,

whose investigations signify a complete revision of our

concepts of Nature, and are on a par with the insights of a

Copernicus, a Kepler, and a Newton.”

IN'THE HEAVENS

Men of Science More or Less
Agog Over Results of Eclipse
Observations,

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

Na More in All the World Could
Comprehend It, Sald Einsteln When
Hig Daring Publithers Accapted It.

Bherla] Catils la TEE XXEw Vil ‘_I'|:-l_|;_

LENDOX, Nov. 0.—Effarts made ta
Put In werds Ietellizsible to U non-
schentifle pulile the E'nsieln theary of
Hght proved by ke eclipse expedit’an
&0 far hdve nol hern very suceessful, The
new theory was discussed &t a4 recent
meeling of the Hoysl Sesiely and Royal
Astronombenl Saciety, %ir Josoph Thom-
aar, 'redadont of the Boyal Soclety, do-
vinres It ls not parsihie to put Einsteln's
theory Into eralll intell'mible words, wel
Bi the same tlme Thamaon adds:

“The rosalts of tee eclipse sxpedition
demonsirating ihat the raya of light
from the stars sre bl or defleciod
Trom thelr normal course by ather acrial
badlea acting uwpom thewm and  con-
emquently the Infercmcw that flght las
Xeight form s mest Imporiant  con-
eribution (o the laws of sravity given us
alpee Newlon Juid down his princples.”

Thompson states that the differcpes
between thoeorlos of Xewtam aml thase of
Einsteln are infiniicsimal in a popular
EendFe;, nmd o2 ibey are porely matkhe-
matieal and can oaly be cxpressed In
pirletly selentific terms it ix vseless to

endeavor 1o detsil them for the man In
Ll mEresr.
S — E—

New York Times,
November 10, 1919

One of the speakers at the Royal
Boclety’'s meeting suggested that Euclid
was knocked out. Schoolboys should
not rejoice prematurely, for it is pointed
out that Euclid Ilald down the axiom

that parallel straight lnes, If produced

aver so far, would not meet He said
nothing about light lines.

Some cynics supgesi uat the Einstein
theory is only a scientific version of the
well-known phenomenon that & coin in a
basin of water iz not on the spol wiere
jt segms to be and ask what is new in
the refracilon of light.

Albert Einstein is a Swiss citizen,
about 50 years of age. Afler occupying
a position as Professor of Mathematical
Physics at the Zurich _Polytechnic
School and afterward at Prague Unli-
versity, he was eclected a member of
Emperor William's Scientific Academy
n Berlin at tiie outbreak of the war.

r. Elnstein protested against the Ger-
man professors’ manifesto approving of
Geimany's participation In the war, and
at Its ccnclusion he welcomed the revo-
Jution. He has bheen lving in Berlin
for aboul six vears.

When he offered his last important
work to the publishers he warned them
there were not more than twelve persony
in the whole world who would under-
;;_Itnﬂd -it, but the publishers toolt the




New York Times, December 3, 1919

EINSTEIN EXPOUNDS
HIS. NEW THEORY,

» Space, Recognizing Them Only
-as Related to Moving Systems.

IMPROVES ON  NEWTON

‘Whose Approximations Hold for
Most Motions, but Not Those

of the Highest Velocity. -

INSPIRED AS NEWTON WAS

But by the Fall of a Man from a
Roof Instead of the Fall
of an Apple.

Oeprright, 1919, by The Xew Tork Times Company
Epscial Cable to 'Tne New YorK TIMES,

BERLIN, ec. S.=XNow that tho iHoyal
Bociety, at its meeting In London on
: avov. 68, h3 put the stamp of ita officlal
' wuthority on Dr. Albert Einsteln's much-
debated pew * theory of relativity,™
Epnan'a conception of the universe seemas

Yikely to undergo radical changes. In-
deed, there are German savants who be-
Meve that sincy the promulgation of
Wewton's theory of gravitation no dls-
covery of such Importence has been
imade in the world of sclence.

YWhen THE New York TIMES corre-;
spondent called at- his home to gather.

from his own lpa an Interpretation of
what to laymen must appear the hook

ity tha sevon seals, Dr. Elnstein him-'

now recovered from exhaustion and photogenic: 1920
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Gravitational Lensing - an off-hand
prediction of Einsteiln

Eesa

www.spacetelescope.org
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http://www.youtube.com/watch?v=PviYbX7cUUg

Foreground objects can distort, and magnify
distant background galaxies.

-

SDSS J1205+4910

SDSS J1420+4+6019

SDSS J1627-00535



Today, the dramatic effects of light bending are observed in
the form of gravitational lensing

tool for
studying dark
matter:
looking for
Massive
Astrophysical
Compact Halo
ObjectS

“Gravitational Lensing”

“Einstein Cross” - 4 images of a quasar

Aug 1Y%

MACHOS S Gravitational Lens

gt o & Galaxy Cluster 0024+1654
Credit: Canada-France-Hawaii X " " Hubble Space Telescope - WFPC2
Telescope Corporation 2006. ' : . "

| OPO - April 24, 1896 - W. Colbay (Princaton Univ.), NASA

il massive galaxy,
s or something




Second view of thls.

“The Hafele-Keating experiment”

an atomic clock was carefully carried
around the world in 1972 and carefully
calibrated and compared with ground-
based clocks

J. Hafele and R. Keating

There are a number of corrections:
accelerations, decelerations, the rotation of
the orbit, the fact that the earth is not
inertial - but relativity was absolutely

CorreCt Predicted Effect  Flying East Flying West
GTR (Gravitation) + 144 +14 179 + 18 i
GTR (Graviation) + 1442 14 s #7918 s - about half of their effect was due to
Total 40 +23 ns + 27521 ns the gravitational difference between

measured: -59£10ns #2738 £7ns Earth and the flight’s altitude

redone twice more in airplanes
and rockets/satellites
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spacetime 1n general
relativity

47



Earth’s orbit is then just us following the shortest
distance around the sun...not a gravitational force

Einstein got rid of
gravitational forces 1in GR

DNOLOLIBRARY

Masses warp spacetime...

Since the shortest distance between two spacetime
points is a light-path, this "“maps" the shape

In GR gravity is not a force, but a "topography" of spacetime that
forces objects to take the shortest curved path in spacetime




Spacetime might

be curvy, bumpy,
..'warped"”

a "non-Euclidean
geometry"?

Euclid’s Geometry starts with 4 terms and 4+1 postulates:
Point, Line, Plane, Space

A straight line can be drawn between any two points

A finite line can be extended infinitely in both directions
A circle can be drawn with any center and any radius

All right angles are equal to each other

=W e

5. Given aline and a point not on the line, only one line
can be drawn through the point parallel to the line

a System of a series of proofs, each building on the
previous, to a whole system of mathematics

like, the sum of the interior angles of any
triangle is 1800

like, Pythagoras’ Theorem

like, actually... a lot of algebra
problems before algebra was
invented

49



Einstein’s mathematics of GR

led him to have to consider non-Euclidean Geometries

which were still timidly being studied by mathematicians




not

so far-fetched

we live in such a geometry

51
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\
/

what’s a

48 l\\
‘‘straight WF_"_WA§\
. | L

‘\4’
\\ R //
7

on a sphere?

shortest distance
between 2 points




Euclid’s
5th
Postulate

SEICHEIRIBEE
never meeting?

only In a flat space

only in flat space

on sphere > 180°
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‘‘warping’’

means that geometry

mixes with mass, energy, and pressure
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General

Relativity

Einstein’s GR
equation
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mathematics
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Einsteiln grossly
underestimated

the richness of his theory

he knew he'd exhausted the possible solutions to
the GR equations

He was wrong...and Irritable about It
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wrong.
Almost
immediately:

from the
foxhole, 1915

Yes. | mean from a foxhole.

The first exact solution to GR...Einstein had used some
approximations for light-bending, etc.

The equations of spacetime outside of a spherical mass.

a big mass.
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escape

Suppose a rocket is shot straight up... when it goes
“ballistic” (no propulsion)...what happens?

It depends.

More initial velocity, the more likelihood that the rocket
will escape the pull of the Earth’s gravity.

This happens when the kinetic energy = potential energy

\/QGME
Vesc =
RE

From Earth: 11.2 kilometers per second...~25,000 mph
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http://en.wikipedia.org/wiki/Km/s

what
about
light?

suppose the
guestion iIs not:

"What's the escape
velocity from a
sphere of mass M?"

BUT

“What’s the radius of a mass M for which the escape velocity
is=c?”

2 2G M
Vesc = \/ GME — C = \/
RE RS

Rs called the Schwarzchild Radius

2GM

2

Rg

It seemed to be a magic radius...
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the All of the mass of: inside of Rs:
Schwarzchild

Radius falls

out of his 1.6 B meters

solution to

G.R.
: : Rs =3000 m
It's not likely
RS is incredibly small
12 M meters ©
Rs =1cm

Impossible, right?. But, since Nature doesn’t do
infinity...thought to be a disaster for the theory.

60



everyone Black Holes
fretted over The Schwarzchild Radius was not a flaw in the theory

this for simply an insult from Nature!
more than a

Einstein calculated that the
normal formation of a star of
gravitational accretion could never
form in so small a volume...and
stars get bigger not smaller, right?

decade

1932, Georges

Lemalitre found
that a slight
change of
coordinate axes

1939: Robert Oppenheimer &

changed the problem Hartland Snyder showed how.

completely
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5¢ worth
of
stellar
physics

Nno charge

Hertzsprung-Russell Diagram...aka H-R Diagram
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5¢ worth
of
stellar
physics

Nno charge

Hertzsprung-Russell Diagram...aka H-R Diagram

hot, bright cool, bright
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10.000 6.000
surface temperature (Kelvin)

stars radiate energy — that’s their job!

being stable is their challenge...

balls of
Hydrogen
brought
together by
gravity

The “main”
sequence




a

balancing

act

Inward pressure
from gravity

VS

outward pressure
from radiation

gravity pulls core/atmosphere: in

\\ l / Radiation pressure from nuclear
N fusion in core: out

— <
ZIAN

H begins to “burn” to He

A star’s fate is determined by how massive it is.
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a balancing
act
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Pp cycle

Main Form of Proton-Proton (pp) Chain in Sun

_,8: O’H
\%,/é Q/{T( *He Key
/ 2H’ 7 proton
O \O Y © neutron
H v @ positron
O v neutrino
VY. ¥ photon
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a balancing
act
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a balancing
act
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Helium-capture reactions

160 20Ne 24
(8p, 8n) (10p, 10n) (1?p 1?n)

-»@ @-@ @-@
@ o

‘He ‘He ‘He

0

Other reactions

12C 160

286G g $Fe
(14p, 14n) (16p, 15n) (26p, 30n)
@ @ N
Q’

160 160 '7SS|

Copynight © 2004 Pearson Education, publishing as Addison Weslay,
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a balancing
act
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a

balancing

act

gravity pulls core/atmosphere: in
WINS

: Radiation pressure from nuclear
Inward pressure <« fusion in core: out

from gravity .. STOPS

VS e +p — N+ V. everywhere...

the star shrinks dramatically
outward pressure

= d th
from radiation and then 9

special effect
takes over:

neutrons cannot all be on top
of one-another

It stops abruptly in seconds

Explosively.
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SN 1993]
M81

supernova'

Crab Nebula...supernova
remnant from 1054 AD

Tycho’s
Supernova,
1572

fSupernova 1

-

g ‘_Fjrogeriit'or :

/2



first infant picture of SN

20 September
2016

Victor Buso:

NGC 613
65M ly away
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aftermath of a SN

mass-ejection and a neutron star

Birth of a Neutron Star and Supernova Remnant

(not 1o scale)

Core Implosion === Supernova Explosion === Supernova Remnan

a star made of only neutrons...sizes 10’s km billiown towms
densities 1017 kg/m3

Time Sequence of Crab Pulsar Light Curve of Crab Pulsar A
(VLT KUEYEN + FORS2 + FIERA) © ESO

“pulsar”...a rapidly rotating neutron star: few milliseconds to seconds in rotation rate

The source of all elements < Fe. We are made of star-stuff
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30 CLASH SN Candidates in 20 Clusters
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