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)&SQA New Higher Physics modules

Our Dynamic Universe

« Equations of Motion
* Forces, Energy and Power
- Collisions and Explosions
- Gravitation
Special Relativity |

. _ links to current
- The Expanding Universe astrophysics research
« The Big Bang Theory
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1. Gravitation

“You may hate gravity, but
gravity doesn’t care”

Clayton Christensen

Fundamental to many current research topics:

 The search for extra-solar planets

* The search for gravitational waves
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— “Planets”

“Dwarf
Planets“

«
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Extra-Solar Planets

» One of the most active and
exciting areas of astrophysics

» Over 400 exoplanets discovered since
1995, and number growing rapidly
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Extra-Solar Planets

» One of the most active and
exciting areas of astrophysics

» Over 400 exoplanets discovered since
1995, and number growing rapidly

Some Important Questions
o How common are planets?
o How did planets form?
o Can we find Earth-like planets?
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1. How can we detect extra-solar planets?

> Planets don't shine by themselves; they just
reflect light from their parent star

—> Exoplanets are very faint
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1. How can we detect extra-solar planets?

> Planets don't shine by themselves; they just
reflect light from their parent star

—> Exoplanets are very faint

> We measure the intrinsic brightness of a
planet or star by its luminosity

Luminosity, L (watts)
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Luminosity varies with Betelgeuse |
wavelength sl e T

e.g. consider Rigel and
Betelgeuse in Orion
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Luminosity varies with Betelgeuse -
wavelength e e TR

e.g. consider Rigel and
Betelgeuse in Orion

Addingup L atall
wavelengths

—> Bolomeftric luminosity

e.g. for the Sun

L., =4x10°W
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Stars radiate isotropically
(equally in all directions)

—> at distance r, luminosity spread over
surface area 47r?

(this gives rise fo the Inverse-Square Law )

A University —
(j‘GlangW Dingwall Academy, Feb 2010 4




Planet, of radius R, at distance r from
star

Intercepts a fraction

Of LS
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Planet, of radius R, at distance r from
star

Intercepts a fraction

Of LS
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Examples

Sun - Earth:

R=6.4x10°m
r=15x10"m
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Examples

Sun - Earth:

— 0 L
R=6.4x10"m N p 4_6)(10_10
r=15x10"m 5

Sun - Jupiter:
R=7.2x10"m L
. — P2 =21x10"°
r=7.8x10"m Ls
' UnlversU:y
O G QSgOW Dingwall Academy, Feb 2010




2nd problem:

Angular separation of star and exoplanet is tiny

Distance units

Astronomical Unit = mean Earth-Sun distance

1A.U.=1.496x10" m
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2nd problem:

Angular separation of star and exoplanet is tiny

Distance units

Astronomical Unit = mean Earth-Sun distance

1A.U.=1.496x10" m

For interstellar distances: Light year

1light year =9.461x10™ m
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e.g. 'Jupiter' at 30 ly. Star ¢ T _Planet

d =301y.=2.8x10"" m
r=5A.U.=7.5x10"m

0 =2.7x107° radians
=1.5x10" deg
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e.g. Jupiter' at 30 ly.
d =301y.=2.8x10"" m
r=5A.U.=7.5x10" m

0 = 2.7x107° radians
=1.5x10" deg
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Exoplanets are 'drowned out’ by their parent
star. Impossible to image directly with current
telescopes (~10m mirrors)

Keck telescopes
on Mauna Kea,

Hawaii
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Exoplanets are 'drowned out’ by their parent
star. Impossible to image directly with current
telescopes (~10m mirrors)

Need OWL telescope:
100m mirror,

planned for next @\
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Exoplanets are 'drowned out’ by their parent
star. Impossible to image directly with current
telescopes (~10m mirrors)

Need ELT:

30 - 50m mirror,
planned for 2025




1. How can we detect extra-solar planets?

» They cause their parent star to ‘wobble’, as
they orbit their common centre of gravity

Johannes Kepler Isaac Newton
FA University “sun) [T R
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Kepler’s Laws of Planetary Motion

1) Planets orbit the Sun in an
ellipse with the Sun at one
focus
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Kepler’s Laws of Planetary Motion

1) Planets orbit the Sun in an
ellipse with the Sun at one
focus

2) During a planet’s orbit
around the Sun, equal areas
are swept out in equal times
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Kepler’s Laws of Planetary Motion

1) Planets orbit the Sun in an
ellipse with the Sun at one
focus

2) During a planet’s orbit
around the Sun, equal areas
are swept out in equal times
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Kepler’s Laws of Planetary Motion

1) Planets orbit the Sun in an
ellipse with the Sun at one
focus

2) During a planet’s orbit
around the Sun, equal areas
are swept out in equal times

3) The square of a planet’s
orbital period is proportional
to the cube of its mean
distance from the Sun

University
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Newton's gravitational
force provided a physical
explanation for Kepler's
laws

Newton's law of Universal Gravitation,
Published in the Principia: 1684 - 1686
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Star + planet in circular
orbit about centre of
mass, L to line of sight
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Star + planet in circular
orbit about centre of
mass, L to line of sight
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Star + planet in circular
orbit about centre of
mass, L to line of sight

Can see star 'wobble’,
even when planet is @
unseen.

But how large is the
wobble?...
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Star + plane’r in circular Centre of mass condition

orbit about centre of m, I, =m,r,
mass, L to line of sight

mS
Can see star 'wobble’, F=fs+l =1 [1+m—Pj
even when planet is
unseen.

But how large is the
wobble?...

Umver31ty
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Star + plane’r in circular Centre of mass condition

orbit about centre of M, =M,k
mass, L to line of sight

F=r 4 =1 14
Can see star ‘'wobble’, 8P B T m,
even when planet is
unseen. e.qg. Jupiter at 30 ly.
But how large is the mg =2.0x10" kg
wobble?... m, =1.9x10°" kg

Umver31ty
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Width of a 5p piece,
seen from a distance
of nearly 7000km,

or the width of a hula
hoop on the surface
I of the Moon...
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I Detectable routinely with
SIM Lite
(launch date 2020?)

but not currently

See www.planetquest.jpl.nasa.gov/SIM/
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Suppose line of sight is in
orbital plane

Direction

to Earth
University v
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Suppose line of sight is in
orbital plane

Star has a periodic motion

towards and away from

Earth - radial velocity

varies s/nusoidally O

Direction
to Earth

Umver31ty v
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Suppose line of sight is in Detectable via the

orbital plane Doppler Effect
Star has a periodic motion -~
towards and away from -
Earth - radial velocity -

varies sinusoidally o

QBJECT RECEDING: QBJECT APPROACHING:
LONG RED WAVES SHORT BLUE WAVES

Can detect motion from shifts in spectral lines
A University — .
(_)fGlangW Dingwall Academy, Feb 2010 @} *




Spectral lines arise when

electrons change energy . f”"““x\
level inside atoms. -~ \& |

This occurs when atoms
absorb or emit light
energy.

Since electron energies
are guantised , spectral
lines occur at precisely

defined wavelengths d / J
hC \L______L//}// -

E h V = — x_.__,_f’
X A
Uan@I'Slty Planck’s constant
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Absorption

Electron absorbs
photon of the precise
energy required to
jump to higher level.

Light of this energy
(wavelength) is
missing from the
continuous spectrum
from a cool gas




Emission

Electron jumps down
to lower energy level,
and emits photon of
energy equal to the
difference between
the energy levels.

Light of this energy

e (wavelength) appears
in the spectrum from
a hot gas

Emission Spectrum




Doppler Shift due to
Stellar Wobble

Star

Laboratory |




\4

Direction
to Earth

Star

Laboratory




How large is the Doppler motion?

Equating gravitational and circular accleration

For the planet:- Angu'ar\velocity
B o Gm,mg 27T
|:C =M Tp = 2 o=——
' T
For the star:- Period of ‘wobble’
c o . Gmymg
c =Mgw Ty = 5
r
Umver31ty P
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How large is the Doppler motion?

Equating gravitational and circular accleration

For the planeT:- Angular velocity
2, _GMpm \
P p s 27T
=M °r, = " ="
For the star:- Period of ‘wobble’

Gm
:h%a)zrsz rlz;h%
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How large is the Doppler motion?

Equating gravitational and circular accleration

For the planeT:- Angular velocity
2 _GMmpm \
P p s 27T
=M °r, = " ="
For the star:- Period of ‘wobble’

G m, m;
= h% W°T, = rF;
Adding:-

M Universit
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Kepler’s
Third Law

The square of a planet’s orbital period is proportional
to the cube of its mean distance from the Sun
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Kepler’s
Third Law

The square of a planet’s orbital period is proportional
to the cube of its mean distance from the Sun

e.g. Earth:
r=1A.U. T =1year

Jupiter:
r=52A.U. TrEZ =— = T, —+/5.2° =11.86 years
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Amplitude of star's radial velocity:-

o (Mg +mp)rg
s — ) S N = \ From centre of
mp mass condition
A University sor e
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Amplitude of star's radial velocity:-

(Mg + M) T
VS — a)rS I = \ From centre of

mp mass condition

2 3.3

o*(m +m,)°r

=  G(mg+m,)= (m 3P) S
m,
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Amplitude of star's radial velocity:-

(M +M;) 1
VS — a)rS I = \ From centre of
mp mass condition
2 3.3
@ (M. +M I
=  G(mg+m,)= (m 3P) S
mP
2 3 2 3
M. +My) V. T MV T
— Gmp3 = (M; p)” Vs ~ s Vs
27T 27T
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Amplitude of star's radial velocity:-

(Mg + M) T
VS — a)rS I = \ From centre of

mp mass condition

2 3.3

o*(ms +m,)°r

=  G(mg+m,)= (m 3P) S
m,

—  Gm’ _ (Mg +m)? v’ T mgvT

112
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G =6.673x10"" m°kg™'s™
m,,, = 2.0x10% kg

Examples

Jupiter: m,, =19x10" kg T =11.86years
v, =12.4ms™
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G =6.673x10" m’kg*s™
m,,. = 2.0x10% kg

Examples

Jupiter: m,, =19x10" kg T =11.86years
v, =12.4ms™

Earth:  m_ . =6.0x10%kg T =1year
v, =0.09ms™
Are these Doppler shifts measurable?...

¢ Umver31ty |
&7 of Glasgow |
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Stellar spectra are
observed using prisms White light
or diffraction gratings,
which disperse starlight
into 1ts constituent

colours Prism

Un1vers1ty
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Stellar spectra are
observed using prisms White light
or diffraction gratings,
which disperse starlight
into 1ts constituent
colours

Prism

Doppler formula

Change in Radial
wavelength velocity
Wavelength of light as
measured in the laboratory Speed
of light
Umver51ty .
10 Ccryy BEDE
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Stellar spectra are
observed using prisms White light

or diffraction gratings,
which disperse starlight
into 1ts constituent
colours

Prism

Doppler formula

Change in Radial

wavelength velocity
A .
— =~ 300 millionth

A

Limits of current technology:

— | va~1ms™

Wavelength of light as
measured in the laboratory Speed
of light

Un1vers1ty
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51 Peg - the first new planet
Discovered in 1995

100 -

‘ Doppler amplitude
. . | ]

) \ 7 ? v=55ms™
b _5 ________________________ ; |

Umver31ty
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51 Peg - the first new planet
Discovered in 1995

100 _
e .4 . i q
A - -| |
1 | WT—
LN .
= How do we deduce planet’s
data from this curve?
—B0
(27Z.Gj m -2/3 mp
100

\/

We can observe We can |nfer this
these directly from spectrum

Umver31ty —
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Wicihle
1 light

N Stars are good approximations
to black body radiators

Wien's Law

Intensity —

The hotter the temperature, the
shorter the wavelength at which

12000K the black body curve peaks

Stars of different colours
have different surface
femperatures

6 000K

J0K

We can determine a star's
temperature from its
1000 2000 3000 spectrum

Wavelength (nm) ——
Umver31ty
of Glasgow
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|

|
0

Dingwall Academy, Feb 2010



<+—— Surface temperature (K)

When we plot the
RN e temperature and
luminosity of stars
£ on a diagram most
are found on the
Main Sequence

106

104

102

1)y —

[EEN

+5

Luminosity (Sun
Absolute Magnitude

10 +10

10+ +15

I I T I
05 BO A0 FO GO KO MO M8

Spectral Type
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<+—— Surface temperature (K)
25000 10000 8000 6000 5000 4000 3000

106 -10

104

Arcturus

1)y —

102

. * 7 Procyon A

+5

Luminosity (Sun
Absolute Magnitude

10 +10

10+ +15

Procyon B

O5B0 A0 FO GO KO MO M8
Spectral Type
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When we plot the
temperature and
luminosity of stars
on a diagram most
are found on the
Main Sequence

Stars on the
Main Sequence
turn hydrogen
intfo helium.

Stars like the
Sun can do this
for about ten
billion years




Main sequence stars obey
an approximate mass-
luminosity relation

We can, in turn,
estimate the mass
of a star from our
estimate of its
luminosity

University
of Glasgow

(i

Dingwall Academy, Feb 2010
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Summary: Doppler 'Wobble' method

Stellar
spectrum

}

Stellar
temperature

[ Luminosity ]

I
¥

Velocity of Stellar [ . . ]
{ stellar 'wobble’ ] + [ mass J + Oitolial patae
1 From Kepler’s

Third Law
Orbital radius
Planet mass

Dingwall Academy, Feb 2010
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: . L R S S A !
Complications g o 5
g
> Elliptical orbits a 50f
g |
3 oF
Complicates maths a bit, but g
otherwise straightforward £ =0
radius —s semi-major axis S S e
=150 Removed. . . , .
. . . . . 1992 1994 1996 1998 2000 2002
» Orbital plane inclined to line of sight Time (yr)
We _m.easur'e only (VSSIH I)ObS | Upsiton Andromedas
If 1 is unknown, then we obtain a N g ——
lower limit Yo M,
- .. 1}
(vg >(vgsini), as sini<1) o
> Multiple planet systems T
Again, complicated, but exciting -2}

opportunity (e.g. Upsilon Andromedae)

A Universit
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In recent years a growing number of exoplanets have been detected via
transits = temporary drop in brightness of parent star as the planet
crosses the star's disk along our line of sight.

welu

L] welcome welcome
o8 centr platgaw BCihts centrs laigow science centry |

University
of Glasgow
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Venus transit - 08 June 2004

05:30 UT 05:40 UT 05:49 UT 06:26 UT

08:11 UT 10:02 UT

Refr. 60mm f/11.6
+ TolUcam Pro |l
200 frame, 1/250 sec
Vito Lecci - Salve (LE)
Italy

10:53 UT 11:04 UT 1113 UT




Change in brightness from a planetary transit

Brightness
4

Star

Planet

=
Time

AN University — ry
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Ignoring light from planet, and assuming star is uniformly bright:

2
Total brightness during transit B. 7Z'(R*2 — RFZ,) gz Ry
Total brightness outside transit B. 7R?

eg. Sun: Ry, =7.0x10°m
Jupiter: Ry, = 7.2x10"m — Brightness change of ~1%

Earth: R, . = 6.4x10°m =  Brightness change of ~0.008%

AN University Supn) (e A
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Ignoring light from planet, and assuming star is uniformly bright:

2
Total brightness during transit B 7Z'(R*2 — RFZ,) gz Ry
Total brightness outside transit B. 7R? R

eg. Sun: Ry, =7.0x10°m

Jupiter: Ry, = 7.2x10"m — Brightness change of ~1%

Earth: R, . = 6.4x10°m =  Brightness change of ~0.008%

If we know the period of the planet's orbit, we can use the width of
brightness dip to relate R, , via Kepler's laws, o the mass of the star.

So, if we observe both a transit and a Doppler wobble for the same
planet, we can constrain the mass and radius of both the planet and its
parent star.

University

(_)fGlangW Dingwall Academy, Feb 2010




What have we learned about exoplanets?

Highly active, and rapidly changing, field

TsuBoo v LA
HD1a7123 B ATAN
HD75289 LA
HDz0945: U.63 M,

- UBIM;
- U7IM,
BE

GLA6
HD195019
HD192263
RhoCrB
HD168443
HD114762
GLA76

7oVir
HD37124
HD134987
lotaHor

HD177830
HD210277
HD222562

16CvgB
HofoR7
47UMa

3

Orbitz;l Semimajorflxis (AU)
Aug 2000: 29 exoplanets

A University

QfGlaSgOW Dingwall Academy, Feb 2010




What have we learned about exoplanets?

Highly active, and rapidly changing, field

‘‘‘‘‘

TauBoo EELLA %ﬁu i - {Ep s — TUM;
HD187123 R om T, T T ",
HD75289 —uH Fro
HD209458 e UBIM; it
Ups And LA B LA EEEL A B i
51P - UATH, B
HD217107 - 12ZW, mame - o
15159330322 - 10M, i ]
ne = UBM s
GLAE L Eﬁ? T -
HD195019 - 34M, By
HD192263 - U5 M R FZOM, =
RhoCrB FERELA G it
HD165443 W, ) {
HD114762 - LM i T
GLA76 ZTH, Bl
7ovir - 7AW, st
HD37124 1O, o s
HD134987 PN B ™
lotaHor - ZZW, g, =
HD177830 - 1ZW, o noe
= 53,
16CyaB T, ) o e
RHDfoga7 AL 5 i
47UMa Tz B i w
14Her = 47N i -
0 i 3 3 i i o T
Orbital Semimajor Axis (AU) g
S ~
E?E": l;ﬂ]“"’ s B
Aug 2000: 29 exoplanets = :ﬁ%
Ewﬁ“ﬁ 8%
B i -
%?ﬂ"; o ¥4

EE'HEEEEE
5

L1 Ei!i!ﬁ!il EECEEREET
i
~§
9
!
s
=
ol
=

4
de‘
=

1 1 . 1 1

1 2 3 4 5
Orbital Semimajor Axis (AU) Catfonia Carnegie

Planet Search

Sep 2005: 156 exoplanets
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What have we learned about exoplanets?

Highly active, and rapidly changing, field

G

6.

TauBoo v L8 ot
HD1a7123 B ATAN o'
HD75289 - UATH, -]
HD209458 - UBIM, 8 it
sﬁg And - U73M, wmine
5 iy

HD21 7107 -
hp190s22 £40.,

ne HO 49474
GLEE v
HD195019 12 i
HD192263 i Y, =
RhoCrB ol
HD168443 romar —
HD114752 1B 1eism TEH,
GLa76 Bl
70Vir miew
HD37124 B
HD1349387 D esia
lotaHor 1Bt
HD177330 g
HD216277 Bt
HD222582 we
IsCygs p T
HD{os97 o
47UMa 4
14Her . —

1] 3 Ay

1 2
Orbital Semimajor Axis (AU)

Aug 2000: 29 exoplanets

EE R e B

EE:EEEEE!E! QE!E__\_ 3323FIIT ii!§!§_i§__ 3335853333 _!Ii §!
FHEEERRRE RN

3IIFI= BTN

Up-to-date summary at

¥
e
e Enra
 AAL
bo ¥ K1
n&
s %)
i
de‘
X
1 1 . 1 1

Now fl ndi ng plane‘l's at |ar'ger' (IJ‘rbitaIngimajoiAxis (A’U) s CattoiaCameg
orbital semimajor axis Sep 2005: 156 exoplanets

http://www.exoplanets.org

University
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M Jet ProPUISIon Laboratory JPLHOME EARTH SOLAR SYSTEM STARS & GALAXIES SCIENCE & TECHNOLOGY
California Institute of Technology BRING THE UNIVERSE TO YOU: JPL EmailNews | RSS | Podcast | Video

= = ; Explore the
NEW WORLDS ATLAS
PLANETQ_JEST ; | A visual guide to exoplanels p :

Exoplanet Exploration

» HOME
OVERVIEW
SCIENCE
TECHNOLOGY
EXOPLANET MISSIONS
NEW WORLDS ATLAS
MULTIMEDIA
HISTORIC TIMELINE
RESOURCES
PLANET HUNTERS
FOR PROFESSIONALS

B seck | Small v wonder

[POD Podcasts 30-vear-u|d telescope ohserves exoplanet atmosphere
'RSS News Feed

TWITTER. Twitter P O @

Exoplanet: n. a planetthat orbits a star
outside the solar system.

y - aeEAS L) 346-13.14. 46

http://www.planetquest.jpl.nasa.gov/




What have we learned about exoplanets?

Why larger semi-major axes now?

> Kepler's third law implies
longer period, so requires
monitoring for many years to
determine ‘wobble’ precisely

A University o el
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What have we learned about exoplanets?

Why larger semi-major axes now?

> Kepler's third law implies
longer period, so requires
monitoring for many years to
determine ‘wobble’ precisely

» Amplitude of wobble smaller (at
fixed m;); benefit of improved
spectroscopic precision

A Universit
of GlasgowY
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What have we learned about exoplanets?

Why larger semi-major axes now?

> Kepler's third law implies
longer period, so requires
monitoring for many years to
determine ‘wobble’ precisely

10 -

» Amplitude of wobble smaller (at
fixed m;); benefit of improved
spectroscopic precision

rad (m S_IJ

710_ L

Improving precision also now |
finding lower mass planets
(and getting quite close to i
Earth mass planets)

For example: m. — 0.9 Meyiy
Third planet of 6T876 system i sini

Orbital Phase




What have we learned about exoplanets?

Discovery of many 'Hot Jupiters": S S—
. . ) HD187123 . U5
Massive planets with orbits closer to HD75289 - VAW,
. . HD209458 - - UB3IM,
their star than Mercury is to the Sun Ups And . U733, L
- UM,
Very likely to be gas giants, but with HD1 30320 oW,
55Cne -~ UBOM,
sr‘rface c;rzmpem’rur'es of several clse — o
- 32M,
thousand degrees. HD139263 L
RhoCrB AL
HD163443 —T
HD114762 LY
GL376 = Z1W,
7oVir - 7AW,
HD37124 = 10w
HD1349a7 - 15W,
fotaHor = 2IW;
HD177830 Mercury . 12M
L | .
0 | 1

Orbital Semimajor Axis (AU)

University
QfGlangW Dingwall Academy, Feb 2010




What have we learned about exoplanets?

Discovery of many 'Hot Jupiters":

Massive planets with orbits closer to
their star than Mercury is to the Sun

Very likely to be gas giants, but with
surface temperatures of several

thousand degrees.

Artist's impression of 'Hot
Jupiter' orbiting HD195019

TauBoo
HD187123
HD75289
HD2039458
Ups And
51P
HD217107
HD130322
55Cne
GLE6
HD195019
HD192263
RhoCrB
HD168443
HD114762
GLE876
70Vir
HD37124
HD134987
lotaHor
HD177830

. O73IM, . 1OM,

. 50M,

)

= 10,
- 1M,
= Z2IM,
Mercury « 12ZM,
. | .
0 o 1
Orbital Semimajor Axis (AU)

'Hot Jupiters’ produce Doppler
wobbles of very large amplitude

eg. TauBoo: V¢ SIN1=474 ms™



Looking to the Future

1. The Doppler wobble technique will not be sensitive enough to
detect Earth-type planets (i.e. Earth mass at 1 A.U.), but will
continue to detect more massive planets

2. The 'position wobble' (astrometry) technique wi// detect
Earth-type planets - e.g SIM Lite after 2020

(done with HST in Dec 2002 for a 2 x Jupiter-mass planet)

3. The Kepler mission (launched
2009) will detect transits Solar Arrays
of Earth-type planets, by
observing the brightness
dip of stars RCS

Thruster

Sunshade ~a

A

Degloyable
over

Photometer

Tracker FPA Radiator

Photorneter
Electronics

SFacecraft
Electronics



The Search for Extra-Solar Planets

o The field is still in its infancy, but there are exciting times ahead
o Inabout 15 years more than 400 planets already discovered

o The Doppler method ultimately will not discover Earth-like
planets, but other techniques planned for the next 5 - 10 years wi//

o Search methods are solidly based on
well-understood fundamental physics:-

» Newton’s laws of motion and gravity
» Atomic spectroscopy
» Black body radiation

M Universit
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The Search for Extra-Solar Planets

o The field is still in its infancy, but there are exciting times ahead
o Inabout 15 years more than 400 planets already discovered

o The Doppler method ultimately will not discover Earth-like
planets, but other techniques planned for the next 5 - 10 years wi//

o Search methods are solidly based on
well-understood fundamental physics:-

» Newton’s laws of motion and gravity
» Atomic spectroscopy
» Black body radiation

o By ~2020, there is a real prospect of
finding not only Earth-like planets,
but detecting signs of life on them.

What (or who) will we find?..

,5 S
A University L
of Glasgow Sacer, HEN

Dingwall Academy, Feb 2010




Gravity in Einstein’s Universe

“The greatest feat of human thinking about
nature, the most amazing combination of
philosophical penetration, physical intuition

and mathematical skill.” Max Born

4 )
y72% v

\_ \\ A y
Spacetime Matter

curvature (and energy)
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Gravity in Einstein’s Universe

(Spacetime tells matter A

how to move, and
matter tells spacetime

how to curve
\_ ),

sii@ University — e
QfGlaSgOW Dingwall Academy, Feb 2010 (IGR ik



Gravitational Waves

= Produced by violent acceleration of mass in:
= neutron star binary coalescences
= black hole formation and interactions
= cosmic string vibrations in the early universe (?)

= and in less violent events:
= pulsars
= binary stars

Gravitational waves
‘ripples in the curvature of spacetime’

that carry information about changing gravitational fields — or fluctuating
strains in space of amplitude h where:

h— 2AL
L
A University sorn el
QfGlangW Dingwall Academy, Feb 2010 CR o R



Gravitational Waves: possible sources

s Pulsed
Compact Binary Coalescences:

NS/NS; NS/BH; BH/BH
Stellar Collapse (asymmetric) to NS or BH

4

s Continuous Wave
Pulsars
Low mass X-ray binaries (e.g. SCO X1)
Modes and Instabilities of Neutron Stars

s Stochastic
Inflation
Cosmic Strings

A Universit
of Glasgovz

Dingwall Academy, Feb 2010



Science goals of the gravitational wave field

Fundamental physics and GR

» What are the properties of gravitational waves?
* Is general relativity the correct theory of gravity?
* Is GR still valid under strong-gravity conditions?
 Are Nature’s black holes the black holes of GR?
* How does matter behave under extremes of Cosmic tug of war

The force of dark energy surpasses

density and pressure? that of dark matter as time progresses.

Cosmology

» What is the history of the accelerating
expansion of the Universe?

* Were there phase transitions in the early
Universe?

University
QfGlangW Dingwall Academy, Feb 2010




Science goals of the gravitational wave field

Astronomy and astrophysics

* How abundant are stellar-mass black holes?

* What is the central engine that powers GRBs?

* Do intermediate mass black holes exist?

* Where and when do massive black holes form
and how are they connected to galaxy formation?

« What happens when a massive star collapses?

* Do spinning neutron stars emit gravitational waves?

* What is the distribution of white dwarf and
neutron star binaries in the galaxy?

« How massive can a neutron star be?

« What makes a pulsar glitch?

« What causes intense flashes of X- and gamma-
ray radiation in magnetars?

» What is the star formation history of the Universe?

Credit: T. Strohmayer and D. Berry

University
QfGlangW Dingwall Academy, Feb 2010




Evidence for gravitational waves

“Indirect” detection from orbital decay of binary pulsar: Hulse & Taylor

PSR 1913+16 :

Line of Zero Orbital Decay

—-30 General Relativity Prediction —

Cumulative shift of periastron time (s)
&
o
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Year
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How can we detect them?

= Gravitational wave amplitude h ~ A_L

Sensing the

; . induced

- excitations of
3 alargebaris
one way to
measure this

-------
ccccccc
o -

5
". ,0' VOLUME 22, NR 24 PHYSICAL REVIEW LETTERS 16 June 1969
* ¢ EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION
J. Weber
(Received 29 April 1969)

ﬁ
Field originated with J. Weber looking for the effect of strains

L + AL in space on aluminium bars at room temperature

Claim of coincident events between detectors at Argonne
Lab and Maryland — subsequently shown to be false

T Universit
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How can we detect them?

L+ AL Jim Hough and
Ron Drever, March 1978
University ——
QfGlangW Dingwall Academy, Feb 2010 et IGR)q




32 yrs on - Interferometric ground-based detectors

A University
7 of Glasgow

Dingwall Academy, Feb 2010




It’s all done with mirrors...

. Mirror
Michelson

Interferometer

Beam splitter

© Observer
{iﬁ_ Unilversity — e
QfG angW Dingwall Academy, Feb 2010 SUP_.{-\) ‘ e




It’s all done with mirrors... CONSTRUCTIVE

(BRIGHT)

Michelson
Interferometer

path 1

>
m DESTRUCTIVE
(DARK)
©

. Ll
SUPA i@ Ay
Dingwall Academy, Feb 2010 ) ‘) e
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Detecting gravitational waves

GW produces quadrupolar distortion of a ring of test particles

h 2AL Expect movements of

Dimensionless strain ] less than 10-'8 m over 4km

University e =
QfGlangW Dingwall Academy, Feb 2010 I
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Principal limitations to sensitivity — ground based detectors

A University

Photon shot noise (improves with increasing laser power) and

radiation pressure (becomes worse with increasing laser power)

There is an optimum light power which gives the same limitation
expected by application of the Heisenberg Uncertainty Principle —
the ‘Standard Quantum limit’

Seismic noise (relatively easy to isolate against — use
suspended test masses)

Gravitational gradient noise, - particularly important at frequencies below
~10 Hz

Thermal noise — (Brownian motion of test masses and suspensions)

e All point to long arm lengths being desirable
LIGO 4km; Virgo 3km; GEO 600m, TAMA 300m

a r B
QfGlaSgOW Dingwall Academy, Feb 2010



Ground based Detector Network — audio frequency range

Hanford

- Lico %
Uvmg%pn

P. Shawhan, LIGO-G0900080-v1

A University e
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LISA: Laser Interferometric Space Antenna

LISA — a joint ESA/NASA Mission to study Black hole physics, and
much more, in the frequency range 10+ Hz -10-1 Hz

e After first studies in 1980s, M3 proposal
for 4 S/C ESA/NASA collaborative mission

in 1993

* LISA selected as ESA Cornerstone in
1995

* 3 S/C NASA/ESA LISA appears in 1997

* Baseline concept unchanged ever

since!
Y = :
A University ~—~— .
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Real progress in GW astronomy over past few years

University
of Glasgow

Operation of six ground based
Interferometers (in addition to
three cryogenic bar detectors)

Advances in waveform predictions
from Numerical Relativity

Significant advances in Space
Borne Detectors — LISA and
DECIGO

Pulsar Timing coming to the fore

Importance of Multi-messenger
Astronomy

A radio telescope and GW search
. . . . .. for astrophysical transients
Using wider interest in relativity,
cosmology and fundamental
physics to bring science to

schools and the public. ‘, L=

Gi 3
maldig, June 2009

Dingwall Academy, Feb 2010



Einstein@Home

Einstein@Home

 Like SETI@home, but for
LIGO/GEOQ data

 BOINC-based; ~100,000 active
host machines

« ~80 Tflop of continuous
processing power — CW searches

 Originally targeted as screensaver
application. Now ported to
German D-grid; effort to extend to
US OSG.

» Scope for extension to UK and
Euro grids?

Un1vers1ty
QfG asgow Dingwall Academy, Feb 2010




Current Status 1 -LIGO now at design sensitivity

Strain Sensitivity of the LIGO Interferometers
S5 Performance - May 2007 LIGO-G070366-00-E

R E R ottt SRR EE R R E i i L L L i
-| —— LHO 4km - (2007.03.18) S3: Binary Inspiral Range (1.4/1 4 Msun) = 16.3 Mpc :
| —— LLO 4km - (2006.06.04) S5: Binary Inspiral Range (1.4/1.4 Msun) = 15.1 Mpc _
¥ ——  LHO 2km - (2007.05.14) $3: Binary Inspiral Range (1.4/1.4 Msun) = 7.8 Mpc BE
LIGO I SRD Goal, 4km
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le-20 |
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16-24 . . . . Lo .! . . . . Lo H H ! ! oo
10 100 1000 10000
Frequency [Hz]

University
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Current status 2: the advent of GW astronomy

= Initial Science Runs Complete (LIGO, Virgo, GEO 600, TAMA)

= Upper Limits set on a range of sources (no detections as yet)

Coalescing ‘Bursts’
Binary « galactic asymmetric
Systems core collapse

supernovae
* Neutron stars, P

low mass black
holes, and
NS/BS systems

* cosmic strings
« 777

Credit: Chandra X-ray Observatory

Cosmic GW
background

Continuous Sources
* stochastic,

» Spinning neutron stars
incoherent background P g

* probe crustal deformations,
‘quarki-ness’

* unlikely to detect, but

e can bound in the 10-
NASA/WMAP Science Team 10000 Hz range

Casey Reed, Penn State
University ——
QfGlangW Dingwall Academy, Feb 2010 SUPA) @



Example: GRB070201, Not a Binary Merger in M31

‘ Refs: -;. G .. : | e : 7 [
GCN: http://gen.gsfc.nasa.gov/gen3/6103.gcn3

I
N

5‘-.
(=]
o
o
[ ]
@
O

i
=

18- 70 keV

70-300 keV

DO h44|'|‘| 00"40”’
RA (2000)

counts /0,002 s

2300-1160 keV.




Example: GRB070201, Not a Binary Merger in M31

Abbott, et al. “Implications for the Origin of GRB 070201 from LIGO

@ |nsp iral (m atched Observations”, Ap. J., 681:1419-1430 (2008).
filter search: 0 pF—T—T—T—T—T— T
Inspiral Exclusion Zone
25 r 7
@ Binary merger in M31 '—'z
scenario excluded at B 20
>99% level = 15
: Q
@ Exclusion of merger at 10
larger distances 5
, e ——e

) 10 15 20 25 30 35

@ Burst search: mMe) (em <3 M
@ Cannot exclude an SGR in M31
SGR in M31 is the current best explanation for this emission

sun)

@ Upper limit: 8x10°° ergs (4x10* M _c?) (emitted within 100 ms for
Isotropic emission of energy in GW at M31 distance)

A University Supn) (e 2
QfGlangW Dingwall Academy, Feb 2010 R4 il




Current status 3: coming attractions!

= Enhancements to LIGO and Virgo at end of commissioning
= aimed at a factor of two improvement in sensitivity

= meanwhile GEO, LIGO and cryogenic bar detectors have maintained ‘astrowatch

= New science runs recently started (July 7th 2009)

= 27d generation detectors
= Advanced LIGO fully funded (10 to 15 x improved sensitivity, operational ~2014)

For Comparison: Neutron Star Binaries:
« Initial LIGO (S5): ~15 Mpc — rate ~1/50yr
= Adv LIGO: ~ 200 Mpc — rate ~ 40/year

Black Hole Binaries (Less Certain):
» Initial LIGO (S5): ~100 Mpc — rate ~1/100yr
= Adv LIGO: ~1 Gpc — rate ~ 20/year

= Advanced Virgo approved (Dec 4t 2009)

s GEO-HF conversion starting

A University e
QfGlangW Dingwall Academy, Feb 2010 @




Future developments — on the ground

Need a network of detectors for good source location
and improve overall sensitivity

Second Generation Network
Advanced LIGO/Advanced Virgo/Geo-HF/LCGT/AIGO

= LCGT under review (proposed cryo, underground
interferometer in Kamioka mine)

= AIGO plans progressing (proposed interferometer
in Western Australia)

gié University
QfGlangW Dingwall Academy, Feb 2010




Future developments — on the ground

Third Generation Network — Incorporating Low Frequency Detectors

= Third-generation underground facilities are aimed at having excellent sensitivity
from ~1 Hz to ~104 Hz.

= This will greatly expand the new frontier of gravitational wave astrophysics.

Recently begun:

Three year-long European
design study, with EU funding,
underway for a 3rd-generation
gravitational wave facility, the
Einstein Telescope (ET).

Goal: 100 times better
sensitivity than first generation
instruments.

M Universit
of Gl asgowY

Dingwall Academy, Feb 2010



Future developments — on the ground

Third Generation Network — Incorporating Low Frequency Detectors

= Third-generation underground facilities are aimed at having excellent sensitivity
from ~1 Hz to ~104 Hz.

= This will greatly expand the new frontier of gravitational wave astrophysics.

EINSTEIN TELESCOPE
gravitational wave observatory

Recently begun:

Three year-long European
design study, with EU funding,
underway for a 3rd-generation
gravitational wave facility, the
Einstein Telescope (ET).

Goal: 100 times better
sensitivity than first generation
instruments.

A Universit
of GlasgowY
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Future developments — on the ground

Third Generation Network — Incorporating Low Frequency Detectors

2010( 201L( 2022( 2013 2014 2015( 2016 2017 2018 2019 ( 2020( 2021 | 2022 ( 2023 | 2024 2023 EDE'E|2EI2?|2[IZB

AdvLIGO

AdvVirgo

LCGT

GEO-HF

AIGO

ET

uUs3iG

Key _ Concept _ Fabrication

_ Design _ Installation
P Funding Commissioning
WU sitePrep [0 Upgrade

University
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Future developments — in space

LISA (Laser Interferometer Space Antenna)

104 Hz — 10-" Hz Our first priority for a space based mission

A Universit
of GlasgowY

Mission Description

3 spacecraft in Earth-trailing solar orbit,
separated by 5 x108 km.

Gravitational waves are detected by
measuring change in proper distance
between fiducial masses in each
spacecraft using laser interferometry

Partnership between NASA and ESA

Launch date: soon after 20207...

P N *cx _5'“',"7“0 &
Dingwall Academy, Feb 2010



Opening a new window on the Universe

GAMUL BATS UV VISIBLE INFRAALD A&

i EaliTH &
TYPICAL SIZE enOTON MACTE R CHbME
WAVELENGTH ' LU

FREQUENGCY

Gamma-Ray (N. Gehrels et.al. GSFC,
EGRET, NASA)

Gamma-Ray >100MeV (CGRO, NASA) X-Ray 2-10keV (HEAO-1, NASA)

X-Ray 0.25, D.?S_, 1.5 keV (S. Digel et. Ultraviolet (J. Bonnell et.al.(GSFC),

al. GSFC, ROSAT, NASA) NASA) Misible: (el Mellinger)

Radio 1420MHz (J. Dickey et.al. UMn. Radio 408MHz (C. Haslam et al., MPIfR,

Infrared (DIRBE Team, COBE, NASA) NRAO SkyView) SkyView)

University
of Glasgow
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Opening a new window on the Universe

TYPICAL SIZE  sadr
WAVELENGTH

FREQUENCY

Gravitational Waves
7?77

Radio 1420MHz (J. Dickey et.al. UMn. Radio 408MHz (C. Haslam et al., MPIfR,

Infrared (DIRBE Team, COBE, NASA) NRAO SkyView) SkyView)
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How do things move?....

Aristotle’s Theory:

1. Objects move only as
long as we apply a
force to them

2. Falling bodies fall at
a constant rate

3. Heavy bodies fall
faster than light ones
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Aristotle’s Theory: Galileo’s Experiment:

1. Objects move only as 1. Objects keep moving
long as we apply a after we stop applying a
force to them force (if no friction)

2. Falling bodies fall at 2. Falling bodies
a constant rate accelerate as they fall

3. Heavy bodies fall 3. Heavy bodies fall at the

faster than light ones same rate as light ones



Apollo 15 astronaut David Scott




How do things move?....

Newton built on Galileo’s work
and proposed 3 laws of motion:

1. A body moves in a straight line
unless acted on by some force
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How do things move?....

Newton built on Galileo’s work
and proposed 3 laws of motion:

1. A body moves in a straight line
unless acted on by some force

2. The acceleration of a body Is
proportional to the force on it

F = ma

3. To every action there Is an
equal and opposite reaction



Law of Universal Gravitation

Every object in the Universe attracts
every other object with a force directed
along the line of centers for the two
objects that is proportional to the
product of their masses and inversely
proportional to the square of the
separation between the two objects.

M4 My

rE

g =0

Isaac Newton:
1642 -1727 AD

The Principia: 1684 - 1686




Moon’s orbit

Newton worked out
that the Moon feels a
‘circular’ force which
balances gravity




Classical Physics:

* Newton's physics assumes absolute
space and time.

* Working out how things look fo
different observers follows simple
rules, in different -
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Classical Physics:

* Newton's physics assumes absolute
space and time.

* Working out how things look fo
different observers follows simple
rules, in different -

The laws of physics are the same
for eyeryone, everywherel!




Classical Physics:
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Light is a - electromagnetic radiation
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Classical Physics:
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Light is a - electromagnetic radiation
. N imply
Speed of light = 300,000 km/s
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Light is a - electromagnetic radiation
. N imply
Speed of light = 300,000 km/s




Through the Ether?...

Earth in January

@VAVAVAVAVASS

Light from a
distant star

Earth in July




50mph In Newton’s picture, the 50mph
' relative speed of the two y

& trains is 50 + 50 = 100mph M




50mph




50mph Speed of light relative to the
— ground faster than speed of

i ! ! ! light relative to the train




Through the Ether?...

Light from
distant stars
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The Michelson and Morley
Experiment would try to

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-




Mirrors Microscope Initial light Light source
bea

Mirrors

Stone slab




The Michelson and Morley
Experiment would try to
measure the “"Ether Drift”
by timing different light
beams - like swimmers on
a fast-flowing river




Special Relativity: 1903

" of
Electromagnetism take
the same form for all
observers, regardless of
their relative motion”




Special Relativity: 1903

Implies the speed of light
must be constant, measured
to be the same by any two
observers, regardless of
their relative motion”

There must be no ether,
and so no ether drift




Special Relativity: 1903

Implies the speed of light
must be constant, measured
to be the same by any two
observers, regardless of
their relative motion”

This abolished completely
Newton's idea that space
and time were




@ Traincarriage @

Let’s try to see why!



Torch beam
reflected off
roof of carriage

@ Train carriage )

Let’s try to see why!



Distance = speed x time

Torch beam
reflected off
roof of carriage

@ Train carriage 9




Distance = speed x time

Torch beam
reflected off
roof of carriage

@ Train carriage 9

2h = cxt,




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...




Now viewed from the platform...

Let's call the time measured
on the platform t;



Now viewed from the platform...

Let's call the time measured
on the platform t;



Now viewed from the platform...

Let's call the time measured
on the platform t;



Now viewed from the platform...

vt

The base of this triangle is vt,



Now viewed from the platform...

vt

This is an isosceles triangle, so it's made
up of two equal right angled triangles



Now viewed from the platform...

This is an isosceles triangle, so it's made
up of two equal right angled triangles



Now viewed from the platform...

This is an isosceles triangle, so it's made
up of two equal right angled triangles



Let’s look at this triangle.
What's the length of its base?



vt
Let’s look at this triangle.
What's the length of its base?



HV L,

What about its height?



Train carriage




HV L,

What about its height?



HV L,

Remember: 2h = (C x t.



Distance = speed x time

Torch beam
reflected off
roof of carriage

@ Train carriage 9

2h = cxt,




HV L,

Remember: 2h = (C x t.



vt

If both observers measure
the same speed of light, c...



Total distance

= Cxtp\

If both observers measure
the same speed of light, c...



vt

If both observers measure
the same speed of light, c...



HV L,

Using Pythagoras’ theorem,
(ctp)> = (vtp)* +  (cty)’



HV L,

tc - tP\/(l_ VZ/CZ)




It appears that time

is running more slowly
on the moving train!!

We need to think about
a unified spacetime

tc - tP\/(l_ VZ/CZ)




Cosmic Ra . . . .
7 Evidence for Time Dilation

Slow moving muons, would
Muons hever reach sea level...

but v = 0.999¢, so muon
60km lifetime appears to us to
be greatly extended




300,000

kms-

The speed of light is the
ultimate speed limit in
the Universe




Just as special relativity shows that space
and time are inextricably connected, so
too are energy and momentum




Just as special relativity shows that space
and time are inextricably connected, so
too are energy and momentum

Particles have a particular
, which is the mass you would

measure if the particle is at rest




Just as special relativity shows that space
and time are inextricably connected, so
too are energy and momentum

Particles have a particular
, which is the mass you would

measure if the particle is at rest

Mass and energy D
are equivalent




Hydrogen fusion — fuelling a star’s nuclear furnace

Pressure H = Hydrogen
He = Helium

GO0 mil mi_ _




's Relativity

What about
accelerated
observers?

How does gravity
fit into this?



Law of Universal Gravitation

Every object in the Universe attracts
every other object with a force directed
along the line of centers for the two
objects that is proportional to the
product of their masses and inversely
proportional to the square of the
separation between the two objects.

M4 My

rE

g =0

Isaac Newton:
1642 -1727 AD

The Principia: 1684 - 1686




Moon’s orbit

But how does the
Moon know to
orbit the Earth?

How does gravity
act at a distance
across space?

Earth
3




Gravity in Einstein's Universe

Gravity and
acceleration
are equivalent

Gravity Is not a
force acting
through space and
time, but the result
of mass (and
energy) warping
spacetime itself

L lHeel gravity. N

| must be on Y
the surface of
a planet. z

3 i
Il
i
- |
= i B
I
L) f




Gravity in Einstein's Universe

"Spacetime tells matter
how to move, and
matter tells spacetime
how to curve”




Gravity in Einstein's Universe

Differences between Newton's and
Einstein's gravity predictions are tiny,
but can be detected in the Solar System
- and Einstein always wins!



ravi Ly In Einstelr

1. Precession of orbits —

observed for Mercury,
matching GR prediction

Advance
of perihelion




1. Precession of orbits —
observed for Mercury,
matching GR prediction

2. Bending of light close
to the Sun - visible
during total eclipse,
measured in 1919




ravi Ly In Einstelr

r Appare
DOSH :s ofs

1. Precession of orbits —
observed for Mercury,
matching GR prediction

2. Bending of light close
to the Sun - visible
during total eclipse,
measured in 1919




ravi Ly In Einstelr

* Appare
pos :3 of s

1. Precession of orbits —
observed for Mercury,
matching GR prediction

2. Bending of light close
to the Sun - visible
during total eclipse,
measured in 1919




Gravity in Einstein's Universe

A 'Black Hole' warps spacetime so
much that even light can't escape




Prof Reinhard Genzel: VLT observations
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Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based QOptical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds - 17 Arc Seconds .
88,000 LIGHTYEARS 400 LIGHTYEARS




Grand Unification Theories

"The generalisation
of the theory of
gravitation has

occupied me

unceasingly since
1916”

Einstein, 1952




. e Runaway
Universe

Dr Martin Hendry

SUPA, Department of Physics and Astronomy
Wniversity of Glasgow




C H A P T E R 1

OUR PICTURE OF
THE UNIVERSE

THE UPDATED o _
AND EXPANDED |~ - ¥ ...Alittle old lady at the back of the room

~ TENTH BE= got up and said: “What you have told us is
ANNIVERSARY

EDITION i . rubbish. The world is really a flat plate
BB e vl supported on the back of a giant tortoise.”
The scientist gave a superior smile before
replying “What is the tortoise standing on?”

“You’re very clever young man, very
clever,” said the old lady. “But it’s turtles
all the way down!”

University
of Glasgow

[T Vesras vna |

Dingwall Academy, Feb 2010



State of the Universe — Feb 2010
4%

/I\/Iore than 95%\

of matter and
energy in the
Universe exists
In @ mysterious,

\unknown form. /

&0 Ul’liVGl’Sity
f GlangW Dingwall Academy, Feb 2010
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Edwin Hubble

_ .
A University L e
of Glasgow tacer, HEY

Dingwall Academy, Feb 2010




Hubble’s Law

TR AN

FOm IOl

WELOCITY

c-r = ] £ 00" PAESECS
I ITRER 1

Distant galaxies are moving aWay from us
with a speed proportional to their distance

_ L
A University |
of Glasgow supa) PR )

Dingwall Academy, Feb 2010




Spacetime is expanding like
the surface of a balloon.

As the balloon expands,
galaxies are carried farther
apart

University

" QfGlaSgOW Dingwall Academy, Feb 2010
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University
QfGlangW Dingwall Academy, Feb 2010




Gravity in Einstein's Universe

"Spacetime tells matter
how to move, and
matter tells spacetime
how to curve”

University
of Glasgow

Dingwall Academy, Feb 2010



How fast is the Universe expanding?

_,-—-"“_"'_"'"“"*—-L\

HST Key Project:

Cepheid distances to ~30
galaxies, linking to other
standard candles

A Universit
of Glasgovz

Dingwall Academy, Feb 2010




Will the Universe expand forever?

Answer depends on the density of matter in the Universe.

Density too low; Universe 4 _ )
expands forever \ Gravity acts to
T \ slow down
4 ” _ the expansion
g ‘Critical’ density \_ )
B

Density high enough to cause re-
/ collapse, leading to ‘Big Crunch’

Time ————

M Universit
of Gl asgowY

Dingwall Academy, Feb 2010



Weighing the Universe

Can we assume light traces mass?...

T Universit
cf Gl asgowy

Dingwall Academy, Feb 2010



Weighing the Universe

Luminous matter makes up only 0.5% of
the critical density of the Universe

A Universit
of Glasgovz

Dingwall Academy, Feb 2010



More than meets the eye?...

Fritz Zwicky

1933: finds evidence
for dark matter in the

Coma galaxy cluster

T Universit
cf Gl asgovg

Dingwall Academy, Feb 2010




Weighing the Solar System

Isaac Newton

ﬂ, Un1vers1ty . R
of Glasgow “sura) NG ( )

Dingwall Academy, Feb 2010



Charles Hutton

Schiehallion, from Loch Rannoch

Maskelyne’s 1774 experiment to measure G Neville Maskelyne

University
of Glasgow

[T Vesras vna |

Dingwall Academy, Feb 2010



Weighing the Solar System

60
@ ‘
£ 50 The Nine Planets
=40
-"5 4 1 )
O 30 -
2 D C ——
— 20 1/
2 \\ N d J
5 lo O ———
O | | | |
0 10 20 30 40 50
Distance from the Sun (AU)
' Umver31ty
O G angW Dingwall Academy, Feb 2010




Weighing galaxies

-l | | | I | | | ] | | l L | | ] L I d

150 - b - T zxxXIII-

— = -

= .

5 » =

- [ i

Vera Rubin 50 '__ I Observed rotation curve -_

1970s: studies the - Rotation curve predicted -

rotation curves of i from luminous matter i
spiral galaxies, and y L S S S S S S S
0 10 20 30

finds that they are flat.
Y R {kpc)

A University supa Tl | )
QfGlangW Dingwall Academy, Feb 2010 'CR o o




Even more dark matter in clusters...

Fritz Zwicky

1933: finds evidence
for dark matter in the

Coma galaxy cluster

T Universit
cf Gl asgovg

Dingwall Academy, Feb 2010




Mapping dark matter with gravitational lensing

As light passes close to
a star its path is bent by
the curved spacetime

AW University
J of Glasgow

Dingwall Academy, Feb 2010



We can see gravitational lensing during a
Solar Eclipse T pesiin

of star o L pparent

‘:I.}a postion of star
S _
A,

@ Earth

A University — TN
— QfGlangW Dingwall Academy, Feb 2010 J




Bullet cluster:
When clusters collide

Dark matter, - .
reconstructed

from strong

and weak

lensing

Chandra X-ray
image: also shows
| ‘dark’ cluster gas

A University

*
(_)fGlangW Dingwall Academy, Feb 2010




NVhat does all of this mean?....\

 There is lots of dark matter
- Less than 1/6% of it is baryonic

* The baryons ‘clump’ differently from
the rest of the dark matter.

* The density of all dark matter only

\ comes to about Y4 of critical /

Umver31ty
. 5
' O G angW Dingwall Academy, Feb 2010 @j




1980s: Cosmic Cookery

Amount of each L | !
element depends -
on the density of

=3

o

1

Fud

|

1
T
m
£
C
=

baryons. %m . /@
% N d HELILUM 3

Observed amounts <06

match predictions B < , @

very well, but only ém—ﬂ | TR

if baryons make up #NCD
0 10~10 o e
about 15% of alll o L o | peurenw
the dark matter. | " DENSITY |
@3 University
QfGlangW Dingwall Academy, Feb 2010




So what exactly is _ \ -
this dark matter?... Bloath
Computer models
of galaxies tell us
that it must be cold |
— I.e. not moving at “"l
relativistic speeds. |
——
dark matter oy
92Fcze:2§\“ m ; - Da::.l:ty!:i::i .

A Universit
of GlasgowY

P __ %
SUPA Q@ s
Dingwall Academy, Feb 2010 e



Will the Universe expand forever?

Answer depends on the density of matter in the Universe.

Density too low; Universe 4 _ )
expands forever \ So, Is the
T < expansion
i N _ slowing down?....
g ‘Critical’ density \_ )
e

Density high enough to cause re-
/ collapse, leading to ‘Big Crunch’

Time ————

M Universit
of Gl asgowY

Dingwall Academy, Feb 2010



Answer depends on the shape of the
Universe

7] University
& of Glasgow

Dingwall Academy, Feb 2010



Is the Universe speeding up or slowing down?

B Band
-20
_195_ Narrow range of
; brightness when they -
2 explode indicates a good -
S 181 Standard Candle
= ) @&
g R
A6F ol
: - Calan/Tololo SNe la
We can answer this b Tl
questlon using supernovae 20 0

Shape of the universe affects the
relationship between redshift and
distance of remote supernovae

Closed Open Flat

A University e 2
QfGlangW Dingwall Academy, Feb 2010 ﬁ




‘Hubble diagram’ of distant supernovae

24__ Models with different 5 o 8
shapes é %
o 22 \,} =
= L Supernova
D i / ’ Cosmology i
g 20 «'} Project
b - & i
5 ?é' “‘Speeding up’ model
g g P ‘
E 8 i §! |
16 B ‘Slowing down’ model |
—% ~ Hubble’s law for .
14 § Inearlby sluperlnov?\e | |
redshift
gié Unaversity - Py
5 SUPA) [N ( + )
QfGlangW Dingwall Academy, Feb 2010




State of the Universe — Feb 2010
4%

/I\/Iore than 95%\

of matter and
energy in the
Universe exists
In @ mysterious,

\unknown form. /

&0 Ul’liVGl’Sity
f GlangW Dingwall Academy, Feb 2010
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Cosmic tug of war _
So what exactly is

The force of dark energy surpasses
that of dark matter as time progresses. this dark energy’?

p— Dark Matter . -
st constrains Einstein’s
oy e “cosmological

o Dark Energy COnSta nt”? "

Energy of the
gquantum vacuum?...

BIG BANG

University
(_)fGlangW Dingwall Academy, Feb 2010



So what exactly is
this dark energy?...

0
4% Q.

Einstein’s
“cosmological
constant™...

Energy of the
gquantum vacuum?...

A University
& of Glasgow

Dingwall Academy, Feb 2010



Cosmology’s Most Wanted

ACDM

Figure 3. A line up of
cosmological culprits
{2 1s the big shot control-
ing the Universe. He’s go-
ing to make it blow up.
£2-pa would like to make
the Universe collapse but
can't compete with €2, . €2
just follows 2 pas around.
Like all dangerous crimi-
nals, one can never be sure
of €25 until he is behind
bars. The CMB police is
being beefed up. Hundreds
of heroic CMB observers
are now planning his cap-
ture.

From Lineweaver (1998)

University
of Glasgow

0.7

\

0.6

e =S

0.5

04

/\

0.3

0.2

"
A

0.1

(]

0.0

Q)
cosmological constant
energy of the vacuum

He never clumps
His evil plan is to
blow up the Universe

S)C D

cold dark matter
He likes to clump but
has never been detected
directly

His evil plan is to make
the Universe collapse

Qy,

normal baryonic matter
a pawn in the cosmic
game who just follows
CDM around. He thinks
he’s a complex life form
but is really just a bunch
of hydrogen

Dingwall Academy, Feb 2010




The Background Radiation

Since 2003, measurements of the Cosmic Background
Radiation have helped to convince us that the Universe
really is accelerating, and dominated by dark energy.

CBR = relic
radiation from the Big
Bang itself.

Appears to us like a
‘bank of fog’

University
of Glasgow

[T Vesras vna |

Dingwall Academy, Feb 2010



Early Universe too hot for
neutral atoms to exist

Free electrons scatter
light (as in a fog)

After ~380,000 years,

Universe cool enough

for neutral hydrogen to 9
form: the fog clears!

A University e R
QfGlangW Dingwall Academy, Feb 2010 J




COBE map of temperature across the sky

M University
& of Glasgow

Dingwall Academy, Feb 2010



CBR ‘ripples’ are the
seeds of today’s galaxies

Galaxy formation is highly
sensitive to the pattern, or
power spectrum, of CBR
temperature ripples



WMAP map of temperature across the sky

University
of Glasgow

Dingwall Academy, Feb 2010



Angular Scale
90° g 0.5° 0.2°

A TT Cross Power
" Spectrum

Predicted curve very sensitive
to ‘ingredients’ of cosmological — A-CDMAIl Data

model. : i
By measuring the CBR\ :

CBI
ACBAR
we can work out (very
precisely) the
cosmic recipe!!

FeH FoH A

‘Strength’ of temperature fluctuations
R AL LR R R ) AR R RN RSt R R R

A Universit
of Glasgovz

Dingwall Academy, Feb 2010
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NO

‘Big Crunch!!!




The future of cosmology?...

“What exactly are
dark matter and
dark energy?”

Was Einstein
right all along?...




2000's

Post-MAP

Creliclziny Dzifas
VIdLLER

Ordinary Visible
Matter



Afterglow Light
Pattern
400,000 yrs.

Inflation

um
Fluctuations

Dark Ages Development of
Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

Dark Energy
Accelerated Expansion
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13.7 billion years




