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Teacher’s Introduction

This Topic Review covers the optional unit Section 3.9: Astrophysics of the
AQA Physics A Level. The aim is to go over the topics in the specification Always check the exam board
website for new information,
including changes to the
specification and sample
assessment material.

in a focused but comprehensive way, allowing students to consolidate
their learning and to prepare for the exams. The resource includes
guestions after each small topic to allow students to test their
understanding and ability to apply what they have learnt. Worked
answers are included with the questions so that students can check their
answers and see where they’ve gone wrong.

Each section of the review starts with a checklist of all the topics in the section, and what students should expect
to know about the topic before moving on. This can be used as a self-assessment tool at the start of revision, so
that students know where to focus their time, or at the end to ensure they have no gaps in their learning.

Worked examples for calculations are provided throughout (including derivations where appropriate), giving
students not only knowledge of the appropriate facts and equations, but how they are applied as well.

Exam-style questions are provided, so that students can test their knowledge and practise for their upcoming
exams. These exam-style questions have worked mark schemes in the same style as those used by the exam
board, so that students can check their own answers and see where they’ve gone wrong.

Key equations and definitions are highlighted with a key symbol.

Equations on the data booklet are marked with a star so that students know what they have to
memorise and what they can refer to the data book for in the exam.

Exam tips are included regularly throughout to help students avoid misconceptions and common
mistakes and to give students a steer on things they should particularly practise in revision.

Students should be able to work through this review in their own time, after they have completed the topic in
lessons, or during revision, and it is a great accompaniment for students as they make their revision notes or
where they need an easy reference text as they do practice papers.

| hope that this review will be of real benefit.

Free Updates!

Register your email address to receive any future free updates*
made to this resource or other Physics resources your school
has purchased, and details of any promotions for your subject.

* resulting from minor specification changes, suggestions from teachers
and peer reviews, or occasional errors reported by customers

Go to zzed.uk/freeupdates
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9.1 Telescopes

Chapter 9.1 checklist

By the end of this chapter you should be able to:

9.11

e Understand the difference bp F
e  Recognise and sketc“ JRE

e o
c O
S
8 A
o c
)

o)

Al

912

e  Describe Cassegrain arrangements of reflecting telescopes .........cccocvveueee
e  Recognise and sketch ray diagrams of light passing through Cassegrain tele
Explain the advantages and disadvantages of reflecting and refracting teles
Explain and understand what is meant by spherical and chromatic aberrati

9.13

e  Describe similarities and differences between radio and optical telescopes
e Understand how telescopes’ structures and positions affect their abilities to
e  Compare resolving and collecting powers of telescopes .......ccceevvvevrvvernnns

914-

Understand why telescopes have a minimum .5, ul
Calculate the Rayleigh criterion . . T et resntrrrrenstarrresreaessanreaenaans
Understand how the colier"' e s of a telescope depends on the telesc
Understand how ch Tyied devices {CCDs) are used in telescopes...

Compg® ‘re Lo i and efficiency of CCDs and the human eye..........

¢ “esalution ...
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9.1.1 Astronowmical telescope consisting of two converging le

The earliest telescopes were all refracting telescopes. These are telescopes that
magnify the light from stars and other celestial objects.

Lenses

Lenses are either convergent or divergent.

Convex lenses are converging lenses.
A lens which spreads out parallel beams of lig!
Concave lenses are diverging lenses.

The ray diagram for a converging lens can be seen below.

> ﬁ\ Principal focus, F
L f /
Image
, l\

Principal axis

U

Object
Converging lens

The ray diagram for a divergir-.! ns j.,;ue"’ééen below.

Object Virtual f v
image

Diverging lens

A diverging lens creates a virtual image, as the rays of "'~ * A ’}fer actually meet.
The virtual image is one that the divergent ray:.a, zﬁ’ég, >3 come from.

i fpm

L o pomt at which rays parallel to the principal axis (before t
W lens) cross the principal axis (after passing through the lens).

f = focal length: the distance between the
lens and the principal focus (in m)
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Norwmal adjustment

The ray diagram below shows how an image is formed by a refracting
telescope in the normal adjustment. Telescopes used for viewing stars are
in the normal adjustment as the stars are considered to be at infinity.

When discussing lenses, ‘at infinity’ means that the rays are parallel.

< Ally infinitely far a
-arth is negligible.

Stars and other objects we see through telescopes ~r. 4
the angle between their light rays when the « ac +

Rays from star

Objective lens

[, = focal length of the objective le
f. = focal length of the eyepiece le
o = angle subtended by image at e
B = angle subtended by object at u
[, + [, = distance between lenses

Angular magnification and Focal Lengths

The angular magnification of a telescope is the fa~;

Dy \f‘ll(.l the angle betwe

t‘iﬁgle subtended by image at eye
" angle subtended by object at unaided ey

The magpnification of the telescope is dependent on the focal length of the lense

First define tana = % andtanf = %, which can be found using trigonometry fr
e o

a and 8 are both small —we can use the small-angle Exam ﬂp

approximation for tan 6.
PP There are seve

Using the small-angle approximation gives For8 = 0
a=2and g = 2
e fO

Putting this into the equation for magnification gives

Exam tip
For telescopes, the mag
always be positive—a t
an image smallerisn’t m

This equation tells us that the focal length of the objective lens must be greater
eyepiece lens so that the magnification is positive. The distance between the len
refracting telescopes are very long.
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"Example

A refracting telescope has a magnification of +2.

a)

b)

b)

The angle subtended by the image of an object at the eye is 6°.
What is the angle subtended by the object at the unaided eye?

The focal length of the eyepiece lens of the telescope is 5 m.
What is the minimum total length of the telecrrm rhol

angle subtend" i ‘1a.b i eye
WeflrstuseM—g— = —— = =

angle subto.. a tor f,,a ‘at unaided eye B

We rearrange thi g U e angle subtended by the objected at an unaid

fo

e

The magnification of the telescope is given by M =

We have the focal length of the eyepiece lens, but not the objective lens.

Rearranging to find the focal length of the objective lens, f,

fo=f,M=15x%2

But we don’t want just the focal length of the objective lens! We want the

telescope.

The minimum total length of the telescope is the sum c* the focal lengths
mm fO + fe =15+3 i 4 ; ;

Lmin =45m y - -

Give a reason for your answer.

The focal length of the objective lens of the telescope is 15.0 m.
a) Should the focal length of the eyepiece lens be longer or shorter than t
objective lens?
Give a reason for your answer.
b) Calculate the focal length of the eyepiece lens that should be used for
c) Astaris viewed at an unaided angle of 8.00°.
Calculate the angle at which the light from the star reaches the eye wh

Complete the diagram below to show light passmf' i o :éh a telescopeinn

Label the focal length of the objective I » 3(} AU fhe focal length of the e

Objective lens

Eyepiece |
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9.1.2 Reflecting telescopes

Key Terms:

A reflecting telescope is one that uses mirrors instead of lenses

Cassegrain arrangewent e
The Cassegrain arrangement is a sv<+ L8t s rars used in reflecting telescopes
arrangements consist of twr o o are: . sarabolic concave primary mirror and a
secondary mircar. o "
Y

A ray diagr-\g:s¥ving the path of light through a telescope in the Cassegrain a

g&){,&u 4
be seen belo®

The parabolic shape of the primary mirror is used 2 i \‘i/:‘pd‘I allel beams of lig
a secondary mirror, which then reﬂects t” gt L AAAAAAA 7 through an aperture in th
the eyepiece. : g

jescopes are the oldest type of telescope, reflecting telescop
advantages over refracting telescopes.

Size matters: Refracting telescopes need to be incredibly long, as the total
at least the length of the eyepiece plus objective lens focal le
Meanwhile, the focal length of reflecting telescopes can be e
telescope larger — additional mirrors can be added to ‘fold’ t
extending the focal length without making the telescope lon

Crystal clear: For the best-quality image, high quality glass is needed for re
and expensive to make such large lenses with no defects ori
In comparison, there’s no real difficulty in creating a large sm
for a high-quality reflecting telescope.

Heavyweights: The long lengths and large lenses required.for refracting tele
astronomical events can develonc ¢ -a d it's difficult to
in time to catch these even's.
Reflecting telesce- .« fre : aulvely hght in comparison to refr
lot easier ™ - vr‘ . 2vecting telescopes to the portion of the s

Brace yourself: L vy ténses can distort under their own weights, distc:

co s act for this because lenses can only be supported at the e
W Because only the front surface of the mirrors is used in reflec
support them from behind without obscuring the image.
Aberrations: Reflecting telescopes don’t suffer from chromatic aberratio
telescopes. Spherical aberration is also easier to correctinr
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Chrowmatic and spherical aberrations

Chromatic aberrations occur due to the refraction of coloured light.

When light passes through a lens, it is split into its component colours; shorter w
refract more than longer wavelengths of light (red light).

incoming (white) light

Lens

Chromatic aberration in refracting telescopes can be corrected by using two len
indexes, which can correct for the effect.

Chromatic aberration doesn’t occur at all for reflecting telescopes.

Spherical aberration occurs when beams of light passing through the edges of t
point to rays passing through the centre of the lens.

Incoming light

Lens

Spherical aberration can be minimised by changing the shape of the lens to focu
Reflecting mirrors can still suffer from spherical aberration, but it’s much easier
perfectly parabolic mirror.

Questions

1. Make a list of the advantages of reflecting telescopes over refracting telesc
Remember: it's important to consider not just the quality of the image, but

2. Describe chromatic and spherical aberration, inc! ..

-

b 2 sources of these

3. Complete the diagram
opposite to show the path
of parallel beams cf 2

)

Secondary mirror

Prim
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9.1.3 Single-dish radio telescopes and IR, UV and X-ray teles:

Telescopes aren’t just used for the light we can see! Visible light makes up justas
and other astronomical objects give off — looking at lower energy light (radio and i
(ultraviolet and X-rays) can give us a lot more information about the universe.

For any type of telescope it's important to consider some key faztors: what the tel
structure of the telescope and where it's best to positic 1. ijthe telescope’s re

Optical telescopes 14
Uses ° Optlcai ’rf - e" *udy the VlSlble part of
thei iy ; )evu’um roughly 400 to 700 nm.
G cal teiescopes can show us things that
zwe can already see in far greater detail,
and can see much dimmer objects than
the eye can see.

Positioning  Although visible light can pass through the
atmosphere, it is refracted. This means that,
although optical telescopes can be positioned
on the ground, it’s important to try to reduce
atmospheric effects.

Optical teles

Many optical telescopes used for scientific altitudes. Th

research are placed at very high altitudes —
this reduces the effect of refraction by the

atmosphere, including additional refraction from turbulence in th
where the refractive index of air changes. :

o

Radio telescopes

Radio signals have muc“
centimetre g
Uses

. . dléngths than visible light — typically

o) Many radlo sources can’t be seen in the visible range; these

" include active galaxies, pulsars and quasars. Radio
astronomy has been used to study the Sun and the cosmic
microwave background.

e Radio frequencies can penetrate the gas and dust clouds tha
run through the Milky Way, and so radio astronomy can be
used to study the centre of our galaxy.

e Radio telescopes are particularly useful for studying energy
emitted by neutral hydrogen — the most abundant element i
the universe. The difference between energy states of
hydrogen corresponds to 21 cm, a radio wavelength.

e Unlike other ground-based telescopes, radlo teiescopes can

be used both day and night.

Structure Radio waves have longer waveleag ﬁs"' A \nsable light, and so
radio dishes can be ma- s o ire frames. Radio telescopes
tend to be in th. . sn can arrangement

./

ile s o ooty Iong wavelength radio waves are absorbed by th
»m window of wavelengths (around 1 ¢cm to 10 m) that pass thr
r'thls reason, radio telescopes can be positioned on the ground

Man-made radio signals can interfere with radio astronomy — rad
far away from urban centres. There’s even a radio silent zone in
34,000 km? just to do radio astronomy away from radio sources!
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Infrared (IR) telescopes

Infrared light corresponds to wavelengths of light from 0.7 to 1 mm.

Uses e Infrared astronomy is used to investigate cool
regions and objects, such as interstellar gas,
nebulae where stars form and cool stars.

Structure Infrared telescopes are comprised of |enses anec
mirrors, like an optical telescope.

Modern infrared telescore - “lia-state detectors,
but early infrare-! : ie8 y zudetected changes in
tempera’, m Savy the absorption of infrared light.

*red telescopes have to be cooled to very low

,,,_,...ﬂ...{peratures using liquid helium or nitrogen, and
have a lot of thermal insulation to shield them from
external infrared radiation.

Positioning Most infrared wavelengths are very strongly absorbed
by gases in our atmosphere, particularly water vapour and carbo
wavelengths pass through. For this reason, most infrared telesco
atmosphere satellites, but there are some infrared telescopes pl
high-altitude aircraft.

There are two narrow windows (3 to 5 um and 7 to 14 um) wher
atmosphere — ground-based telescopes can be used to study the

Uhtraviolet (UV) telescopes
Uses Ultraviolet light has wavele"\gf S
400 to 10 nm. ..

e Ultraviolet * .1 ’scn £ - can be useci to
chemical composition and
“‘t\ ! p‘.ratures of stars and interstellar gases.
§Ultra\nc»let astronomy has been used to

"~ investigate the halo of gas around our galaxy

and the corona around the Sun.

lﬂ‘ ad """1

Structure Ultraviolet telescopes are in Cassegrain
arrangements.

The detector of an ultraviolet telescope consists of
solid-state devices —when ultraviolet photons hit
this detector, a current is produced.

Positioning  Ultraviolet wavelengths are absorbed by the ozone
layer, so UV telescopes have to be positioned in space.
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X-ray and gamwma ray tfelescopes
X-rays have wavelengths of 0.01 to 10 nm. Wavelengths
shorter than ~10712 m are gamma rays.

Uses e  X-ray and gamma rays have extremely high
energies, so come from high-energy events
and objects — binary systems, active
galaxies, supernovae remnants anH
black holes. =

Structure X-rays will penetratﬂ s ad for other types
of astronor“; 5 A X ray and gamma rays

at a low angle, so that they're guided to the
detector.

X-rays are detected by CCDs, solid-state devices that use high-ene
creating a current.

Positioning X-rays and gamma rays are absorbed by the atmosphere, so both
have to be positioned in space.

Power
The image a telescope produces doesn’t just depend on the wavelength of light,
telescope. A larger telescope will be able to produce clearer images of an objec

Resolving power

The resolving power of a telescop
objects can be distinguishe~' !

roportional to wavelength —

longer

the distinctlons' between objects blur.

So radio telescopes have the worst resolving power and X-ray
telescopes have the best.

Collecting power

The collecting power of tele
area of the telescope (or dia

The collecting power of tele
dish can be created and sup
be ez:’!y upported but is di

oesn’t mean that large
space; for instance, the Hub
of 45 m?2.

The effective size of radio te
using mulitiple dishes acting

The Arecibc®tdio telescope has a diameter of
over 300 m, increasing its collecting power
massively.
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Questions

1. The highest altitude ground-based telescope in the world is at the Universit
Observatory (TAO), at 5,640 m above sea level.

What is the advantage of positioning a telescope at such a high altitude?

2. How do UV telescopes detect photons?

o

"' %ie o < eléscope with a collecting area of 4

3. The Lovell telescope at Jodre
village of Goostrey ir £ -

i ,_.-"/:

el ,A;1.~bnﬁ§é;gnetic radiation is the Lovell telescope likely to stu

v

4. The James Webb space telescope {(due to launch spring 2019) will be an inf
1,500,000 km away from Earth with a collecting area of 25 m?. The intende
study the formation of galaxies.

Comment on the choices made in the planning of this telescope, including t
radiation studied and the position of the telescope.
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9.1.4 Advantages of large-diameter telescopes

Angular resolution

Key Terms:
The angular resolution of a telescope is the ability of the telescope to
distinguish between two objects. An angular resoiuti(_)n - . irexample,

x radians, means that the telescope can disting st~ acen ‘two objects
subtended by a minumum x radlan< 4 fy s ijects closer than this will
appear as a single object. S

' 1ig’.; i ‘éf;félescope is focused into a pattern called an Airy dis
w¥ aperture (opening) of the telescope, it diffracts, causing obje

smaller angular resolution means that smaller or closer together objects can be

The resolution of a telescope is given by the Rayleigh criterion

As you can see, larger-diameter telescopes have a
better (smaller) angular resolution, and resolution
depends on the wavelength of light captured -
shorter wavelengths correspond to a bef*. S iy

a) The Arecibo radio telescope is 305 m across and mainly studies the 21.0 cn
What is the minimum angle the Arecibo radio telescope can resolve?

b) Estimate the size of an X-ray telescope with the same resolution as the Ar

a) The minimum resolvable angle of a telescope is given by
A

0 ~=
D

Plugging in numbers

21.0x1072
350

0~ 6.89x10 *rad

e =~

b) Atypical X-ray has a wavelength of aroLad fr"

degrees = radia

~ e iox10-4 radians = degre
D ~1.45pum

As you can see, the biggest radio telescopes won’t have as good a resolut
telescopes!

|
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Collecting power
Collecting power is the amount of light a telescope can gather. A telescope with
able to detect dimmer objects.

Collecting power « diameter?
Or .5
Collectir 4 wve. « area

=

o

Charge-coupled devices (CCPe) . -

Most modern teiescopes e

’J; as detectors CCDs are

charge is released and a current is generated — this signal is
used to build up a picture.

Key Terws:
The quantum efficiency of a detector is a
measure of how much incident light is
captured and converted into a signal by a
detector.

A CCD pa

o ) produces a ¢
The quantum efficiency of a CCD can be almost 85 %, but is

more typically around 80 %. For comparison, the quantum
efficiency of the human retina is around 4-5 %. ‘

Example o T
The Kepler te/escope I'" L0 urig area of 0.708 m? and uses CCDs with a qu
a. _wollecting area of 1,200 mm? and has a quantum effici

a) Howr Jmes more powerful would a CCD in the Kepler telescope be th
had the same area?

b) By what factor is the Kepler telescope more powerful than the human reti

a) Quantum efficiency is a direct measurement of the power of a detector.

2—16
5

So CCDs are 16 X more powerful over the same area.

b) Collecting power « area
The area of the human eye is 1200 mm? = 1200 X (1073)? m = 0.0012

G.708
0.0012

= 590

So by area alone, the Kepler telescope vioL 'i 390 X more powerful th

However, the Kepier teles
have a higher au=tia v
From }, VL ure 16 X more powerful than the human retina

9440

c ;ypé 1 Llly has a larger collecting area than t

16 x &

So the Kepler telescope is 9440 X more powerful than the human eye!
This means that the Kepler telescope can view objects that are 9440 X di
eye alone.
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Questions

1. Aseries of radio telescopes over a large distance can gather data from a sin
a single much larger radio telescope dish.

The Arcminute Microkelvin Imager (AMI) is one such telescope, comprising
digmeters of 12.8 m and a combined diameter of 110 »

The AMI studies radio waves with frequer cie /ot

a) Calculate the minimum .4 | ., = suiution of the AMI.

b) Calcylate hc v -, J:jz/t..m‘eS'"';nore powerful the eight telescopes of the
d - i1 they worked individually.

2. ACCD arfg;;/ﬂhas an area of 0.04 m? and a quantum efficiency of 75 %.
The human retina has an area of 0.001 m? and a quantum efficiency of 5 %

Estimate how much more powerful the CCD array is compared to the huma

AdOD NOILO4dSNI
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9.2 Classification of star

Chapter 9.2 checklist

By the end of this chapter you should be able to:

921

®
[ ]
9
L4 Use th Y
P
e U ndersx,

921

e Understand and use light Years......ccccoovvirieiiiiiinieeee e
e Understand how a parsec is defined and use parsec as a unit
e Understand absolute magnitude ........ccccovveiiiiiinieenien e
e Understand the relation between absolute and apparent magnitude and th

92.3

Understand and use Stefan’s law to compare power output, temperatures
e Understand and use Wein’s displacement law to estimate black-body temp
e  Recognise and sketch the general shape of black-body curves
e Know that stars are black bodies ..................................... aearassereneneensensaes

1t SPECIAl ClasSes uuviriiieiieieeteeee e

aw':t"'hé temperature of stars is related to absorption spectra.
Rty
e Underst®the hydrogen Balmer absorption lines ......cccniiineenieneenn,

9.2.5

Describe, sketch and interpret the shape of the Hertzsprung—Russell diagra
Place stars of different classes on the Hertzsprung—Russell diagram .........

Identify the position of the Sun on the Hertzsprung—Russell diagram
Know the scales and ranges of the axes of the Hertzsprung—Russell diagram
Describe and explain the path of main sequence stars on the Hertzsprung—

16

Understand that supernovae are defined by a rapid increase in absolute m
Explain how type la supernovae are used as stan"‘“* - = dles to determin
Describe the controversy concerning the ~cc fer . n Of the universe and d
Understand the composition of = rc 1 ors, mcludmg their high densities
Define a black hole as 27 ’cH i wnlch the escape velocity is greater tha
Describe tha fo" - i.ff )f reutron stars and black holes from supergiant st

o & o o o o o O

Understand what is meant by the event horizon of a black hole
Calculate the Schwarzschild radius of a black hole ..........ccccoiieneniniennne
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9.2.1 Classification by luminosity

The most obvious way to categorise stars and other astronomical bodies is by how
the Sun is obviously the brightest star at any time, and the Moon, when full, is the b
However, brightness is subjective (it varies depnding on how far away an object
in the sky because the Earth is much closer to the Sun than any other star.

Apparent magnitude
Key Terws:

Lummosny is thao V_,,.w'er“ &jtput of a star.
. 2ctive measure of brightness — the power per umt

The Hlpparcos scale catalogues stars according to their apparent ma

Observed brightness follows an inverse square law — as the light from a source s

b = observed brightr
L = luminosity (in W
r = distance from so

T 4mr?

The unit of brightness is W m™.

The observed brightness and apparent magnitude of a star are related by
m=—2.51logob

The observed brightness and apparent magnitude of two stars are related by

mz—m1-f' ' i‘ngb

A change in magnitude of 1 corresponds i i ar;bv in brlghtness by a factor of
magnitude of 1 appears 2.51 X b g % v 1 8 star with an apparent magnitude
correspond to bﬂghter st o vngdn has an apparent magnitude of around -26
ot magmtude of 6.

a) The luminosity of the Sun is 3.85 X 10% W. b) The apparent magn
Calculate the apparent magnitude of the Sun seen from Pluto. Ca
from Pluto, which has an average orbital radius more bright the Sun
of 5.91 X 10° km. seen from Pluto.

a) First find the brightness: b) Achange in appare

_ _L _ _ 385x10% to a factor of bright
4mr2 41mx(5.91x1012)2

b =0877 Wm™ m e
We then use the brightness to find the bjun Strius

. —*2 =1.60 X 2.5
apparent magnitude. 14 tirius
m = -251log,y b  .aeSunis4.02 X a
m = 0.143 " from Pluto.

Msyn — Mgirius

J
Calculate the apparent magmtude of the Sun as seen from the Earth, 1.50 %

3. Star A has an apparent magnitude of 5.7, as seen from Earth.
Star B has an apparent magnitude of -2.3.
Compare the brightness of the two stars.
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9.2.2 Absolute magnitude, M

Apparent magnitude only gives us how bright a star appears from Earth.

Two objects of the same luminosity will have different apparent
magnitudes depending on how far away they are.

So, how do scientists tell how far away an object is?

Parallax g0
Think about an analogue scale, such - .= 15 3 .V‘;).eter”f; The needle lies in
front of the scale, so the an! (1 yoU view it changes where it
appears to be o2 . “yud look at the reading directly straight on
: \r\;j}..égéf“ane reading, whereas if you move to the left

This effect is calied paraliax. Parallax is a source of error you should be
aware of in experiments, but it’s actually very important for astronomy!
The same is true for stars, but with much greater distances involved!

Key Terms:

Parallax is the phenomenon of an object’s apparent position changing

depend

1 AU or astronomical unit is the average distance between the Sun and Earth

o The Earth, six
months later

d

d
<«

d is very big compared to 1

The diagram above shows the Earth orbiting the Sun. As the Earth changes posi

star is seen at with respect to more distant stars changes.

We can use trigonometry to determine the distance to the star based on
course of six months.

tan 1AU
ant =—
_1AU
" tan# 4
The angles used are very small, sowe “2 /1 . . e sﬁi’fé‘llliéngie

approximation for tan

ER
A e g . .
If we use d i\gg#®ecs and 6 in arcseconds we can write
i 1
6

There are other methods of determining the distances to stars,
but using parallax is the earliest method used by astronomers.

the an
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Absolute magnitude

Absolute magnitude is the magnitude a star would appear if Exam ﬁp
viewed from 10 pc away. Remember t
light year ar

We know that brightness scales with distance, and we know
that it's possible to find the distance to a star. We can use this
information to find the absolute magnitude of a star. :

Absolute magnitude can be expressed ir .c.y :?f apﬁa?ént
magnitude: s

o8

d
— M =5log;p—
m 0819 10

Example
The apparent magnitude of Melnick 34 is 13.10. The distance to Melnick 34 is 1

Calculate the absolute magnitude of Melnick 34.
Usem — M = 5logyo =
sem = 5logio 75
Rearrange for M
d
M = 5logy, oo m

d = 160 kly = 160 x 10° = 3.26 = 49.08k ¢

49.08x10°
10

M = 510g1{) _ 1q e i o

Questions

1. Describe the origin of these units:
a) Lightyear
b) Parsec

2. Astar subtends 0.0037 arcminutes in the sky over the course of six months.
Calculate the distance to the star.

3. Astar has an apparent magnitude of -1.8 and an ahs. . fmagnitude of -14
Calculate the distance to the star. 10 1
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9.2.3 Classification by tewmperature, black-body radiation

Black-body curves and Wien's displacement law

Key Terws:

A black body is an object that perfectly absorbs an : emits radiation o

The graph of the radiation emitted by a blacl i oc I" _wcharacteristic shape.
The wavelength at which the most r.. = “is 1 u.ated depends on the temperatu

You can see the graph ¢f ‘4\‘“..;& h emitted by a black body below.

Most of the power of a black bod
out at a single wavelength, A«

—-—=—==
—

-
-

-

Amax INCreases as tem

-
-
7’

~,

-
~ ~
~.. —
S~ ————
~—— . ——————

have a lot of energy bt o0 o
many are gllou. . ! . otal

M itted as short energy, so the

Wien’s law lets astrophysicists estimate the black-body temperature of a source

OB

AmaxT = constant = 2.9 x 1073 mK

Star power

Stefan’s law gives the power output of a star based on the star’s temperature a

All stars are assumed to be bla-: sod.

' r~ s star decreases over distance via the inverse square

P 1
T ]

i

This is why more distant stars can appear dimmer, despite emitting more power

The inverse square law works on the assumption that the power only dissipates
something absorbing or reflecting the light, the amount of power will decrease.
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Example
The radius of the Sun is 6.96 X 10° m, and its luminosity is 3.85 X 10% W.
Calculate the peak wavelength emitted by the Sun.

i First use Stefan’s law to find the temperature of the Sun.

P = cAT*

Rearrange this to find T

¥ face area of the Sun, we use 4 = 4nr?.

1

_ ( 3.85x102° )4
T \5.67x1078x47x(6.96x108)2
T =5779K

We then use this in Wien’s law to find the peak wavelength.

Adpax T = 2.9 X 1073 mK

1 _29%x107%  2.9x1078
max =t T 5779

Apax = 5.02 %1077 m =502 nm

AdOD NOILO4dSNI

Estimate the peak wavelength of the Sun.

2. Astar has a surface temperature of 7,800 K and a total power output of 6.8;
Calculate the surface area of the star.
3. The star that produces the black-body curve seen below has a radius of 645

Estimate the total power output of the star.
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9.2.4 Principles of the use of stellar spectral classes

Stars are split into different spectral classes depending on their temperature, pei!

colour the star appears to be) and the prominent absorption lines.

Spectral Intrinsic colour Temperat-re/ K Pro
class E L
Blue 1 e 1 -50,000
Blue. .~ 41,000-25, 000
v.hite 7,500-11,000
" White 6,000~7,500
Yellow — white 5,000-6,000 lonise
Orange 3,500-5,000
Red < 3,500 N

Exam tip
Learn this table!
A good starting point is to learn the general tre

temperature decreases down it and the colours
wavelengths.

A mnemonic for learning the spectral classes is:
Only Bad Astronomers Forget Generally Known

Absorption lines

Light is generated in the heart of stars by nuclear "« n o s the photons pass th::
they are continually absorbed and re-em 2> {t.,batoms and ions in the oute

lonisatia® |

AdOD NOILO4dSNI

2" excited state

S

1%t excited state
WD

Ground state 4 A 4

COPYRIGHT
PROTECTED

s oi'these absorption

The wavelengths of light corresponding to the enr,,:,s, 1e*
spectra of these stars.

In stars with low temperatura; -~ OC" ‘toms are in the lowest energy state. The Eg
i “isarict absorption spectra are produced.

)
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The hydrogen Balmer series corresponds to the wavelengths absorbed by excite
n = 2 state.

The hydrogen Balmer absorption lines can be seen below.

HS Hy HB Ha

500 nm 600 nm

72, \
o‘zﬂoﬂ :

Absorption g are unique to each element. The absorption spectra of a sta
up the star, giving clues to the age of a star and its origins.

Many H atoms in A and B class stars already have electrons in the n = 2 excitati
absorption and re-emission absorbs and re-emits visible photons. These are call

Questions

1. Complete the table below with information about the main stellar spectral

ral P
Spectra Intrinsic colour Temperature/ K
class
5) Blue 25,000-50,000

B i ol

o

T e 6,000-7,500

AdOD NOILO4dSNI

R Orange
"M < 3,500

2. Describe the origin of the hydrogen Balmer absorption lines and what abso
about stars.

COPYRIGHT
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9.2.5 The Hertzsprung—Russell (HR) diagram

Key Terms:
The Hertzsprung—Russell (HR) diagram shows dlfferent types of sta
magnitude and temperature {or spectral clav’, o

@
A
=
el [
o 1
5 1
i i
£ |
L 1
— 1
S A
2 { D
<t v
10 \\»P warfs
15 —— ~ Ten
50000 20600 16000 SRGG 2500

O B A F_ K Ms

Stellar classes

All stars have a main sequence stage of their life cycle — this is when stars fuse h
Most stars are in the main sequence, including the Sun — its position is marked

As main sequence stars use up their hydrogen, they move onto other areas of t
based on their mass.

Giants are large bright stars.

e  Red giants are relatively cool giants. Helium fuses in the core of red giants

e  Blue giants are incredibly large and incredibly hot. The cores of blue giants
heavier elements (up to iron) from nuclear fusion.

e  White dwarfs are the cores of stars which have stopped undergoing fusion
fuel, it ejects its outer layers, leaving behind an lncredl “hot core. White
their heat and become black dwarfs.

The axes
e The x-axis of the dta’ w
to left.

®  The y-axis of the Hertzsprung—Russell diagram is absolute magnitude. The i
increases in brightness.
The absolute magnitude axis ranges from +15 to -10.
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Stellar evolution

The path of a star such as the Sun can be seen on the diagram above.

Stars form when interstellar gas and dust clouds colle:
incredibly high gravitational pressures — eventually
enough to begin nuclear fusi .

_ vuring the star’s main sequence, hydrogen fuses into
The increased radiation pressure caused by the energy
gravitational forces, so the star is stable.

For most stars this stage lasts for billions of years.

Eventually the hydrogen in the star’s core is used up.
helium in its core, called a helium flash, and it gets m
point it will leave the main sequence and become a g
surface will cool.

Eventually, all the fuel i~ ¢ e r it used up by fusion
During this stace - - fu i~ : uccurs. The white dwarf

theinco iy he s .ore exposed.
A, iﬁg,,,....stn‘éfc;uter layers of the star are lost, they are bl

“Eventually even the heat of the core dissipates and t

Questions

1. Sketch the Hertzsprung—Russell diagram below, including filling in values fo
spectral class.

Absolute _104
magnitude

2. Onyour Hertzsprung—Russell diagram above, mark the position of the Sun.

3. Describe the life cycle of a star such as our Sun, including its formation and ¢:
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9.2.6 Supernovae, nevtron stars and black holes

While stars that are the mass of our Sun become red giants and then white dw
fusion runs out, higher-mass stars may end their lives in more dramatic fashion

Supervovae
Supernovae are categorised by a rapid and enormous mc**u ‘in the absolute
Supernovae can have absolute magnitudes tens o i fimes that of the Su

When a star with a mass eight or me: Lt e 5o at of the Sun runs out of fuel, e
sufficient to balance out tho;‘“{ - v 2. tue ¢tar.

The falling outer |ayers bounce off the core and explode outwards at incredibly
The shock wave from supernovae can be strong enough to begin fusion in near
of stars.

Exam tip
All elements heavier than iron were formed in supernovae.
A nearby supernova would have either injected high-mass ele
Sun formed in, or even led directly to the formation of our sol

In binary systems, type la (type one-a) supernovae form by stealing or accretin
When the star gathers enough mass (1.4 times the mass . 5 +Sun), it collapse
other supernovae. 2

cr . ;d the process of a star attracting the mass from a ne

@uca ze of its gravity.

ae

Type la supernovae always form at the same critical mass. Because of this, all t
similar light curves, as seen below.

-20 7
-19
-18
-17
-16 —

Absolute magnitude

-15 1
141
-13 1

o?cto“ y

s
rapidly to arc®®% -19.3 and then decreases slowly over

several hundred days.

Exam
=0
type |
its lum
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Standard candles

Key Terws:
A standard candle is a star which has a known luminosity and whic
use to determine the distance to other stars.

Because all type la supernovae have the same abs= 'y &1 fén(;ude and light cur
their apparent magnitude, and hence hov £ w. * aey are.

Astrophysicists then use thece . awn | stahces to calibrate for other technique

24

o e ' Laer type of standard candle. These stars cycle in bri
1‘199 Mated to the maximum luminosity of the Cepheid variable.

Q &fpﬂ -

Winosity of a star and its apparent magnitude lets astronomers d

Example
iA type 1a supernova is observed with a peak apparent magnitude of +16.
Calculate the distance to the supernova.

Weusem—M=5log101d—0

We know that the peak absolute magnitude, M, of a type la supernova is -19.3.

Rearrange for d

i d m-M
logio 35 =5~
m-M L
P10
10
wn el e
d=10x10 s

i d =107 pc =115 Mpc

After standard candles were discovered in 1908 by Henrietta Swan Leavitt, catalc:
distances to stars were compiled. Similar star catalogues are maintained to this
shocking results.

While the Big Bang theory suggests that the universe is expanding, it was presu
constant or slowing. The study of type 1a supernovae as standard candles actu
the universe may in fact be accelerating.

There must be some driving force behind any such acceler~ A, which astrophy

Key Terms: .~
Dark enerpi < .« .'given to the unknown driving force behind
e s.on of the universe. The nature and origin of dark ene

G :
;i};fi 37y, and is an ongoing subject of research.
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Neutron stars

While a supernova ejects a star’s outer layers into space, the star’s core will be
1.4 times or more that of the Sun, the incredibly dense core left over is called a

Key Terws: |
A neutron star is an object where the gravitatione' . ssure has becom
and protons fuse, becoming neutrons. A n< su in_ir is composed almo

L

A neutron star has a core of =« 0r‘< ‘Lrrounded by an outer crust of high neu

i

N o by dense. Their diameter is on the order of magnitud

| solar masses.

Example

Estimate the density of a neutron star.

A neutron star has a diameter of ~ 10 km, or a volume of

V= gnﬁ ~ %n(S x 10%)3 = 5.24 x 1011 m?

The lower mass of a neutron star is 1.4 solar masses.
m, ~ 1.4 X mg = 2.79 x 1030 kg

So the density of a neutron star is

my  2.79%103°

p="tr s =53x10" kgm

This is about the density of an atomic nucleus!

L -— -

Black holes

When a supernova is so [~y
approximatelegared . r-

o3 9
L

Key Terws:
A black hole is an object that has such a high gravity
that nothing can escape it — not even light.

The escape velocity for a black hole is v,;. > ¢. This means that an object
would have to be travelling faster than the speed of light — something
which is impossible! This means that nothing can ever escape a black
hole. The distance from the centre of a black hole from which nothing
can escape a black hole is the event horizon (where v,;. = ¢).

Key Terms:
The Schwarzschild radius, Ry, of a black hoIP.‘is v
the radius of its event horizon. :

G = gravitational

26M
c2

Schwarzschild radius, Rg ~
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Supermassive black holes

At the centre of our galaxy, stars have been observed orbiting incredibly quickl
presence of a highly massive object at the centre of the galaxy. Astrophysicists
a supermassive black hole.

Key Terws:

Supermassive black holes at the centre of galaxies hﬁ\ > masses millions o

Aa.u(/e biack holes could fo
°r te galaxy first forms
_neans accretes mass from surrounding sta
‘“’Nrm in a cluster and eventually merge into a single

There are three proposed methods by whmi < pe
e  Enormous clouds of gas coalp",
e Ablack hole formed by ;
o Numergy, ‘
Gamma l’ade‘l’S
Astrophysicists will occasionally detect enormous amounts of energy for
milliseconds up to several minutes or even hours at a time. These flashes of
high-energy light are known as gamma ray bursts.

Gamma ray bursts are thought to originate from collapsing supergiant stars
forming neutron stars and black holes. As matter falls inwards, it heats up and
ejects gamma rays in high-energy beams.

Gamma ray bursts can have energies of around 10* J, making them some of
the most energetic electromagnetic events ever recorded. A single gamma ray
burst lasting seconds could have the equivalent energy of the total amount of
energy the Sun will ever release over billions of years.

If a gamma ray burst was directed at Earth from a nearby -+~ the majority of |
This may have been the cause of historical extinct’ .. #v 'A"'_‘S.

Questions

1. Describe

2. Atype @ucﬂ

-4
@
Eley
® 271
©
€ -17
S 0-
g ]
S 1
<
2
3

T T T T T T
0 100 200

a) Why can type 1la supernovae be used to det” >ooe ’?‘istances?

b) Calculate the distance to the superncya n u i

c) Cosmological distances calr g e type la supernovae have resu

size of the universe a0

o
3. a) B 1&3@,‘ neutron star, including its formation.
T a3
b) A r@5h star has a mass of 1.5 solar masses. If the density of a neut

density of an atomic nucleus (~2.3 x 1017 kg m~), estimate the radiu

4. a) How isthe event horizon of a black hole defined?
b) Estimate the Schwarzschild radius of the Sun in metres, if its mass was
black hole.
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9.3 Coswology

Chapter 9.3 checklist

By the end of this chapter you should be able to:

9.3.1 ‘
e Understand the origin of the Do ! e sl
e Calculate shifts in wave!~ ! a*x * requency due to Doppler shift for optica
e ApplytheDopp! = 4. . 7 v the movement of binary stars, galaxies and qua

®

e Interpret red shift as resulting from the expansion of the universe ............
e  Use the red shift of distant stars to estimate the age of the universe

e Describe the Big Bang theory, including evidence .........cccoccvevievieiienienneene
9.3.1

®  DESCIIDE QUASAIS ..coueiieie ittt sttt et
e  Describe the discovery of quasars

e  Estimate distances to quasars from red shifts and power outputs...............
e Understand how quasars are formed .....ccov v

9.3.2 ST
e  Describe the difficulties of detecting ex-n in ’rc
®  Understand how the radial ve!~.

®  Recognise and sketch !

i ;;’;Fb:‘jl;,ad and the transit method are use
.+ 4 aght curves associated with the detection

AdOD NOILO4dSNI
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9.3.1 Doppler effect

When a police or ambulance siren is approaching you, the frequency of the siren

the frequency decreases again. This is the Doppler effect.

Key Terws:
The Doppler effect is the phenomenof 5
depending on the velocity of th= ot *r

e

: ‘,,e‘ ngths increasing

__ Direction of motion

For a moving wavesource,
wavefronts are pushed together in
the direction of motion, and spread

out behind.

Starlight also undergoes the Doppler effect — light from stars moving away from
longer wavelengths. The light is said to be red shifted.

Light from sources approaching us — such as stars in our own galaxy has compr
wavelengths. The light is said to be blue-shifted. '

o

For light sources moving with a velouty muc D OOWM O the speed of light, v «
v<0.1¢) 1

The red shift of‘ilght is given by

0%

Red shift, z = —

Af = observed frequency - original frequenc

Red shift is measured from known sn t 0 linés. The hydrogen Balmer se
absorption; if this pattern is <« "t q - 1ger wavelength to the one expected, it

Exam tip

A recessional velocity (an object moving

away from us) is taken to be negative. Th
means that an object moving away from

will have a positive red shift.
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Binary stars

The radius of binary stars that orbit each other in the
plane of observation (i.e. they eclipse each other as seen
from Earth) can be determined from the changing red
shift of the stars.

Key Terwms:
A binary star syste
other around a com:

Two stars orbit a

common centre, S N

of mass

. One star moves
behind the other,
becoming eclipsed

When a star is movmg towards Earth, its observed spectral pattern becomes blu
moving away from Earth, its observed spectral pattern is red shifted.

The difference in time between peaks of red shift give the period of the orbiting
shift and blue shift we can find the velocity of the stars with respect to each oth
can find the distance between the stars.

Example

A binary system is observed.

| The spectroscopic data shows that the orbital period of the system is 50 days.
The Hy absorption line (6256.8 nm) is observed to be a double line with periodi
is at a minimum of 6256.6 nm while the other is at a maximum of 6257.1 nm.

i Calculate the distance between the stars. ‘

First we find the period of the system inseccad ¢~ {
i Period, T = 50 x 24 x 60 x 60 _ 2% s

6256.6~6256.8
6526.8

v, =9.193 x 103 m s~

The orbital radius of Star 1 is then given by

circumference of orbit v.T
i R1 = = =

21 2w

9.193%x103x4.32%x10°
R, = =6.238x101%m

2m

We can do the same for the second star as well:

v2 _ _ A
i c A
AL 6527165268 .
vy = —CTZ =-3.00x 108 T(d :

dﬂ; E actually need the sign of the velocity he

v, =—13.789 x 103 m s‘
o tne'star is moving away from Earth — it’s been red

=9.481x10°m

27

Adding these for the total distance gives us
| 6.238%101° +9.481 x 10° = 7.186 x 101 m = 0.479 AU
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Quasars
For most galaxies, individual stars can’t be made out. Instead, the light
of whole galaxies is used.

Quasars form when matter falls into the supermassive black holes at the
centre of galaxies. The matter heats up as it falls and emits huge amounts
of energy in two beams — these beams make up the light . < juasar.

Quasars are some of the furthest observ o = . iecusin the universe, due
to their high brightness, and se 3' 6w 1 -,.gh red shift.

Because g, Tf re 5 _ i away from Earth, their velocity compared to
Earth is too ;r z=- % to give an accurate estimate of their speed.

Quasars can travel at speeds up to 0.2c¢ and so relativistic effects must be
accounted for.

Questions

1. The wavelength of light emitted by excited atomic hydrogen is 21 cm.
Light from a star shows this line at 19 cm.

a) Has the light from the star been red shifted or blue-shifted? What do
of the star?

b) Calculate the velocity of the star relative to Eart’:

c) Calculate the red shift of the star. 20

-

2. Anabsorption line for merzt syt 15,899

e ; sed'to have two mercury absorption lines, one at 1&:

The pericd of the system is 84 days.

Calculate the distance between the two stars in the binary system.

Topic Review for A Level Year 2 AQA Physics Topic 9 Astrophysics Page 32 of 52

AdOD NOILO4dSNI

COPYRIGHT
PROTECTED

'9

)

Education




9.3.2 Hubble’s law

Key Terms:
The Big Bang theory describes the beginning of the universe as the expansio
single infinitely dense and hot point.

This expansion is still occurring today and accounts fc . v fziarger red shift o

A

Plotting the recessional velocities agairs’ .» . ce urgalaxies, a trend emerges.

o A
7)) [ ]
£ -
-
~ g Phe
= e -
) PY - L]
kS) e
ke) e.- [ ]
m -
> e _-" o
(_U ,zl.
c /’.
'9 ./z [ ]
@ -
8 [ ) /.
S ¢
-
2 _-®
»
’/
- @
..
-

Distance/ Mp

The rate at which galaxies recess from Earth is proportional to their distance fro
This is called Hubble’s law, named after the scientist who di" wvered it, Edwin H

The Hubble & ant is the gradient of the graph of recessional velocity

against distance.

Hubble’s law implies that the space in between galaxies itself is expanding — the
the faster they move away from each other.

A consequence of this is that in the past the galaxies were once much closer tog
may have even been in a single infinitely hot and dense point of space containin

This single infinitely dense point expanded outwards in a single enormous expa

velocities (objects moving

the oppositega for = s '
This is be AL Lo s law
only applicigae®scessional
galaxies.

away from us) to be posit® ~ -

Exam tip oV Example :
For Hubble's law, g A galaxy is ¢ .. a ‘o have a red shif
we take recessional  gpes Ca'~v at ' th stance to this galaxy.

Hstwe find the velocity of the galaxy
z=-25v=—zc=-0100x3.00

C
=-3.00 x 10* km s
i Remember to always put the velocities i:
with Hubble’s constant!

Then use Hubble’s law:

v=Hdo>d="2=3221"_462M
H 65
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The age and size of the universe
Hubble’s law allows us to estimate the size and age of the observable universe.

A galaxy moving at speed v can move a distance d in a time t, so that

t=d/v

From Hubble’s law,

v = Hdor g=t=1 y —
t 5 Exa
so that The
esti
t (age of th that
of t
Using the va1ue for H above thro
If th
H = 65 km s Mpc™* which we’ll need to convert into seconds™ i
(by converting Mpc™ to m™): obs
65x1000 reac
_ 65x1000 _ 18 1
= = 2110x 107 s loss

1

= —— - =4.738 X 10”5 = 15.0 billion years

So t(age of universe) =
With the limit of v = ¢, light can only have travelled a limited distance —the rad
d(radius of observable universe) = ct = 3.00 x 108 x 4.728 x 107
d(radius of observable universe) =1.422 x 1026:’_7‘1 - E::ZL:‘Mpc

1. The cosmic microwave background (CMB) radiation is a type of radiation t
CMB is very low energy, corresponding to a temperature of only a few kelvi
from the Big Bang. While the Big Bang would have been enormously energ
the course of the age of the universe across vast distances.

The static on an old television set is the TV picking up the CMB — a visual re
universe!

2. The abundance of elements in the universe is also evidence for the Big Ban
and 2 % other elements. This abundance agrees very closely with models o
incredibly high temperatures shortly after the Big Bang.

Hydrogen and helium were produced when t* .7 ¢n 3’?3 .are of the univers
form, about three minutes after the Dig “ g ioa ratio of roughly 3:1, whil
produced later in stars. 1 2

Ao 4
1. Outline nﬂiam pieces of evidence for the Big Bang.

2. A galaxy has a red shift of 0.081.
Calculate the distance to this galaxy from Earth.

3. Use Hubble’s constant to estimate an age for the universe.
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9.3.3 Quasars

Quasars are incredibly bright and incredibly distant radio sources.

As matter falls into the supermassive black holes at the centre of a galaxy, it react
temperatures and emits super-fast jets of particles. These particles emit electron:
decelerate, which we can detect on Earth. A quasar is the =« - re of a galaxy that

Quasars are some of the most distant ob'”" “)s.j - abfe from Earth, and as a re
toaround z = 7. - Tt

which is impossible, but moving faster than ¢ with
after taking into account the expansion of the spac

Example
One of the first quasars ever observed, 3C 48, has a red shift of 0.367.

a) Estimate the distance to 3C 48.

b) The apparent magnitude of 3C 48 is 16.2. Estimate the power output of 3C

a) To find distance from red shift we can use

z= —Eand then v = Hd

v=—zc = 0.367 x 3.00 x 10° = L1C1> 1

1.101%10% - .
dziz—":_:‘, PG *’s ’m 1696pc

H  2110x10718

AdOD NOILO4dSNI

b) ausolute magmtude of 3C 48 from
9
M=m-5logs=162—-5log2222% = 249
10 10
We can then find brightness from
M =-25logh—b=10"/25 = 10°*"/25 = 109 W m=
Absolute magnitude is measured at 10 Pc (3.08 X 10%7), so
L=bx4nr? =10 x4x 1 x (3.08 x 10'7)? ~ 1.09 x 10*® W, ~1C COPYRIGHT
S — - PROTECTED
Questions ey
1. Describe the formatlon v orc mnce of quasars. {9
2. 3C295 ,Zf iy id red shlft of 0.464. 09
a) Es 6;3@ distance from Earth to 3C 295. g
b) The®®¥barent magnitude of 3C 295 is 19.8. EdUCO‘tIOﬂ

Calculate the absolute magnitude of 3C 295.
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9.3.4 Vetection of exoplanets

Key Terms:

Exoplanets are planets outside of our solar system, orbiting o

One of the most exciting recent developmentsin =7 ip. ;

o

"5 3.~ s nave become detailed enough to d

determined ouglhffe = 1~ ;

Variation iwiﬂabppler shift

As planets orbit a star, the star is in fact also orbiting the planet; they have a co

This centre of mass lies within the star as a star will have much higher mass tha
for instance, contains 99.9 % of all the mass in our solar system.

Planet

While a star will not orbit witk . fé’ﬁg radius as the planet, it will still appear
star as it movesaroi A

bl

While we cafie bsérve this wabble directly, it corresponds to a change in vel
and forwards — this change in velocity is apparent in the red shift of the star as
binary systems.

This produces a curve like the one seen below.

Radial velocity/ m st
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_ Example

The graph below shows the radial velocity of a star over time.
60

=y
w]
L

20 -

siiadial velocity/ m s

a) What is the period of the star’s ‘wobble’?
b) Calculate the radius of the star’s ‘wobble’.

a) The period of the star’s ‘wobble’ is the time taken for a single oscillation.
The period of the star’s ‘wobble’ is, therefore, around 3.1 years = 9.78 X

b) Angular velocity can be given in terms of both radial velocity and radius, a
2m v
w=—andw =~
T R
The radial velocity is the peak of the curve, 50 m s™*

Both of these are equations are equivalent

_2r _ v

Rearranging for R i v 4

.. 10°m

_vT _ 50x9.78x107 ..

1 R=—

! 27 “ 2 .:‘ %
ié

Transit method

Planets do not give off light of their own, only reflect light from their stars. This
in front of a star, some of the light is reflected back.

This decrease is very small —for a planet the size of Jupiter the decrease in brigh

The decrease in brightness as a planet passes in front of a star can be found fro

rplanet)z

Decrease in brightness = (
Tstar

using Stefan’s law!
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As a planet passes in front of a star, the light curve below is seen.

- utightness

Example
The brightness curve for a star can be seen below.
1.00005 :
1 :
0.99995 / \
0.9999
0.99985
0.9998
0.99975
0.9997
0.99965

0.9996 ;
0.99955 e

Brightness of star

6 8 1

Time/ days

th: 4 period of the exoplanet?
trie radius of the exoplanet as a fraction of the radius of the

a) The orbital period of the exoplanet is the time taken for the star to reach
between the start of each dip in brightness:
T =5—-0.4 = 4.6days
The star would have to have a very high mass for this to be possible — typi
would only be seen once in this time period.

rplanet)z

Tstar

b) Decrease in brightness = (

- - Tplanet
\/Decrease in brightness = 2=

Tstar

Decrease in brightness = 1 — 0.9996 = 0.0004
planet . \[0.0004 = 0.02

Tstar
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Questions

1.  Why s it so difficult to detect exoplanets directly?
2. Astaris observed to ‘wobble’ slightly, producing the curve seen below.

150 ~

100 A

-100 A

-150

a) Describe why this curve implies the presence of an exoplanet around t
b) Estimate the radius of the star’s ‘wobble’.

3. Thelight curve of a star is seen below.

1.005

Time/ days

a) How does the presence of an exoplanet around the star cause the sha
b) Whatis the radius of the exoplanet as a fraction of the radius of the st
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Exam-style questions

1. The Hubble space telescope is positioned in low Earth orbit and has
The Hubble space telescope can be used to study infrared, optical an

1.1 Explain the advantages of positioning th=.» - a1 f/e space telesco

1.2 Describe the mechanism by which telescopes collect images of u

1.3 Show that the minimum angular resolution of the Hubble space

AdOD NOILO4dSNI

14 T; N D jgife"fﬂacement for the Hubble space telescope is the
o
w XSS a mirror of diameter 6.5 m.

Compare the collecting powers of the Hubble space telescope to
space telescope.

State any assumptions you have made.

COPYRIGHT
Assumption PROTECTED

1.5 The minimum angular resolution of .« v © an ¢ye is 2.91 X 10

If a refracting telescop= 1 t ﬂb,eplece with a focal length of 1

telescope wou' 1 > e red to view an object the same size as t g
ofgeslU « . - _ace telescope? ag

Education
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2. Kepler’'s Supernova was a supernova observed in 1604.

Kepler’s Supernova had an apparent magnitude of -2.25 and was 20

2.1 Describe how a supernova is formed.

2.3 Calculate the luminosity of Kepler’s Supernova.

AdOD NOILO4dSNI

O ks
CENR. -
By Supernova may have been a type 1a supernova.

Describe how type 1a supernovae can be used as standard cand

COPYRIGHT
PROTECTED
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3. Sirius A is a main sequence star in a binary system with another star
The luminosity of Sirius A is 9.72 X 107 W.

3.1 Describe how binary stars can be identified from their absorptio

‘h,. 2 " ms A is 1.71 times the radius of the Sun.

o t the peak wavelength emitted by Sirius A is 2.93 X 10

3.3 Sketch the black body spectrum of Sirius A.

Power/ W

3.4 Sirius A’s binary twin, Sirius B, is a white dwarf.

Explain how a main sequence star, such as Sirius A, becomes a
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4. A quasar, 3C 48, shows the 21.0 cm Hydrogen line at 28.7cm.

4.1 Describe how a quasar is formed.

4.3 The red shift of some quasars is greater than 1.

-

Explain why this goes against cor. re tl“ _dy agreed physics an

AdOD NOILO4dSNI

4.4 Describe how quasars provide evidence for the Big Bang theory

.............................................................................................................. COPYRIGHT
PROTECTED

g
)
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Answers

9.1.1 Astronowical telescopes consisting of two converging le:

1. Refracting telescopes use converging lenses so that paraile! beams of light ca
an image.

2. a) The focal length of the eyepiece should be. sni ; ;%ﬁari/the focal length o
in an increased magnification "¢ , = 'mqgé will be enlarged).

b)

Eyepiece le

It is much more difficult to create high-quality lenses than it is to make high-qu
Refracting telescopes are much heavier and much more difficult to move than
Mirrors are much easier to support than lenses, reducing distortion.

Reflecting telescopes do not suffer from chromatic aberration, and spherical abe::

2. Chromatic aberrations are caused by different wavelengths of light being diffra
resulting in a blurred image.
Spherical aberrations occur when light rays passing through the edges of the ler::
to the rays passing through the centre. The shape of the lens must be changed
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9.1.3 Single-dish radio telescopes and IR, UV and X-ray teles:

Building telescopes at high altitudes reduces the effects of light refracting in ::
refractive effects due to turbulence.

UV telescopes detect light via solid-state devices - a photon of sufficiently high
and the energy is used to emit an electron, creating a currnr‘;.

The Loveli telescope is a radio telescope 2 -
It is ground-based as only radio and vis{’ !« ‘1g . A penetrate the atmospher
Itis outside urban areastored > ‘di = auerference.

It has a large dish to mr"" - .,h’n . 2. Fésolving power of radio telescopes.

Large diameters increase resolving and collecting power

9.1.4 Advantages of large-diameter telescopes

1.

a) 6 z%
c 3x108
A=S= 75 =0025m
0 ~ 010125 =2.27% 10~ rad

b) collecting power « diameter?

collecting power (total) 1102

= 73.9 X more powerf.’
collecting power (individual) 12.82 orep » e L

By area:

Area (CCD) _ 0.04

— = =40 X Moz pav £ i
Area {retina) 0.001 s

W
- — 15 x more powerful
Efficiency (W) 5

In total, the CCD array is 600 X more powerful than the human retina

9.2.1 Classification by luminosity

1.

Luminosity is the power given off by a star.

Brightness is the observed light from a star at a certain distance from the star.

Intensity is an objective measure of brightness - the power per unitareaatac

Apparent magnitude is a logarithmic scale of brightness.

An increase in apparent magnitude of 1 relates to a dimming of 2.51 times in b
L 3.85x102° .

b= anr? = 47{1.50x1011)2 =1362Wm™.

m =-25logie b = —2. Slog10 136q . “ "y &

mp —my, = —2. 5110g seszril

Star B is 1,540 times brighter than star A.
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9.2.2 Absolute magnitude, M

1.  Asthe Earth orbits the Sun, stars appear to shift position due to the parallax e
distance to a star which subtends 1 arcsecond over the course of a year.
Alight year is the distance light in a vacuum covers in one year.

1 — P
2. d= 7 where d is in parsecs and # is in arcseconds.

1 arcminute = 60 arcseconds

0.0037 arcminutes = 0.222 arcsecond?.

0.222

d=——=45pc(=132 .~ 1/

~1.8+14.5

s =3470pc (= 1.07 x 103° m)

9.2.3 Classification by tewmperature, black-body radiation

1. Apax T=29x103mK

_29x1073% _ 29x1073

Amax = ; e 500 nm
2. P =gAT*
A=t o O8AT 354510 m2

oT* | 5.67x10~%x7800%

3. The peak wavelength of the star isaround 0.6 p=.., ~
Amax T = 2.9x 107 mK e -

T = 2.9x1073 - 4833}"_“5

T 06x10-6

AdOD NOILO4dSNI

9
(2]
ié“cﬂ‘}oﬂ

P = GAT* = 5.67 x 1078 X 5.23 x 10'® x 4833* = 1.62 x 102° W

9.2.4 Principles of the use of stellar spectral classes

1.
Spectral Intrinsic colour Temperature/ K Promlnen_t
class lin
0 Blue 25,000-50,000 He", COPYRIGHT
B Blue 11,000-25, 000 He PROTECTED
A Blue - white 7,500-11,00 H (stro
. Ionised
F White 7,0 0= "dy Ionised
G Yellow - white_| - . . 100-6,00 lonised a
, e - me Eg
3,500-5,000 Neutra
< 3,500 Neutral m 09

Absorption lines give information on the composition of stars.
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9.2.5 The Hertzsprung—Russell (HR) diagram

1.
Evolution of a main

e

Absolute magnitude

g Temperature/ K
80 00G 20000 000 5660 2540

O B A F G K M spectralclass

2. Marked S above.

3. Formation - interstellar gas and dust coalesce until gravitational pressure is e
those required for fusion.
Main sequence - hydrogen fuses into helium. Fusion energy balanced by grav
Red giant - hydrogen used up in core, hydrogen in outer layers fuses. Outer la
and higher luminosity.
White dwarf - fuel runs out, fusion stops and only residua! " eat left. Loses ou

9.2.6 Supernovae, neutron sta~: 50 “ack holes

1. Asupernovais the iners sy - N ;,‘u death of a massive star.
When largestars:~ vy ., o.aael, gravity overcomes energy from fusion and t
":m Y e “and there is a sudden burst of fusion, resulting in a hug

2. a) Al iéa " supernovae reach the same maximum absolute magnitude
From the relation between absolute and apparent magnitude the dis

b) Maximum apparent magnitude is around -3.4 (from graph)
Maximum absolute magnitude for type 1a supernovae is -19.3

m—M=510g10%

m-M

+19.3
d=10x10 s —10><10 =15.1kpc

c) Furthest type 1a supernovae seem to have accelerating recessions. This
universe is accelerating. This requires a driving force - ‘dark energy’.

3. a) Afterlarge supernovae eject most of their mass, they leave behind a dens
between 1.4 and 3 solar masses, electrons and pr OM - are forced togeth
largely comprised of neutrons. =

b) mN—ISXm5—15X199X1" "’.9(,.,]..5&1"630@

%nxzsxw“

—i/M =146 x 10°m

4. a) Theeventhorizon of a black hole is the point from which nothing can esc

26M  2X6.67x10711x1.99x103°
b) R,~=-= =295%x103m

c? (3x108)2
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9.3.1 Doppler effect

1.

9.3.2 Hubble’s law

a) The light has been blue-shifted (the wavelength is shorter).
This means that the star is moving towards Earth.

AX v
p) -==1
) A c
Alc -2x1072x3.00x10°
e =786 X 10" ms-1
3 21%1072
v 2.86x107 oo
) z=--=~— =000
c 3.00%x108 T 5t

-

(LL . K60 =7.26x105s

A

184.9496-184.9499

A
v, =-c—2=-3x10%x =487 ms!
A 184.9499
AL 184.9500—184.9499
Uy =-c—=-3X 108 x —= 77" = 162 m 5L
y! 184.9499
viT _ 487X7.26X10°
R =2 =" =563%x10%m
27 2m
v,T  162X7.26X10°
R,=2 =227 =187 x108m

27 2T

Rrotas = Ry + R, = (5.63 +1.87) x 10% = 7.50 X 108 m

1.

9.3.3 Quasars

Increasing red shift of stars at further distances implies an expansion of s
be assumed to be from a single point in space in the ea. .\ iverse which all m

The cosmic microwave background is 2 Ic v _ ‘ve! . radiation that permeate
remaining energy from the enov+ s'¢ . ( sionin the Big Bang.

e universe (73 % hydrogen, 25 % helium, 2

The abundance of el-x . ¥
1 expected from a short, high-energy period of ma

closely (o gm al -

v = Hd
v

zZ=-
C

vV =12ZC

zc _ 0.081x3.00x105
=—=—=————=374Mpc
H 65

d 1
H=2andv=%soH =-
d t t

[y

1
t . - -
Universe H 65x103+(3.08x1022)

=474 x 107 s = 1.50 x 10'? years

1.

Quasars are extremely bright radio sources ar ' « asi distant observab
Quasars are formed as matter falls into b'>c - h {e~, .. dting up and emitting ga

0.464%3.00x10°

d=- = 2140 MPc
H 65
d
b) m—-M-= SIOgE
M =m—5logs = 19.8 — 5log 2421 _ 185
10 10
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9.3.4 Vetection of exoplanets

1. Stars are significantly brighter than any planet, and so any light given off / refl
by the light from the parent star.

2. a) Asanexoplanet orbits its parent star, both the star and planet orbita co
star. This causes the star to move backwards and forwards resulting in a
used to measure the velocity of the star.

b) Period, T = 2.5 years = 7.88 x 107 s

Linear velocity, v= 1000+

=125x10°m

3. a) Astheexoplanet passes in front of the star, light from the star is blocke
reducing the light observed from the star.

2
b) Decrease in brightness = (_r”l‘met)

Tstar

Tplanet

\/ Decrease in brightness =

Tstar

Decrease in brightness = 0.04 (4 %)
Tplanet __ \/W

Tstar

i.e. the planet is one-fifth the radius of the star, twice as large as Jupiter, ass

Sun.
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Exam-style questions

Q1.1 (Positioning a telescope in space) removes refractive effects OR
turbulence from atmosphere (for optical wavelengths) v/
Allows ultraviolet and infrared wavelengths to be seen as these are
absorbed by Earth’s atmosphere v/

Q1.2 Detector absorbs a photon v/

Electron uses energy of photon to overcome P un, . et jy and createsa cu

Q1.3

Q1.4 @5 nower o (diameter)?

collecting power (Hubble) (di.a\meter(Hubble))2
collecting power (James Webb) (diameter(]ames Webb))2

collecting power (Hubble) 2.42 v

collecting power (James Webb) 652

collecting power (Hubble)

=0.136v

collecting power (James Webb)

Assumption: quantum efficiencies of (CCDs in) James Webb and Hubble
telescopes are the same v’

Q1.5 Magnification required, M = 2911072

AdOD NOILO4dSNI

2.23x1077
M =1305v
M= & ¥ i
fo = Me bl BN
fo=1305x15x *7" %

Total length = 15 x 1072 + 195.7
Total length = 196 m v/

Q2.1 Star runs out of (hydrogen) fuel for fusion v
Inward gravitational forces overcome outward forces from fusion v
Inward rushing matter ‘bounces’ back from core v’

Q22 m—M=5log;~
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M=m—510gw%/

20000+3.26
— v

M - _2125 - 510g10 "
(M =-16.2) 1
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Q2.3 m= -2.5110g10b
b=10"2s1
16.2
b =10zs1 v
b= 10%* Wm-2(= 2,85 x 10° Wm2} v

L

4mr?

L =bhx4mnr?®

Q2.4 All type ia supernovae reach a specific absolute magnitude (-19.3) v/
so that their distances can be easily determined and compared to
other stars v/

Q3.1 (As binary stars orbit each other) they move at different velocities v
so absorption lines appear with two different red shifts v/
Q3.2 P = gAT*

1

"= ()
1

T = ( 9.72x10%7 )Z

5.67X1078x47wx(1.71X6.96x108)2

T = 9906 K v
Amae T = 2.9 x 1073 mK

29%x1073
Amax = P v

2.9%1073
v
3906

AdOO NOILO4dSNI

Q3.3
Peak wavelength at 2.93 X 1077 m v/

Power/ W
A
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2931077~
Q3.4 (Main sequencs. i, U_af_d%hydrogen in core and collapses v/ ‘9
1 _.tauses helium to fuse and the star expands (into red gian (o)
/ fuel for fusion runs out in outer layers and only hot core (white d 9
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Q4.1 Matter falls into black hole v/
Matter interacts as it falls and emits radiation v

AAd v

2 -5 =7
_ Adc

V="

_ {133~21)x1072x3.00x10°% v
21x1072

v=-—110x 108 ms1v
v=Hd Y. ) A

s 9
d =50 Mpc v/

Q4.3 Ared shiftof z > 1 corresponds to a velocity v > ¢ (which is impossible) v/
This is possible as it is the expansion of space that makes it appear as if
v>cY

Q4.4 Quasarsare some of the furthest observable objects with the highest
red shift v/

Implying the expansion of space from the Big Bang v/
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