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25. Astronomy and cosmology

A-Level Physics Name:

1.

Tt

Starter Quiz - PEFI/MI

Score:

The luminosity of a star is:
O the total power it radiates
O its surface temperature
O its distance from Earth

[0 its mass

. Hotter stars have their spectral peak (Wien’s law) at a wavelength.

. Redshift means a galaxy’s spectral lines are shifted to:

O longer wavelengths (it is moving away)
O shorter wavelengths (it is approaching)
O no change at all

O a higher temperature

. Why might one star appear brighter than another? Select all that apply.

O it has a greater luminosity
O it is closer to us

O it is a bluer colour

O it is larger in radius

Tick every correct option.

. Which belong in a statement of Wien’s displacement law? Select all that apply.

O the wavelength at which the intensity is a maximum

O is inversely proportional to the thermodynamic temperature
O the temperature is in kelvin

[0 it describes the positions of the spectral lines

Tick every correct option.

. In AN/ A= v/c, the A on the bottom is the observed wavelength.

O True O False

7. The flux received from a star falls as 1 over the distance
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8. A star’s spectrum peaks at Ay, = 500 nm. What is its surface temperature? (b= 2.9x 107% m-

K)

A
9. A galaxy’s lines show Dl 0.020. What is its recession speed, as a fraction of ¢?

10. Doubling the distance to a star reduces the radiant flux intensity to one half.

O True

A-Level Physics -

K

O False

Starter quiz /Nl

®

25. Astronomy and cosmology Answers

A-Level Physics

1.

the total power it radiates

Luminosity L is the energy radiated per second in all directions (watts)

. shorter

Amax] = b, so a higher T" means a smaller A;,ax toward the blue.

. longer wavelengths (it is moving away)

. L AN
A receding source stretches the wavelengths — a redshift, with ~ -

- B/R

4. it has a greater luminosity; it is closer to us
Colour and size only matter through the luminosity they produce. The two marked reasons are greater luminosity
and smaller distance.
5. the wavelength at which the intensity is a maximum; is inversely proportional to
the thermodynamic temperature; the temperature is in kelvin
It is about the peak of the continuous black-body curve, not the lines. Saying only the wavelength loses the
mark; say the wavelength of maximum intensity.
6. False
It is the EMITTED, laboratory wavelength. At small v/c the difference is slight, but the mark scheme is specific
about it.
7. squared
L .
F=—— the inverse-square law.
4rd?
8. 5800 K
b 2.9x107° .
T = =_————-~5800 K about the Sun.
Amax 9500 x 1072
9. 0.02
X v AX
Forv<e, — = = 0.020.
c A
10. False

To one QUARTER. The power spreads over a sphere of area 4 pi d”2, so flux goes as 1/d"2. Using pi d”2 instead

is out by a factor of four.

A-Level Physics - Starter quiz i/l @ @



A-LEVEL PHYSICS « EXERCISE SHEET

25.1 Standard candles

Name: Class: Date: Total: 25 marks

KEY WORDS luminosity J¢:J# o standard candle #5ifEblt: o radiant flux intensity % 5 i &% 5
« power IJj#% o inverse-square law /- 75 i H g £

Objective
Build the skills to answer exam questions on luminosity and standard candles.

You must be able to:

o use luminosity and the inverse-square law F' =

L
4md?
« explain how standard candles give distances
1 Worked examples

Study these first. Each one shows the method for a question type used later — follow
the steps and you can do the Practice and Exam-style questions yourself.

B Luminosity and flux

The luminosity L is the total power a star radiates. At distance d this power is
spread over a sphere of area 4md?, so the radiant flux intensity is:

star, L @

A-Level Physics o 25.1 Standard candles @
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pulsation period / days

Cepheids as standard candles

L L
Fefme  “VNar

its distance.

1.4 %103 Wm™2

2 Practice
Now apply the methods above.

2.1 Define the luminosity of a star.

2.2 Write the inverse-square law for radiant flux intensity.

A-Level Physics o 25.1 Standard candles

®

Cepheid: longer period = brighter - standard candles

Worked example. Sun L =3.8x 10 W, d =1.5x 10" m: F =

o ® ’/':{.
10° 4 T
.}%‘"o
. .)o"
).../(G.
« ° = period-luminosity line
e Type | Cepheids
102 T 1
10° 10t 102

3.8 x 10%

A standard candle is an object of known luminosity; measuring its flux F' gives

4m(1.5 x 1011)2



2.3 The Sun’s luminosity is 3.8 x 10 W. Find the flux at Earth (d = 1.5 x 10" m). [2]

2.4 State what a standard candle is. 1

3 Exam-style questions
3.1 If the distance to a star doubles, the radiant flux intensity becomes: 1]

o A twice as large

o B half as large

« C one quarter as large
o D four times as large

3.2 A standard candle has luminosity 4.0x 1028 W. Its measured flux is 2.0x 1072 W m 2.
Calculate its distance. 3

3.3 An astronomer wants the distance to a galaxy several million light-years away. Ex-
plain how a standard candle in that galaxy makes this possible, giving the quantity
that must be measured, the quantity that must be known in advance, and the assumption
the method depends on. 4]

A-Level Physics o 25.1 Standard candles @
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3.4 A star has a luminosity of 6.5 x 10*” W. Its radiant flux intensity measured at the
Earth is 2.9 x 107 W m™2,

(a) Define the luminosity of a star and the radiant flux intensity received from it.[2]

(b) Determine the distance of the star from the Earth. 3]

(¢) The star’s surface temperature is 9600 K. Taking ¢ = 5.67 x 107 W m2K™*,
determine its radius. 3]

(d) A second star at the same distance has the same radius but half the surface temper-
ature. Determine the flux intensity received from it, as a fraction of that from the first
star. 2l

(e) Suggest why the flux intensity actually measured at the Earth may be lower than
the calculation predicts. 2]

A-Level Physics « 25.1 Standard candles @



Solutions

Each answer shows the steps, then the result.

2.1

« the total power of radiation emitted by the star (in all directions)
2.2

o« F=1L/4nrd*

2.3

.« F=L/(4nd?)
3.8 x 10% W

_ _ 3 —2
747r(1.5><—1011m)271~4><10 W m

2.4

e an object of known luminosity

3.1C

e F o< 1/d? so doubling d makes F' one quarter
3.2

o d=+/L/(47F)

40 x 105 W
d= Y 13x10%m
47(2.0 x 1079 W m™?)

3.3

« find an object in that galaxy whose luminosity is known in advance from its type
a Type Ia supernova or a Cepheid variable

o measure the radiant flux intensity F' arriving at Earth

e then F' = L/(47d?) gives d = \/L/(47F)

o the method assumes the radiation spreads out evenly and nothing absorbs it on the
way

3.4

(a) luminosity is the total power radiated by the star in all directions

« radiant flux intensity is the power received per unit area at the observer, perpen-
dicular to the direction of the star

(b) F = L/(47d?), so d = \/L/(4xF)

5. 127
d—\/ 6.5 X 10° W =42x10" m

41 % 2.9 x 10-2 W m™2

A-Level Physics o 25.1 Standard candles @
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(c) L =4nr?cT4, sor = +/L/(4ncT?)

6.5 x 107 W
r= — . —— =3.3x10°m
47(5.67 x 10-8 W m~ > K*)(9600 K)*

(d) at the same radius and distance, F oc T*
« 5o halving T gives (1/2)* = 1/16 of the flux intensity
(e) interstellar dust and gas absorb and scatter some of the light on the way

« and the Earth’s atmosphere absorbs part of it too, so a ground-based measurement is
lower still

A-Level Physics « 25.1 Standard candles @



A-Level Physics: m25 42

Name:

10 (a) (i) State whatis meant by the luminosity of a star.

(b) The Sun rotates on its axis. Points X, Y and Z are on the equator of the Sun as shown
in Fig. 10.1.

axis of rotation

|
|
L

equator

: Sun

‘ﬂ/direction of rotation
Fig. 10.1

The wavelengths of light from points X and Y are observed and recorded in Table 10.1.

Table 10.1

observed wavelength
from X/nm

656.2877 656.2831

observed wavelength
from Y/nm

A-Level Physics: m25 42

Name:

(i) The Sun rotates with a period of 2.07 x 106s.

Show that the radius of the Sun is 6.93 x 108m.

(3]

(ii) State and explain how the expected wavelength of the light observed from Z compares
with the emitted wavelength.

..................................................................................................................................... [2]
(iii) The luminosity of the Sun is 3.8 x 1028 W,
Use the information in (b)(i) to calculate the surface temperature of the Sun.
temperature = ... K [2]

[Total: 11]



Name:

A-Level Physics: s24 43

10 (a) (i) State whatis meant by the luminosity of a star.

(ii) Explain how a standard candle in a distant galaxy can be used to determine the distance
of the galaxy from an observer.

(b) The Sun has a radius of 6.96 x 108m and a surface temperature of 5780K.
Light from the Sun is observed to have a peak intensity at a wavelength of 501 nm.

(i) Calculate the luminosity of the Sun. Give a unit with your answer.

lUMINOSItY = ..oooiiiiiiiiee unit ... [2]
(ii) Another star emits radiation that has a peak intensity at a wavelength of 624 nm.

Determine the surface temperature of this star.

surface temperature = ........c.ccooveviieiiie e K [2]

[Total: 9]

Name:

10 (a)

(b)

(c)

A-Level Physics: m23 42

A student observes different stars from the Earth.
Give two reasons why some stars appear brighter than others.

LSRR USRS
RSOOSR
(2]
State what is meant by a standard candle.
............................................................................................................................................. [1]

A spectral line from a star within a galaxy is observed to have a wavelength of 660.9nm. The
same spectral line measured in the laboratory is observed to have a wavelength of 656.3 nm.

(i) Show that the speed of the star relative to the Earth is 2.1 x 10°ms~".

(1]

(ii) Calculate the distance to the star.

The Hubble constant is 2.3 x 1071851

diStaNCE = oo m [2]

(iii) State and explain what can be concluded about the Universe based on this change in
observed wavelength.

[Total: 9]



A-LEVEL PHYSICS « EXERCISE SHEET

25.2 Stellar radii

Name: Class: Date: Total: 26 marks

KEY WORDS stefan-boltzmann law Hp555-3% /822 % 2« wien’s displacement law 2 BV 7% 72
o temperature i) o wavelength J%{< o blackbody {4

Objective
Build the skills to answer exam questions on stellar temperature and radius.
You must be able to:

¢ use Wien’s law \,,.T = constant
« use the Stefan-Boltzmann law L = 47or?T*
« combine them to estimate a star’s radius

1 Worked examples

Study these first. Each one shows the method for a question type used later — follow
the steps and you can do the Practice and Exam-style questions yourself.

B Wien’s law
A star radiates a black-body spectrum; a hotter star radiates more and peaks at a
shorter wavelength:

intensity
A

hot

» wavelength A\

A-Level Physics o 25.2 Stellar radii @

wavelength A / nm

Wien: AmaxT = const - hotter = peak shifts left

A blackbody curve and Wien law
AmaxT =, b=2.90x 107 m K.

B Stefan—Boltzmann law and radius
L = 4nor®TH, 0c=567x10°Wm?2K™

[ L
Find T from Wien’s law, then r = o

2.90 x 1073

‘Worked le. Apax = 500 nm: T'= —— = 5800 K.
orked example nm 00 X 10-9

2 Practice
Now apply the methods above.

2.1 Write Wien’s displacement law.

2.2 A star’s spectrum peaks at 500 nm. Find its surface temperature.

A-Level Physics o 25.2 Stellar radii

A
12000 K
\ peak moves to shorter A
as temperature rises
2
«
c
2
£
y T — T »
0 500 1000 1500 2000



2.3 Write the Stefan—Boltzmann law. 1]

2.4 State how A\, changes for a hotter star. 1]

3 Exam-style questions
3.1 A hotter star has its peak emission at a: 1]

o A longer wavelength

o B shorter wavelength

e C the same wavelength
¢ D no peak

3.2 A star’s black-body spectrum peaks at 290 nm. Calculate its surface temperature.|2|

3.3 Star P has radius 7.0 x 10® m and surface temperature 5800 K. Star Q has the same
surface temperature but three times the radius. (o = 5.67 x 107 W m™2K™)

(a) Calculate the luminosity of star P.

(b) Without further calculation, state and explain the luminosity of star Q. 2]

A-Level Physics o 25.2 Stellar radii @

3.4 Outline how a star’s radius can be estimated from its spectrum. 2]

3.5 The light from a distant star is analysed. Its intensity is greatest at a wavelength
of 580 nm, and its radiant flux intensity at the Earth is 3.6 x 107'© W m~2. The star
is 8.4 x 10'7 m away. Take Wien’s displacement constant as 2.90 x 1072 m K and o =

5.67 x 1078 W m 2K

(a) State Wien’s displacement law. 2]

(b) Determine the surface temperature of the star. 2]

)

(¢) Determine the luminosity of the star.

(d) Determine the radius of the star, and compare it with the Sun’s radius of 7.0 x
108 m. 3

A-Level Physics o 25.2 Stellar radii @



(e) A second star has the same luminosity but a surface temperature twice as high. De-

. . radius of the second star .
termine the ratio - , and state what kind of star that suggests.[3
radius of the first o

A-Level Physics o 25.2 Stellar radii @

Solutions

Each answer shows the steps, then the result.

2.1

o Apax] = constant (or A\ o< 1/7)

2.2

© T'=b/Amax \
2.3

o L =dmor’T*

24

« it is shorter (Ayax < 1/7)
3.1B

« a hotter star has its peak at a shorter wavelength

3.2
o T'= b/)\max
2.90 x 103 m K
= _10x10*K
200 x 109 m 010
3.3

(a) L = 4nr?oT?

L =47(7.0 x 10° m)?(5.67 x 1078 W m™2 K~*)(5800 K)* = 4.0 x 10® W

(b) L o r? at fixed temperature
« so tripling the radius makes the luminosity 32 = 9 times larger: 3.6 x 10> W
3.4

o find T from Apa, (Wien’s law) and measure L
« then use the Stefan-Boltzmann law L = 47or?T* to solve for r

3.5

(a) the wavelength at which the emitted intensity is a maximum is inversely propor-
tional to the thermodynamic temperature of the body

e Amaxl = constant

(b) T= b/)\max
290109 m K

T= =5.0x10° K
530 x 109 m x

A-Level Physics o 25.2 Stellar radii @



(c) L = 4nd*F

L =47(8.4 x 10" m)%(3.6 x 107 W m™2) = 3.2 x 10 W
(d) r =+/L/(4waT*)

19 % 107 W
r—\/ 3.19 < 10 —27%10°m

47(5.67 x 10-8 W m~2K~1)(5000 K)4

o a few solar radii, so a star of ordinary main-sequence size
(e) at fixed luminosity r>7* is constant, so r oc 1/7

« doubling T gives a radius 1/4 as large, i.e. a ratio of 0.25
o a star of the same luminosity packed into a quarter of the radius and much hotter
suggests a white dwarf rather than a main-sequence star

A-Level Physics » 25.2 Stellar radii ™

Name: A-Level Physics: s25 41

10 (a) State Hubble’s law.

(b) A star in a distant galaxy emits radiation that has a maximum intensity of emission at a
wavelength of 4.62 x 10~ m.

Observations of the galaxy made on the Earth detect the maximum intensity of emission from
the star at a wavelength of 4.91 x 10" m.

(i) Explain why the observed wavelength and the emitted wavelength have different values.

(ii) Calculate the speed of the star relative to the Earth.

(iii) The wavelength of maximum intensity of emission is used to determine a value for the
surface temperature of the star.

Explain how the temperature determined using the observed wavelength compares with
the true value of temperature determined using the emitted wavelength.



Name: A-Level Physics: s25 41

(c) Avalue for the Hubble constant is 2.3 x 101851,

Use your answer in (b)(ii) to determine the distance of the star in (b) from the Earth.

distance =

[Total: 10]

Name: A-Level Physics: s25 43

10 (a) State Hubble’s law.

(b) A star in a distant galaxy emits radiation that has a maximum intensity of emission at a
wavelength of 4.62 x 10~ m.

Observations of the galaxy made on the Earth detect the maximum intensity of emission from
the star at a wavelength of 4.91 x 10" m.

(i) Explain why the observed wavelength and the emitted wavelength have different values.

(ii) Calculate the speed of the star relative to the Earth.

(ili) The wavelength of maximum intensity of emission is used to determine a value for the
surface temperature of the star.

Explain how the temperature determined using the observed wavelength compares with
the true value of temperature determined using the emitted wavelength.



Name: A-Level Physics: s25 43

(c) Avalue for the Hubble constant is 2.3 x 1071851,

Use your answer in (b)(ii) to determine the distance of the star in (b) from the Earth. A-LEVEL PHYSICS « EXERCISE SHEET

25.3 Hubble’s law and the Big Bang
theory

Name: Class: Date: Total: 25 marks

KEY WORDS redshift Z[ % « hubble’s law 55721 « big bang K4 o recession i1
» spectral lines ji2k

distance = ..o m [2]

[Total: 10] Objective

Build the skills to answer exam questions on redshift, Hubble’s law and the Big Bang.

You must be able to:

A
¢ use the redshift — =~ v

c
« use Hubble’s law v = Hyd

o explain how redshift and Hubble’s law support the Big Bang

1 Worked examples

Study these first. Each one shows the method for a question type used later — follow
the steps and you can do the Practice and Exam-style questions yourself.

B Redshift

The spectral lines of distant galaxies are at longer wavelengths than in the lab — a
redshift, showing the galaxy is moving away. For v < ¢:

A

v
Y E-, AN = /\observed - )\emittedv

B Hubble’s law

The recession speed is proportional to distance:

A-Level Physics o 25.3 Hubble’s law and the Bi theory @




recession
velocity v

gradient = Ho o

distance d

- |

distant star
(redshifted)

v A
each line shifts to longer A (redshift)
/ /S / /

B | W

short wavelength A long (red)

near star
(laboratory)

Redshift in a galaxy spectrum
v & Hyd.
Every galaxy moving away (faster if further) means the Universe is expanding — so

in the past it was smaller and denser, leading to the idea that it began from a single
point: the Big Bang.

2 Practice

Now apply the methods above.
2.1 State what is meant by redshift. 1]

2.2 Write the redshift equation linking A, A and v. 1]

A-Level Physics o 25.3 Hubble’s law and the Bi theory @

@

2.3 Write Hubble’s law.

2.4 State what the redshift of distant galaxies tells us about the Universe.

3 Exam-style questions
3.1 The redshift of distant galaxies is evidence that:

o A the Universe is static

« B the Universe is expanding

o C galaxies are approaching us

e D light slows down over distance

3.2 A spectral line emitted at 4.62 x 10~7 m is observed at 4.91 x 10~7 m. Calculate the

recession velocity of the source.

B3l

3.3 A galaxy recedes at 2.0 x 107 m s~!. Taking Hy = 2.2 x 10718 57, calculate its

distance.

3.4 Explain how Hubble’s law leads to the Big Bang theory.

A-Level Physics o 25.3 Hubble’s law and the Bi theory

2]



3.5 A spectral line emitted at 486.1 nm in the laboratory is observed at 492.6 nm in
the light from a distant galaxy. Take ¢ = 3.00 x 108 m s™! and the Hubble constant as
2.3 x 10718 571,

(a) State Hubble’s law. 2

(b) Explain why the observed and emitted wavelengths differ. 2

(c) Determine the speed of the galaxy relative to the Earth, and state whether it is
approaching or receding. 3]

(d) Determine the distance of the galaxy from the Earth.

(e) Suggest why an estimate of the age of the Universe can be made from the Hubble
constant, and state one assumption that estimate depends on. 3]

A-Level Physics o 25.3 Hubble’s law and the Bi theory @

Solutions

Each answer shows the steps, then the result.

2.1

« the increase in wavelength of light from a source moving away from the observer
2.2

o AN A=u/c

2.3

e v Hyd

2.4

« it is expanding (galaxies are moving apart)

3.1B

« Hubble’s law means the Universe is expanding

3.2

e AXN=491x107"m—-462x107"m=0.29 x 107" m

AN 0.29% 107
_BAL 029X A0 g 8 1 6 = 1.9 x 107 m 5!

TN T i x0T m
3.3
o d= 'U/HO
20%x 107 m st
=222 7 —91x10%
22 % 1018 51 em
3.4

« all galaxies are moving away, faster the further they are
¢ so the Universe is expanding — in the past it was smaller and denser
« extrapolating back, everything began from a single point/event — the Big Bang

3.5
(a) the recession speed of a galaxy is directly proportional to its distance from us
o v = Hyd, for galaxies far enough away

(b) the galaxy is moving away from us, so each wave takes slightly longer to reach us
than the one before

o the waves are stretched, the observed wavelength is longer, and the light is redshifted

(¢) AN/ = (492.6 — 486.1)/486.1 = 0.01337
AN 8 -1 6 -1
v = TC =0.01337 x3.00x 10°ms " =4.0x10°m s

A-Level Physics  25.3 Hubble’s law and the Bi theory @



« receding — the wavelength has increased

(d) d= U/H()

401 x 10 m s~!
T 23x 10181

(e) if every galaxy has been moving apart at a constant speed since the beginning, the
time since they were all together is d/v = 1/H,

=1.7x10* m

« which gives about 4.3 x 10'7 s, roughly 14 billion years

o it assumes the expansion rate has not changed over that time

A-Level Physics o 25.3 Hubble’s law and the Bi

@
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Name: A-Level Physics: s25 41

10 (a) State Hubble’s law.

(b) A star in a distant galaxy emits radiation that has a maximum intensity of emission at a
wavelength of 4.62 x 10~ m.

Observations of the galaxy made on the Earth detect the maximum intensity of emission from
the star at a wavelength of 4.91 x 10" m.

(i) Explain why the observed wavelength and the emitted wavelength have different values.

(ii) Calculate the speed of the star relative to the Earth.

(iii) The wavelength of maximum intensity of emission is used to determine a value for the
surface temperature of the star.

Explain how the temperature determined using the observed wavelength compares with
the true value of temperature determined using the emitted wavelength.



Name: A-Level Physics: s25 41 Name: A-Level Physics: w24 43

(c) A value for the Hubble constant is 2.3 x 101851, 10 (a) Explain how redshift leads to the idea that the Universe is expanding.
Use your answer in (b)(ii) to determine the distance of the starin (b) from the Earth. | e
............................................................................................................................................. [3]
(b) Stars in a distant galaxy emit radiation. The total luminosity of the stars in the galaxy is
dISANCE = .o m [2] 1.90 x 10%6W.

The emission spectrum of the radiation contains a line X at a wavelength of 658 nm.
[Total: 10]
Radiation from the galaxy is observed on the Earth. The observed radiation has a radiant flux
intensity of 8.42 x 107"Wm™2. In the observed emission spectrum, line X is at a wavelength
of 726 nm.
Determine:

(i) the distance d of the galaxy from the Earth

0= e m [2]

(ii) the speed v of the galaxy relative to the Earth.




Name: A-Level Physics: w24 43

(c) Observations of many galaxies, such as the one in (b), lead to many pairs of values of d and
v. Plotting these values reveals a trend.

(i) On Fig. 10.1, sketch the variation of v with d.

A
v
O0 >
d
Fig. 10.1
(2]
(ii) State the name of the quantity represented by the gradient of the line in Fig. 10.1.

..................................................................................................................................... [1]
[Total: 10]
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