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Inverse Square Law of Flux

The moment the lightleaves the surface of the star, it begins to spread out uniformly
through a spherical shell
o Lightsources which are furtheraway appearfainter because the emittedlighthas
been spread overa greaterarea
The surface area of a sphereis equal to 4mr?

o Theradius rof this sphereis equal to the distance d between the starand the Earth
o Therefore theradiation received at Earth has been spread over an area of 41d?

Theinverse square law of flux can therefore be calculated using:

L

F=
4 td?

Where:
o F=radiant fluxintensity, orobservedintensity on Earth (W m-2)
o L =luminosity of the source (W)
o d=distance between the starandthe Earth (m)

This equation assumes:
o The powerfrom the starradiates uniformly through space
o Noradiationis absorbed between the starand the Earth

This equation tells us:
o Foragiven star, theluminosity is constant
o Theradiant flux follows aninverse square law
o Thegreatertheradiant flux (larger F) measured, the closerthe staris to the Earth
(smallerd)

SPHERE AREA
4 JTr?



Inverse square law; when the light is twice as far away, it has spread over four times the area,
hence theintensity is four times smaller

*> Worked Example
[
Astarhas a luminosity that is known to be 4.8 x 102? W. A scientist observing this

starfinds that theradiant fluxintensity of light received on Earth from the staris 2.6
nW m-2, Determine the distance of the star from Earth.

Step 1: Write down the known quantities
Luminosity, L = 4.8 x 102 W
Radiant fluxintensity, F=2.6 n\Wm=2=2.6 x10-? W m~2
Step 2: Write down the inverse square law of flux

Fe L
T And?

Step 3: Rearrange fordistance d, and calculate

d_J L 4.8 x 102 _ 18 x 1018
"V 4nF T\ 4nx (26 x 109 m




Determining Distance using Parallax

¢ The principle of parallaxis based on how the position of an object appears to change as
the position of the observer changes
o Forexample, when observing the scale on a metreruler, looking ateyelevelgets a
differentreading to viewing from above or below the scale

o Stellarparallaxcan be usedto measure the distance to nearby stars
e StellarParallaxis defined as:

The apparent shifting in position of anearby staragainst a background of distant
stars whenviewed from different positions of the Earth, during the Earth’s orbit
about the Sun

e |tinvolves observinghow the position of a nearby stars changes over a period of time
against a fixed background of distant stars
o Fromtheobserver's position the distant stars do not appearto move
o However, the closer object does appear to move
o This difference creates the effect of stellar parallax

Using Stellar Parallax

¢ Anearby staris viewed from the Earth in January and againin July
o Theobservations are made sixmonths apart to maximise the distance the Earth has
moved fromits starting position
¢ TheEarth has completed half a full orbit andis at a different positioninits orbit around the
Sun
o Thenearby starwillappear in different positions against a backdrop of distant stars
which willappearto nothave moved
o This apparent movement of the nearby staris called the stellar parallax

Calculating Stellar Parallax

¢ Applying trigonometry to the parallax equation:
o TAU =radius of Earths orbit around the sun
o p=parallaxangle from earth to the nearby star
o d=distancetothenearbystar
A
o So,tan(p)= d

AU
e Forsmallangles, expressedinradians, tan(p) =p, therefore:p = T

» |fthedistancetothenearby staris to be measuredin parsec, thenit can be shown that the
relationship between the distance to a star from Earth and the angle of stellar parallaxis
given by

o
P="q



e Where:
o p=parallax(")
o d=thedistancetothenearby star(pc)
¢ This equationis accurate fordistances of upto 100 pc
o Fordistanceslargerthan100 pc the anglesinvolved are so smallthey are hardto
measure accurately

*> Worked Example
[

The nearest starto Earth, Proxima Centauri, has a parallax of 0.768 seconds of arc.
Calculate the distance of Proxima Centauri from Earth

a. inparsec
b. inlight-years

Part(a)
Step 1: List the known quantities
o Parallax, p=0.768"

Step 2: State the parallaxequation

Part (b)
Step 1: State the conversion between parsecs and metres

o From the databooklet:

Tparsec=3.1x10"%m
Step 2: Convert1.30 pctom
1.30pc=1.30x(3.1x10%) =4.03x10%m

Step 3: Statethe conversionbetweenlight-years and metres

o Fromthe data booklet

1light-year=9.5x10""m

Step 4: Convert4.03 x 10" minto light-years

4.03x 1016

W :42|y(t023f)
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Determining distance using standard candles
Standard Candles

e Astandardcandleis definedas:

An astronomical object which has a known luminosity due to a characteristic quality
possessedby that class of object

e Examples of standard candles are:
o Cepheidvariable stars
o Atypeof pulsating starwhich increases and decreases in brightness overa settime
period
o This variation has a well defined relationship to the luminosity

e Typelasupernovae
o Asupernova explosioninvolving a white dwarf
o Theluminosity at the time of the explosionis always the same

Determining distances using standard candles

e Measuring astronomical distances accurately is an extremely difficult task
e Adirectdistance measurementis only possible if the objectis close enough to the Earth
e Formoredistantobjects, indirect methods must be used - this is where standard candles
comeinuseful
¢ Iftheluminosity of a sourceis known, then the distance can be estimated based on how
brightit appears from Earth
o Astronomers measure theradiant fluxintensity, of the electromagnetic radiation
arriving at the Earth
o Sincetheluminosity is known (as the objectis a standard candle), the distance can be
calculatedusing theinverse square law of flux

e Eachstandard candle method can measure distances within a certainrange
e Collatingthe data and measurements from each method allows astronomers to buildup a
larger picture of the scale of the universe



The Hertzsprung - Russell Diagram

¢ Danish astronomer EjnarHertzsprung, and American astronomerHenry Noris Russell,
independently plotted the luminosity of different stars against their temperature

o Luminosity relative to the Sun, on the y-axis, goes from dim (at the bottom) to bright (at
the top)

o Temperaturein degrees kelvin, on the x-axis, goes from hot (on the left) to cool (on the
right)
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The Hertzsprung-Russell Diagram

e HertzsprungandRussel foundthat the stars clusteredin distinct areas
¢ Moststars are clusteredin a band called the main sequence
o Formain sequence stars, luminosity increases with surface temperature
e Asmallernumber of stars clustered above the main sequencein two areas, red giants, and
red super giants
o Thesestars show anincreaseinluminosity atcoolertemperatures
o Theonly explanation for this is that these stars are much larger than main sequence
stars
Below andto theleft of the main sequence are the white dwarf stars
o Thesestars are hot, but notvery luminous



o Therefore, they must be much smaller than main sequence stars
¢ TheHertzsprung-Russell Diagram only shows stars that arein stable phases

o Transitory phases happen quickly inrelation to the lifetime of a star
o Blackholes cannotbe seen since they emit nolight

7 Worked Example
[

Stars can be classified using the Hertzsprung-Russell Diagram.
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a. Statethetypes of stars foundinareas A, B, CandD.
b. StarXhasasurface temperature of 20 000 Kanda luminosity 10 000 times

greaterthan the Sun. Plot star X’s place on the Hertzsprung-Russell diagram
andlabelit StarX.

Step 1: Identify the main sequence on the Hertzsprung-Russell diagram

o Themain sequenceis thelongbanddiagonally central to the diagram where the
majority of stars are found

= Themain sequenceisregion B
Step 2: Identify the white dwarf region on the HR diagram

o White dwarf stars are hot, but notvery luminous

o |dentify the area with alower luminosity than the main sequence
= Thewhite dwarfregionis area A



Step 3: Identify thered giant and red supergiant regions on the HRdiagram

o Redgiants and superred giants have a greaterluminosity than main sequence stars at
alowertemperature
o Superred giants are more luminous than the red giants and will appearabove themon
the graph
= ThesuperredgiantregionisareaC
= Theredgiantregionis areaD

Step 4: List the known quantities giveninpartb

o Surfacetemperature of StarX=20 000K
o Luminosity of StarX=10 000 times that of the Sun

Step 5: Use the graph to find the value for the luminosity of the Sun

o Usearulerandpencilto draw aline from the position of the Sun to the luminosity axis
(y-axis)

o The Sun’sluminosity on this scaleis 1because theluminosities given arerelative to the
luminosity of the Sun
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Step 6: Calculate the luminosity of Star X

o StarXis10 000 times that of the Sun
o Theluminosity of the Sunis 1

10000 x1=10 000 or104



Step 7: Plot the position of Star Xon the HRdiagram

o Locatethesurface temperature of StarXat20 000 K
o Locatetheluminosity of StarXat104
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= Plotthe pointandlabelit StarX




The Life Cycle of Stars

¢ Thelife cycle of stars goin predictable stages
¢ Theexactroute a star's development takes depends onits initial mass

Initial Stages for All Masses

e Thefirstfourstagesin thelife cycle of stars are the same for stars of allmasses

o Afterthesestages, thelife-cycle branches depending on the whetherthe staris:
o Lowmass:stars withamass less than about1.4 times the mass of the Sun (< 1.4 Mg)
o Highmass: stars with a mass more than about 1.4 times the mass of the Sun (> 1.4

MSun)
1. Nebula

¢ Allstars form from a giant cloud of hydrogen gas and dust called a nebula
o Gravitational attraction between individual atoms forms denser clumps of matter
o Thisinward movement of matteris called gravitational collapse

2.Protostar

e Thegravitational collapse causes the gas to heatup and glow, forming a protostar
o Work done on the particles of gas and dust by collisions between the particles causes
anincreasein theirkinetic energy, resultingin anincrease in temperature
o Protostars can be detected by telescopes that can observeinfrared radiation

3. Nuclear Fusion

e Eventually the temperature willreach millions of degrees Kelvin and the fusion of hydrogen
nucleito helium nucleibegins
o Theprotostar’s gravitational field continues to attract more gas and dust, increasing
the temperature and pressure of the core
o With more frequent collisions, the kinetic energy of the particles increases, increasing
the probability that fusion willoccur

4. Main Sequence Star

¢ Thestarreaches a stable state where theinward and outward forces are in equilibrium
o Asthetemperature of the starincreases andits volume decreases due to gravitational
collapse, the gas pressureincreases
¢ Astarwillspend most of its life on the main sequence
o 90% of stars are on the main sequence
o Mainsequence stars canvaryin mass from ~10% of the mass of the Sun to 200 times
themass of the Sun
o The Sunhas been onthe main sequence for4.6 billion years and will remain there foran
estimated 6.5 billionyears



MAIN SEQUENCE STAR
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Next Stages for Low Mass Stars

e Thefate of a starbeyondthe main sequence depends onits mass
o Thecut-off pointis 1.4 times the mass of the Sun
o Astarisclassedas alow-mass starifithas amassless than1.4 times the mass of the
Sun
o Alow-mass starwillbecome ared giant before turninginto a white dwarf

5.Red Giant

e Hydrogen fuelling the starbegins torun out
o Mostof the hydrogen nucleiin the core of the starhave been fusedinto helium
o Nuclearfusion slows
o Energyreleasedby fusion decreases

¢ Thestarinitially shrinks and then swells and cools to form a red giant

¢ Fusion continuesin the shell aroundthe core

6. Planetary Nebula

e Theouterlayers of the stararereleased
o Coreheliumburningreleases massive amounts of energy in the fusion reactions

7. White Dwarf

e Thesolid core collapses underits own mass, leaving a very hot, dense core called a white
dwarf



Life Cycle of a Low-Mass Star
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Thelifecycle of alow mass star
Next Stages for Massive Stars
5.Red Super Giant

e Thestarfollows the same process as the formation of ared giant
o The shell burning and core burning cycle in massive stars goes beyond that of low-
mass stars, fusing elements up toiron

6. Supernova

¢ Theironcore collapses
¢ Theoutershellis blown outin an explosive supernova

7.Neutron Star (or Black Hole)

¢ Afterthe supernova explosion, the collapsed neutron core can remain intact having formed
aneutronstar
o Iftheneutron core massis greaterthan 3times the solarmass, the pressure on the
corebecomes so great that the core collapses and produces a black hole
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Lifecycle of massive stars

*> Worked Example

Stars less massive than our Sun willleave the main sequence and becomered
giants.

Describe and explain the next stages of evolution for such stars.

Step 1: Underline the command words

o Describe questions require details of the processes occurring
o Explain questions require details of how and why those processes occur
= This questionrequires both

Step 2: Identify the mass of the star

o Thestarsinthe question areless massive than the Sun, thereforeitis referring to low-
mass stars

Step 3: Identify the stage of life cycle being asked about

o The question asks for the next stage of evolution afterbecoming a red giant
o ltrequires an explanation of the processes during the red giant phase

Step 4: Planthe answer

o Makealist of theremaining stages in the evolution of alow-mass star



= Redgiant
= Planetary nebula
= White dwarf
o Addtothelistanyimportant points orkey words that needto beincludedin the answer
= Redgiant
= Fuelruns out
= Forcesnolongerbalanced
= Expands andcools
= Fusion continuesinshell
= Planetary nebula
= Carbon-oxygen core not hot enough for further fusion
= Quterlayersreleased
= White dwarf
= corecollapsesleavingremnant core

Step 5: Begin writing the answer using words from the question stem
o Low-mass stars willleave the main sequence and becomered giants...
Step 6: Use the plan to keep the answer concise and logically sequenced

o Low mass stars leave the main sequence and becomered giants when the hydrogenin
the coreruns out.
Reducedenergy released by fusion leads to radiation pressure decreasing
= Radiation pressure and gas pressure nolongerbalance the gravitational pressure
andthe core collapses
= Fusionnolongertakes placeinside the core.
The outerlayers expand and coolto form ared giant
Temperatures generated by the collapsing core are high enough for fusion to occurin
the shellaroundthe core
= Contraction of the core produces temperatures great enough for the fusion of
helium into carbon and oxygen inside the core
= The carbon-oxygen coreis not hot enough for furtherfusion, so the core
collapses
The outerlayers are ejected forming a planetary nebula
Theremnant coreremainsintactleaving a hot, dense, solid core called a white dwarf

[e]

o

(e}

(e}

(e}

*9 Worked Example
[

Describe the evolution of a starmuch more massive than our Sun fromits formation
toits eventual death.

Step 1: Underline the command word

o Underlinethe commandword ‘describe’
o Adescribe question does not need you to explain why the processes happen, but
you do needto gointo detailabout what happensin each stage

Step 2: Identify the mass of the star



o Thestarinthe questionis more massive than the Sun, therefore it is referring to high-
mass stars

Step 3: Identify the stage of life cycle being asked about

o This questionis about the whole life cycle from formation to death
o Thecommon first five steps are needed, and then the steps which only apply to
massive stars

Step 4: Planthe answer

o Usethewhite space aroundthe question to planyouranswer
o Listthe stages thatamassive stargoes through, this willhelp you formyouranswerin a
logical sequence of events
= Nebula
= Protostar
= Nuclearfusion
= Mainsequence
= Redsupergiant
= Supernova
= Neutron star/black hole

Step 5: Add to thelist any important points or key words that need to be included for
eachstage

o Nebula - gravitational collapse

o Protostar-heatsupandglows

o Nuclearfusion - HtoHe generates energy
o Mainsequence - stable, forces balanced
o Redsupergiant - expands and cools

o Supernova - core collapses

o Neutron star/black hole - remnants

Step 6: Begin writing the answer using words from the question stem to begin
o Astarmore massive than our Sun will form from...
Step 7: Use the planto keep the answer concise and logically sequenced

o Astarmore massive than our Sun will form from clouds of gas and dust called a nebula

o Thegravitational collapse of matterincreases the temperature of the cloud causingit
toglow - thisis a protostar

o Nuclearfusion of hydrogen nucleito helium nuclei generates massive amounts of
energy

o Theoutwardradiation pressure and gas pressure balances the inward gravitational
pressure andthe starbecome stable entering the main sequence stage

o When the hydrogen runs out, the outerlayers of the starexpand and cool forming ared
supergiant

o Eventually, the core collapses and the starexplodes in a supernova

o Theremnant core eitherremainsintact forming a neutron star, orthe core collapses
furtherresultinginablackhole



Doppler Shift

e |fawavesourceis stationary, the wavefronts spread out symmetrically
» |fthewavesourceis moving, the waves can become squashed togetherorstretched out
o Ifthewave sourceis moving towards an observer the wavefronts will appear
squashed
o Ifthe wavefrontis movingaway from an observerthe wavefronts will appear
stretched out
¢ Therefore, when a wave source moves relative to an observerthere willbe a changein the
observed frequency and wavelength

e

o
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(a) Stationary source (b) Moving source, (c) Stationary source,
and observers stationary observers moving observers

Wavefronts are evenin a stationary object but are squashedin the direction of the moving
wave source

e Amoving object willcause the wavelength, A, (and frequency) of the waves to change:

o The wavelength of the waves in front of the source decreases (A - A)) and

the frequency increases

o Thewavelength behind the sourceincreases (1 + A)) and the frequency decreases
+ Note:ALmeans 'changein wavelength'

o Theactualwavelength emitted by the source remains the same

o Itis only the wavelength thatis received by the observerthat appears to have changed
¢ This effectis known as the Doppler effect or Doppler shift

e The Dopplereffectis defined as:

the apparent shift in wavelength occurring when the source of the waves is moving

Y



+ The Dopplereffect, or Doppler shift, can be observed using any form of electromagnetic
radiation

e |tcanbeobservedby comparing thelight spectrum produced from a close object, such as
our Sun, with that of a distant galaxy

o Thelight from the distant galaxy is shifted towards the red end of the spectrum (There
are more spectrallines in thered end)

o This provides evidence that the universeis expanding

Comparing the light spectrum produced from the Sun and a distant galaxy

LIGHT SPECTRUM FROM
A CLOSE OBJECT SUCH
AS THE SUN

LIGHT SPECTRUM FROM
A DISTANT GALAXY




Redshift Equation
Recallthe Doppler effectis defined as:

The apparent change in wavelength or frequency of the radiation from a source due
toits relative motion away from or toward the observer

o OnEarth, the Doppler effectis most easily observed when something which is both
fastmoving and emittinga loud sound (such as an ambulance orfast car) moves past
an observer, producing a characteristic changein the pitch of the sound thatis heard

In space, the Doppler effect of light can be observed when spectra of distant stars and
galaxies are observed, this is known as:

o Redshiftif the objectis moving away from the Earth, or

o Blueshiftif the objectis moving towards the Earth

Redshiftis defined as:

The fractional increase in wavelength (or decreasein frequency) due to the source
andobserverreceding fromeach other

Fornon-relativistic galaxies, Doppler redshift can be calculated using:

A _ Af _ vy
)~ Jat
Where:

o AA=shiftinwavelength (m)

o A=wavelength emitted fromthe source (m)

o Af =shiftinfrequency (Hz)

o f=frequency emitted fromthe source (Hz)

o v=speedofrecession(ms‘1)

o c=speedoflightinavacuum(ms)



*> Worked Example
[

The spectra below show dark absorption lines againsta continuous visible
spectrum.

(LIGHT FROM A SOURCE IN THE LABORATORY]

ILIGHT FROM A DISTANT GALAXY |

Aparticle linein the spectrum of light from a sourcein the laboratory has a
frequency of 4.570 x 10 Hz.

The samelinein the spectrum of light from a distant galaxy has a frequency of
4,547 x10" Hz.

a) What speedis the distance galaxy movinginrelation to the Earth?

b) Is it moving towards oraway from the Earth?

Part (a)
Step 1: Write down the known quantities

o Emitted frequency, f=4.570 x 10" Hz
o Shiftinfrequency, Af=(4.547 - 4.570)x 10" =-2.3x10'2Hz
o Speedoflight,c=3.0x108ms!

Step 2: Write down the Doppler redshift equation

AVASSY
T e

Step 3: Rearrange for speed v, and calculate

_cAf (3.0 x10%) x (23 x 10
“F 4570 x 10"

=1.5%x10°ms™

Part (b)
Step 1: Compare the frequencies and answer the question

o Theobservedfrequencyisless than the emitted frequency (the light from a laboratory
source),
o Thesourceis receding (moving away from) from the Earth



¢) ExamTip
* n yourexam, be sure to emphasise that redshift means the wavelength of spectral

lines increases towards the red end of the spectrum, do not say that the spectral
lines becomered, as thisis incorrect.



The Hubble Equation

¢ In1929,the astronomer Edwin Hubble showed that the universe was expanding
o Hedidthis by observingthat the absorption line spectra produced from the light of
distant galaxies was shifted towards the red end of the spectrum
o This doppler shiftin the wavelength of the lightis evidence that distant galaxies are
moving away from the Earth
e Hubble also observedthatlight from more distant galaxies was shifted further towards the
red end of the spectrum compared to closer galaxies
o Fromthis observation he concludedthat galaxies or stars which are further away from
the Earth are moving faster than galaxies which are closer
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e Hubble’s law states:

Therecessional velocity, v, of a galaxy is proportional toits distance from Earth

e Hubble’slaw can be expressedas an equation:
V=H0d

¢ Where:
o v=recessionalvelocity of an object, the velocity of an object moving away from an
observer(kms™
o Hgp=Hubble constant, this will be provided in your examination along with the correct
units (kms-"Mpc)
o d=distance between the objectandthe Earth (Mpc)

o Alternatively, if the velocity of the receding object was measuredin km s~'and the distance
from the earth to the object was measuredin km, then then unit for the Hubble constant
wouldbes™!

e Hubble’slaw shows:
o Thefurtheraway astaris fromthe Earth, the fasteritis moving away fromus



Hubble's Law
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Akeyaspectof Hubble’s law is that the furthest galaxies appear to move away the fastest

> Worked Example

°
Adistant galaxyis 20 light-years away from Earth.

UseHubble’s Law to determine the velocity of the galaxy as it moves away from
Earth.

The Hubble constantis currently agreedtobe 2.2x10 851,

Step 1: List the known quantities:

o d=20lightyears
o Hy=2.2x10718g"!

Step 2: Convert 20 light-years tom:

o Fromthedatabooklet:1ly=9.5x10"®m
o $0,20ly=20x(9.5x10%™)=1.9x10" m

Step 3: Substitute values intoHubble's Law:

o Fromthedatabooklet:v=Hopd
o So,v=(2.2x1078)x(1.9x107)=0.418 ms™!

Step 4: Confirmyour answer:

o Thevelocity of the galaxy as it moves away from Earth 0.42ms™"



The Hubble Constant

e Byrearranging the equation forHubble’s law, we can determine that the Hubble constant,
Ho,is:

al<

¢ Where:

« v=recessionalvelocity of an object (km s

e d=distance between the object and the Earth (Mpc)
Ho =Hubble constant (kms~'Mpc™)

Velocity
moving
away from
us

The gradient of this line
is Ho Hubble’s constant

T
Distance from the Earth

¢ Thevalueforthe Hubble constanthas been estimated using data forthousands of galaxies
o Thelatestestimate of the Hubble constant based on CMB observations by the Planck
satelliteis:

Ho=67.4+0.5kms™'Mpc-'(Planck Collaboration VI 2020)

¢ |tis difficultto be certain aboutjusthow accurate the values for the Hubble constant are
o Thisis duetotherandom andsystematic errors involved when calculating the distance
toagalaxy orstar



*> Worked Example
[

The graph shows how therecessional velocity, v, of galaxies varies with their
distance, d, measured from the Earth.
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Usethe graph to determine a value forthe Hubble constant and state the unit for
this constant.

Step 1: Fromthe data booklet:
Hubble’s Law:v=Hod
Step 2: Determine the Hubble constant, Hy, fromthe graph:

o y-axis=v=20,000
o x-axis =d=305
o gradient=Hg

v/kms™
30,000

20000{—-————————— = — - — - - — - — - —— — —

I
I
I
10,000 I
|
I
|

0 100 200 300 d/Mpc

Step 3: Calculate the gradient of the graph:

Y Y, =Yy 20000 - 0 s E
o O_Xz_Xl_ 305 — 0 =66kms~'Mpc




Step 4: Confirmyour answer:

o The Hubble Constant =66 kms~'Mpc™!

Dark Matter

* We would expect the velocity of an object within a galaxy to decrease as it moves away
fromthe galaxy's centre because of weakening gravitational field strength
o Thisis observedin smallermass systems, like the solar system where planets orbiting
furthest from the Sun have the slowest orbital velocity
o Thisis notthe caseinbiggermass systems like entire galaxies

e Massisnotactually concentratedin the centre of galaxies; itis spread out
o Allthe observable mass of a galaxy is, however, concentratedinits centre, so there
must be anothertype of matterwe can't see, called Dark Matter

e Darkmatteris definedas:
Matter which cannot be seen and that does not emit or absorb electromagneticradiation

e Darkmattercannotbe detected directly through telescopes
o ltshouldmakeup 27% of the mass in the universe
o |tis detectedbasedonits gravitational effects relating to either the rotation of
galaxies or by the gravitationallensing of starlight



