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Learning journey 1: Quantum theory
Qualification

Advanced Higher Physics

Introduction

The Quanta and Waves unit of Advanced Higher Physics incorporates much of the Wave Phenomena unit from the previous Advanced Higher. It also includes two areas of new content: quantum theory and particles from space. This learning journey focuses only on the new content and skills of these components.  

The main theme of quantum theory is understanding the need for quantum mechanics to rationalise the wave and particle behaviours of matter and radiations. Particles from space focuses on the characteristics of cosmic radiations, such as the solar wind and their interaction with the Earth’s magnetic field. 

Prior learning

The following content is covered within Higher Physics:

· photoelectric effect 

· line emission spectra and quantisation of energy levels

· semiconductor band theory

· wave particle duality.  

Understanding of the following concepts is required to make appropriate progress in quantum theory:

· phenomenon of interference as the test for wave motion is necessary for the understanding of electron diffraction
· understanding of the concept of momentum from the Higher Physics Our Dynamic Universe unit is required for understanding of De Broglie’s relationship and the uncertainty principle
· understanding of the concept of angular momentum from the Advanced Higher Rotational Motion and Astrophysics unit is required for Bohr’s quantised model of the atom
· the standard model of fundamental particles from the Higher Physics Particles and Waves unit is useful to understand the production of lower energy particles by cosmic rays.

Learners studying Advanced Higher Chemistry will cover wave particle duality in the Inorganic and Physical Chemistry unit as part of the key area atomic orbitals, electronic configurations and the periodic table.

Key areas of learning

Quanta and Waves unit
Introduction to quantum theory – the uncertainty principle

The need for quantum theory to resolve dilemmas in classical physics necessitated a probabilistic approach rather than the mechanistic Newtonian approach. Introducing wave particle duality in terms of momentum and location can be illustrated by Heisenberg’s gamma microscope thought experiment. Quantum tunnelling is introduced as an application of consideration of time and energy in the uncertainty principle.

Particles from space – cosmic rays

The particles and processes responsible for cosmic rays in the Earth’s atmosphere, including scattering and decay to further subatomic particles and radiations. The nature of the solar wind and the interaction of the solar wind with the Earth’s magnetic field and atmosphere to explain phenomena such as the aurora.

Skills

Scientific analytical thinking skills: Skills of critical analysis are needed to evaluate the evidence of the dilemmas of classical and quantum physics.
Scientific numeracy: Learners require numeracy skills to compare the experimental results and prediction of quantum theory. The use of uncertainty equations in terms of momentum/position and energy/time will require numerical analysis. Calculating the helical path of a charged particle at an angle to magnetic field will require taking components and using the central force of one component.

Scientific literacy: The language of quantum theory and cosmic radiation is often challenging to learners and care is required not to expose learners to resources of inappropriate level that may confuse rather than clarify. 
Inquiry and investigative skills: There are limited opportunities for practical work in the new areas of the unit, but these new areas do provide good opportunities for research and discussion (see Appendix 1). Investigating the motion of charged particles in a magnetic field in terms of the magnitude of the force acting on a charge moving perpendicular to a magnetic field may yield results with a simple cathode ray Teltron deflection tube and Helmholtz coils. A fine beam deflection tube can achieve better results: http://youtu.be/T2rVoihws_U. 

Electron diffraction can be demonstrated using Teltron apparatus at this point.

The use of quantum tunnelling composite ‘pills’ (www.mindsetsonline.co.uk) for investigative work may provide the basis of an investigation project. 

Responsibilities of all

Numeracy: There is little numerical analysis associated with quantum theory at this level. The equations associated with the unit will require use of scientific notation and analysis skills.
Literacy: Learners who can interpret the descriptions of quantum theory or can discuss its implications through group work will need to demonstrate precision in literacy.
Assessment evidence

Write: Learners can write a summary of the early research on the dilemmas of quantum theory or a critical appraisal of media reports on cosmic radiation. 
Say/make: Because of the conceptual nature of this topic, much of the best evidence of understanding will be in discussion or in the questions asked by a learner. Learners could make a physical model of electron inference through double slits with ball bearings or marbles and a screen that can track the positions of the balls to show they do not build up an interference pattern. Alternatively, aiming a tin of spray paint at a screen through a cardboard mask with two slits cut in it will provide patterns very different to that seen with light.

Fat questions

· Why must the Bohr model of the atom include quantised electron energy levels?

· What are the key items of evidence for wave particle duality?

· Why are a large number of electrons needed to observe inference patterns in double-slit electron diffraction?

· What prevents a classical mechanics explanation of quantum tunnelling?

· Why is there a greater variety of subatomic particles emitted by cosmic radiation than by nuclear radiation?

· Why does a charged particle moving at an angle to the magnetic field exhibit helical motion and not a simple curve?

Stimulus

Quantum theory itself can be inaccessible to learners at this level and a mathematical treatment is well beyond Advanced Higher. A good start for learners is to research some of the conflicting evidence for particle and wave behaviours. This concept of scientific progress being ‘stuck’ is unfamiliar to most learners and it may be useful to read up on stories of talented physicists being at a loss to explain phenomena.

Suggested learning approaches

Learning approaches will depend on different factors:

· the size of a group of learners

· learner capacity to comprehend new concepts

· internet access and the availability of appropriate textbooks 

· access to higher education departments or visiting speakers.

Independent learners will need to discuss the depth of learning required with staff. 

The complexity and variety of sources of information provide an opportunity for flipped learning. Learners should find the answers to good questions rather than direct content teaching (see Appendix 1).

The uncertainty principle

An exploration of the dilemmas which classical physics could not explain can be carried out as a jigsaw collaboration by a group of learners or researched more briefly by a small number of learners. These dilemmas could include exploration of:

· the ultraviolet catastrophe – Lord Rayleigh’s identification of the significance of black body radiation and the subsequent explanation by Max Plank that the energy was quantised

· the photoelectric effect and the role of Albert Einstein in identifying photons as quanta of wave energy

· Bohr’s model of the atom and the quantised states of electrons that explained the existence of Rutherford’s nuclear atom – initially a positive nucleus with orbiting negative electrons seemed impossible due to the energy loss associated with constant acceleration towards the positive nucleus but Bohr’s model of discrete electron orbits allowed a sustainable atom with no energy loss

· electron diffraction and interference patterns.

Following research, the results and impact on quantum theory are reported back to the rest of the group by a poster presentation or similar. Staff must be careful to fill in any gaps, and clarify or correct as required.

The use of diffraction gratings or a spectrometer to compare line spectra from discharge lamps, filament lamps and LEDs should encourage discussion.

Cosmic rays

A possible introduction to this topic is to consider how the northern lights and solar storms are understood by peers or relatives. 

Analysing news articles can illustrate the superficial treatment of a technical issue by the media. Using further research, learners can add to or amend the original article to include more precise terminology or examples of the particles involved.

Range of particles

The range and energy levels of particles emitted by cosmic rays requires good research skills. Learners will need to gain enough information to compare these particles with those from particle accelerators. However, this CERN article demonstrates that energy levels of cosmic rays are much higher than even those generated by the Large Hadron Collider:
http://home.web.cern.ch/about/physics/cosmic-rays-particles-outer-space 
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Atmospheric collision

http://commons.wikimedia.org/wiki/File:Atmospheric_Collision.svg#mediaviewer/File:Atmospheric_Collision.svg%20by%20User:SyntaxError55
A useful case study of the Alpha Magnetic Spectrometer AMS-02 located on the International Space Station can be found at: http://www.ams02.org/. 
Alternative approaches

The number of online resources for this topic makes it suitable for flipped learning.

A list of suitable websites (see online resources section) and other resources should direct learners. Research questions can be used to engage learners at an appropriate level of challenge (see Appendix 1).

Taking it further

PHET simulation: quantum tunnelling and wave packets 

The CRAYFIS citizen science app for smartphones allows learners to take part in a global cosmic ray monitoring experiment

http://www.scientificamerican.com/podcast/episode/track-cosmic-rays-with-smartphone-app/ 

The University of Lancaster Aurorawatch is a UK-based email alert service for solar activity likely to produce aurora
http://aurorawatch.lancs.ac.uk
Cornell University cloud chamber activity demonstrates the characteristic tracks of the interactions

http://www.lns.cornell.edu/~adf4/cloud.html
Experiencing physics: cosmic rays in a cloud chamber 

YouTube video
Online resources

TED Ed video: Particles and waves: the central mystery of quantum mechanics

http://ed.ted.com/lessons/particles-and-waves-the-central-mystery-of-quantum-mechanics-chad-orzel 

Minute physics: What is the uncertainty principle?

http://youtu.be/7vc-Uvp3vwg
Minute physics: What is quantum tunnelling?
http://youtu.be/cTodS8hkSDg 

Veritasium: Heisenberg’s uncertainty principle explained
http://youtu.be/a8FTr2qMutA 

‘Dr Quantum’ double-slit experiment
http://youtu.be/DfPeprQ7oGc 

Royal Institution Christmas lectures: Double-slit experiment explained 

http://youtu.be/A9tKncAdlHQ 

Guardian article: What is Heisenberg’s uncertainty principle? http://www.theguardian.com/science/2013/nov/10/what-is-heisenbergs-uncertainty-principle
Guardian article: Understanding quantum tunnelling http://www.theguardian.com/science/life-and-physics/2014/oct/19/understanding-quantum-tunnelling 

TED Ed video: How cosmic rays help us understand the universe http://ed.ted.com/lessons/how-cosmic-rays-help-us-understand-the-universe-veronica-bindi 

Alpha Magnetic Spectrometer Experiment website: Particles and energy levels
http://www.ams02.org
Kansas State University: Guide to quantum theory and semiconductors 

http://perg.phys.ksu.edu/papers/vqm/HandsOnQM.html
Kansas State University: simulations and modelling exercise for Quantum tunnelling
http://phys.educ.ksu.edu/vqm/index.html
Education Scotland: Quanta and waves: numerical examples

http://www.educationscotland.gov.uk/resources/nq/p/nqresource_tcm4726420.asp?strReferringChannel=nationalqualifications&strReferringPageID=tcm:4-672951-64&class=l1+d145361
Places to visit and partner organisations 

CERN in Switzerland run visit programmes for both learners and staff

http://outreach.web.cern.ch/outreach/
Some Scottish aerospace companies manufacture equipment that must withstand cosmic radiation. Local contacts through STEM ambassadors, the IET or similar professional bodies may be able to organise a tour or speaker.

Professional learning

Quantum theory: advice for practitioners
Education Scotland (2012)

Quantum theory: a very short introduction

John Polkinghorne, Oxford Paperbacks. ISBN 978-0192802521.

The quantum universe: everything that can happen does happen 

Brian Cox and Jeff Forshaw, Penguin. ISBN 978-0241952702.

The quantum age: how the physics of the very small has transformed our lives
Brian Clegg, Icon Books Ltd. ISBN 978-1848318465.
An applications approach
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Advanced Higher Physics

Introduction

The Rotational Motion and Astrophysics unit of Advanced Higher Physics incorporates much of the mechanics unit from the old Advanced Higher and two areas of new content: space and time and stellar physics. This learning journey focuses only on the new content and skills of the relativity component.

The main theme is the understanding of the implications of equivalence to introduce general relativity and the use of spacetime to describe curved space and black holes.

Prior learning

The theory of special relativity is covered within Higher Physics. Both time dilation and length contraction effects are only noticeable close to light speed.

The equivalence principle requires understanding of the forces involved in accelerating an object and the apparent lack of forces in a freefalling object. These concepts are covered at National 5.

To understand gravitational lensing, learners should have an understanding of the effect of convex lenses on light rays. Although refraction is part of the National 5 and Higher courses, learners may not have seen the rays being focused by a lens.

Key area of learning

Rotational Motion and Astrophysics unit
Spacetime

Inertial and non-inertial frames of reference are used to distinguish between special and general relativity. The equivalence principle describes relativistic effects for an accelerating vehicle and applies that effect in a gravitational field. Spacetime diagrams and worldlines represent objects with relativistic motion and demonstrate the curving of spacetime by gravitational fields. This curvature of spacetime can be applied to black holes and gravitational lensing.

Skills

Scientific analytical thinking skills: The thinking involved with this unit could be some of the most conceptually challenging in a learner’s experience of secondary science. Examples of such challenges are:

· the four dimensions of spacetime, where we represent one dimension of space on a two-dimensional spacetime diagram in most texts

· conceptualising a non-inertial frame of reference

· the interpretation of curved spacetime, possibly oversimplified by the latex sheet model.

Scientific literacy: The language of relativity and use of diagrams is often challenging to learners. Staff should ensure resources clarify rather than confuse. However, many learners relish the experience of using more challenging resources.

Inquiry and investigative skills: Although there are limited opportunities for practical work in this context, there are a number of thought experiments or questions for discussion to facilitate deep learning.
Responsibilities of all

Numeracy: The interpretation of multidimensional graphs of spacetime diagrams is a high-order mathematical skill. Learners must be able to recognise distance expressed in unfamiliar units, eg light seconds. Some numerical examples will help reinforce the shorthand used in many diagrams. Most spacetime diagrams indicate time as ct (speed of light multiplied by time) and therefore have dimensions of distance.
Literacy: Learners who can reprocess the descriptions of relativity or can discuss implications of relativity through group work will need to demonstrate precision in literacy.

Assessment evidence

Write: Descriptions of events associated with relativity illustrate learners’ understanding of principles in unfamiliar contexts. Short science fiction stories on time travel making reference to spacetime can determine the accuracy of learners’ understanding. The use of digital video or software packages may allow a more animated description and develop the skills of learners.
Say/make: The conceptual nature of this topic means much of the best evidence of understanding will come in discussion with learners and from the complexity of their questions.
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Making a three-dimensional spacetime model of a move in sport such as the layup to a basketball shot or the movement of a tennis ball could be an effective means of assessing understanding. Art straws or metre sticks could be used for the three axis and pipe cleaners or stiff wire used for the worldline of the object.

Metre sticks indicate the spacetime axes and wire demonstrates the world line of an object moving around a table.

Fat questions

· What is the difference between inertial and non-inertial frames of reference and can you recognise examples of each?

· Why does time pass more slowly at the rear of an accelerating spacecraft?

· Why does the worldline of a photon of light have a gradient of 1?

· What allows a distant galaxy to be seen on the other side of a star or large gravitational field?

Stimulus

There are many ‘big’ questions that can be asked to introduce this aspect of relativity. Staff knowledge and experience will determine the most appropriate stimulus for learners.

Many science fiction stories or movies refer to the concepts of this unit. Learners should be encouraged to being in their favourite examples of spacetime in fiction.

The University of North Carolina at Chapel Hill hosts a personal website that explores the science of the BBC series Doctor Who.

http://debatingdoctorwho.tumblr.com/ 
Suggested learning approaches

The concepts of relativity are exciting and complex. It is important that staff discuss the depth of understanding required with learners.

Frames of reference

It is essential that learners are able to distinguish between inertial and non-inertial frames of reference.

Ask learners to choose which of the following is inertial or non-inertial:
· sitting in a room

· travelling in a stationary lift

· travelling in a train at 60 mph at night

· travelling in a free-falling lift

· travelling in a lift accelerating upwards

· travelling in a lift going upwards at a constant velocity of 2 m s–1
· travelling in a car at 70 mph

· travelling in a car accelerating at 1.5 m s–2
The videos below can be used in discussions on frames of reference:
· A roundabout seen from two perspectives is a useful example of a non-inertial frame of reference:

http://newt.phys.unsw.edu.au/einsteinlight/jw/module1_Inertial.htm
· Harvard Natural Sciences Lecture Demonstrations demonstrate frames of reference well on a rotating beam with their YouTube clip:

http://youtu.be/7TjOy56-x8Q. Learners can experience these effects in a local play-park.

· A rifle bullet may drop below or rise above a distant target due to the rotation of the Earth. The example of Coriolis force is explained in this YouTube video:
http://www.youtube.com/watch?v=jX7dcl_ERNs
Equivalence

By referring to prior learning about forces in free fall and the role of mass and weight in gravitational fields, the principle of equivalence and frames of reference can be introduced.

Many learners will have experience of simulator rides and will easily make the link between short impulses of acceleration from the simulator and the illusion of movement sensed by the occupant.

If a school minibus is available, a ball on the floor of an accelerating minibus will seem to ‘gravitate’ towards the back of the bus as if there were a gravitational field pointing towards the back of the bus. This can be further illustrated by rolling the ball across the bus from one side to another and if the bus is accelerating the ball will describe the familiar trajectory of a projectile being pulled down towards the ‘ground’ of the back of the bus. 

Learners could carry this out on a bus journey and a short movie created to assess their understanding of the topic.

A challenging extension of this concept is to watch the behaviour of a helium balloon in an accelerating vehicle:

http://www.youtube.com/watch?v=y8mzDvpKzfY
Finally, the principle of equivalence is introduced by observing the effect of gravitational fields on time, using the thought experiment of a very long accelerating spacecraft.

Weber State University Utah has a short description of the use of the equivalence principle to introduce gravitational time dilation: 

http://physics.weber.edu/palen/phsx1040/Lectures/Lblackholes.html
Spacetime
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Light cone of a spacetime diagram showing past time below and the future above present time.

http://simple.wikipedia.org/wiki/Spacetime#mediaviewer/File:World_line.svg
Introduce the concept of spacetime diagrams as an extension of velocity time graphs from Higher. Learners can draw out worldlines of some common moving objects moving at less than light speed.

For example, plotting the following events on a spacetime diagram will build up to worldlines and the concept of simultaneity on a spacetime diagram:

· one person claps

· three people side by side clap at the same time 

· one person claps three times

· one person claps three times while walking.

See Abilene Christian University’s YouTube video for more details:
http://youtu.be/7By2Fox_5ic
Learners can then move on to plotting worldlines rather than just events. Learners could sketch the flowing worldlines in one-dimensional space as this is easily represented on paper:

· sitting still 

· walking to the right at steady speed

· walking to the right then walking back to the left

· walking then running to the right

· light from a torch.

Learners can draw the worldline of a photon of light. This illustrates the distance = time line (gradient = 1). No moving object can reach outside of this line.

Representing worldlines of two-dimensional space is challenging, but the process of working in three dimensions is a good chance to explore learners’ understanding of spacetime. Learners can try to represent the following with wires from old coat hangers above a grid of graph paper representing two-dimensional space:

· four people clapping simultaneously around a table

· someone walking round the table

· a ball rolling in a bowl

· a person on an accelerating or decelerating roundabout (see photo immediately below)
· photons from a lamp briefly switched on and off in the middle of the table (see second photo below).
[image: image5.jpg]



A slinky coiled around a metre stick illustrating the motion of a decelerating roundabout with the metre stick acting as time axis.
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Light cone illustrating the expanding radius of light pulse from a point source (gradient = 1).
Observing group discussion during this is task will give staff a good insight into learners’ understanding.

Key points are:

· slow-moving objects are represented by steep gradients – this is counter to the experience of displacement–time graphs 

· acceleration is the change of gradient – many learners will confuse this with velocity–time graphs where acceleration is the gradient 

· the gradient of worldlines must be greater than 1.

Alex Franklin gives a concise introduction to spacetime diagrams and the twin paradox at:
http://youtu.be/oz5qa1tueYk?list=PLcRLk8DkxOfXtmFWCHb1axBFVppLOB2zx 

If staff and learners are confident with spacetime diagrams then the issue of causality may promote some discussion but this is beyond the requirements of Advanced Higher.

TED Ed talk: CERN scientists Andrew Pontzen and Tom Whyntie explore what gravity means for spacetime (three separate parts, 13 minutes in total)
http://ed.ted.com/lessons/the-fundamentals-of-space-time-part-1-andrew-pontzen-and-tom-whyntie 

The issue of four dimensions can be best introduced by considering a two-dimensional world such as Flatland, which is featured in Flatland: A Romance of Many Dimensions by Edwin Abbott Abbott.
http://www.eldritchpress.org/eaa/FL.HTM
The trailer to the 2007 animated feature film is a good introduction and more colourful than the original book, which was published in 1884.

http://www.flatlandthemovie.com/
Once learners are aware of how strange something from the third dimension arriving in two-dimensional space is they may be willing to accept time as a fourth dimension in spacetime.

Curved spacetime
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Diagram representing the curving of spacetime by a large object such as a star.

http://upload.wikimedia.org/wikipedia/commons/2/26/Gravitation_space_source.png
Assuming learners have covered the key area of gravitation earlier in the unit it will be possible to discuss the effect of large gravitational objects on spacetime and the effect of strong gravitational fields on light.

Curved spacetime can be introduced with a discussion of Arthur Eddington’s classic observation of gravitationally ‘bent’ light in the solar eclipse on the Island of Principe in 1919.

The use of geodesics can be introduced by discussing ‘great circle’ routes for planes or ships across oceans and the comparison of two-dimensional geometry and spherical geometry:

	Two-dimensional geometry
	Spherical geometry

	Lines that are parallel never meet
	Lines that are parallel at one point will meet at another point on the surface

	The sum of angles in a triangle is 180°
	The sum of angles in a triangle is greater than180°

	The shortest distance between two points is a straight line
	The shortest distance between two points is a geodesic
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Radio telescope array detecting multiple images of a background galaxy hidden and gravitationally lensed by a foreground galaxy.
http://upload.wikimedia.org/wikipedia/commons/thumb/1/1b/Gravitational_lensing_of_distant_star-forming_galaxies_%28schematic%29.jpg/640px-Gravitational_lensing_of_distant_star-forming_galaxies_%28schematic%29.jpg
There are many good animations and videos of practical demonstrations of a ball on a rubber sheet to illustrate curved spacetime but reinforcement that this is a two-dimensional representation of three-dimensional space is often needed (see the resources section).

Most learners will have encountered the concept of a black hole but this should be referred to spacetime diagrams and the curvature of spacetime. Learners should be familiar with terminology such as event horizon, Schwarzschild radius and singularity. Numerical calculations on the calculation of the Schwarzschild radius are required at Advanced Higher.

Other examples of general relativity

General relativity has been demonstrated experimentally to a high degree of certainty and examples of this data can provide good practice on uncertainty calculations and put the difference in observed and expected results into context. 

Precession of Mercury’s orbit

The orbit of Mercury around the Sun can be researched and the slight difference in orbit (‘precession’) can be compared between Newtonian mechanics and observed data with general relativity accounting for the difference. This is well described in the online book Epstein Explains Einstein by David Eckstein (http://www.relativity.li/en/epstein2/read/), from which the data below is taken.

Table of precession of planets around the Sun (from http://www.relativity.li/en/epstein2/read/i0_en/i1_en/)
	Planet
	Precession (arc seconds per century)

	
	Newtonian value
	Observed value
	Difference
	Prediction by general relativity

	Mercury
	532.08
	575.19
	43.11 ± 0.45
	43.03

	Venus
	13.2
	21.6
	8.4 ± 4.8
	8.6

	Earth
	1165
	1170
	5 ± 1.2
	3.8


Global positioning system

The use of satellite navigation systems based on the global positioning system (GPS) provides a wealth of data to compare the effect of relativity on time measurement. Learners could pursue the following questions:

· What precision is required for time signals to locate position to within 10 metres? 
(Approximately 30 ns)

· What is the time difference that a satellite-based clock needs to be adjusted by to allow for relativity?
(Approximately 40 μs)

· What inaccuracy in location would this cause if relativity is not considered?  
(Approximately 10 km per day!) 
Arthur Eddington’s observation starlight during an eclipse

This was the first experimental evidence for general relativity and used the opportunity of a total solar eclipse on the island of Principe in 1919 to record the light from stars being ‘bent’ by the Sun’s gravitational field.

This event is well documented online and the original paper is available at: http://rsta.royalsocietypublishing.org/content/220/571-581/291.full.pdf 

Again the difference between observed data and predicted data is worth pursuing at Advanced Higher level. Eddington’s data from the original observation was quite poor compared to the quality of data obtained subsequently but was sufficient to support Einstein’s theory.

Taking it further

There are many opportunities for further study and these should be tailored to learners’ interests:

· The philosophical aspects of causality and relativity may be explored with help from RME colleagues.
· Those interested in pure science could explore the wider implications of spacetime from different observers to explain the twin paradox.
· Learners aiming for engineering as a future career path could investigate the requirements for GPS satellites to take account of gravitational curved spacetime in their precise timekeeping.
· Learners with an interest in mathematics could explore the four-dimensional spacetime required to represent three-dimensional space and time.

Resources

Weber State University (Utah, USA) has a short description of the use of the equivalence principle to introduce gravitational time dilation.
http://physics.weber.edu/palen/phsx1040/Lectures/Lblackholes.html
This Abilene Christian University video introduces simple spacetime diagrams.
https://www.youtube.com/watch?v=7By2Fox_5ic
Dan Burns explains his spacetime warping demonstration at a workshop at Los Gatos High School.

https://www.youtube.com/watch?v=MTY1Kje0yLg 

The European Space Agency website has a 30 second video (no commentary) which summarises gravitational lensing.
http://www.spacetelescope.org/videos/heic1106a/
From the BBC programme Bang Goes the Theory Dallas Campbell explains the process of gravitational lensing using an orange and a water sculpture (3 minutes).

http://youtu.be/2-eetx6cUmA  

Education Scotland has published a set of numerical questions for this unit which includes questions for the content of this learning journey: Rotational Motion and Astrophysics – Numerical Examples by Andrew McGuigan.
http://www.educationscotland.gov.uk/resources/nq/p/nqresource_tcm4726420.asp?strReferringChannel=nationalqualifications&strReferringPageID=tcm:4-672951-64&class=l1+d145361
Professional learning

Space and time – advice for staff
Education Scotland website

Relativity – A very short Introduction

Russell Stannard, Oxford University Press (2008). ISBN-13: 978-0199236220
How to teach relativity to your dog

Chad Orzal, Basic Books. ISBN 978-0465023318

Why does E = mc2?

Brian Cox and Jeff Forshaw, Da Capo. ISBN 978-0306819117
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Advanced Higher Physics

Introduction

The Rotational Motion and Astrophysics unit of Advanced Higher Physics incorporates much of the mechanics unit from the existing Advanced Higher and two areas of new content: space and time and stellar physics. This learning journey focuses only on the new content and skills of the latter astrophysics component.  

The main theme developed within this learning journey is understanding the relevance of observable characteristics of stars and how these can be used to determine the formation and eventual fate of stars. 

Prior learning

· The relationship between peak wavelength of emitted radiation and temperature.

· The principles of nuclear fusion, including knowledge of subatomic fundamental particles such as positrons and neutrinos.

Both these areas are part of the Higher Physics course.

Key areas of learning

Rotational Motion and Astrophysics unit
General relativity 

Observable properties of stars and the role of these properties in sustaining proton–proton nuclear fusion chains by gravitational equilibrium. The use of the Hertzsprung–Russell (HR) diagram to group different classes of stars, the sequence of evolution and the fate of stars.

Skills

Scientific analytical thinking skills: The range and volume of data to be analysed is challenging and requires an ability to handle new concepts quickly. For example, learners will need to understand thermal pressure to be able to understand gravitational equilibrium.

Scientific literacy: Much of the research of this learning journey is only available from undergraduate level websites and tests so reasonable levels of scientific literacy are required.

Higher-order thinking skills: Learners need to apply newly learned quantities and relationships to unfamiliar situations to draw conclusions from data. For example, use of luminosity and temperature in an H–R diagram is interpreted to establish the processes at work in each phase of a star’s evolution.

Inquiry and investigative skills: The range of data on different stars available to learners allows for extensive research-based investigations but these could be quite challenging and possibly have no clear conclusions.
Responsibilities of all

Numeracy: An ability to extract data from extensive and complex tables of star data is required.

Literacy: An ability to read and understand scientific websites and/or texts is essential to access this aspect of physics, which is still a focus for current astronomical research.
Assessment evidence

Say/write: Learners can report back on research on a star or group of stars in terms of the properties of the stars and their stage of evolution. This will allow assessment of the scientific analytical thinking skills detailed above. 
Make: Learners could make a detailed star map of an area of the night sky on a black surface using LEDs of different diameters, brightness and colours to represent different stars. This could allow for assessment of higher-order skills of synthesis and modelling plus awareness of electronic component specifications.

Fat questions

· What is the difference between luminosity and brightness?

· What determines the fate of different stars?

· What is the likely fate of our Sun?

Stimulus 

If this unit is being covered in the winter months, the best introduction is to observe the night sky with the aid of a reasonable telescope and a mobile device app that identifies stars in constellations.  

Following up with a suitable star data table will introduce the wide variety of characteristics required to be understood at Advanced Higher.

Alternatively, some form of research on more obscure stars or stars of the southern hemisphere will introduce some of the properties required in the course.

Suggested learning approaches 

Initial research

It is likely that the majority of learning for this part of the unit will be carried out using the internet or recently published books (see resources section).

If learners are to be directed to the internet then guidance and support must be provided in terms of the appropriate level and depth of understanding required as many sources may prove too challenging for some learners at Advanced Higher. Appendix 2 suggests questions that will allow learners to research this topic online but at a suitable level.

Properties of stars

Black body radiation and the Boltzmann constant can be introduced for use with the relationships for luminosity and brightness by use of a spectrometer. Knowledge of the nature of black body radiation is a required for the Quanta and Waves unit.

For success in this part of the unit learners should be familiar with the vocabulary and quantities of astrophysics. Practice in using these quantities in numerical work (see the resources section) should be supplemented by the opportunity to use the terms in discussion. Following the initial research suggested above learners should be encouraged to share their findings with their peer group or another audience in the school community, eg:

· a brief talk to a junior science class

· a 2-minute presentation to a science department meeting

· a display of findings at parents’ evening.

The research could be used as the basis of a game similar to Top Trumps (http://en.wikipedia.org/wiki/Top_Trumps) with learners making up cards of star data that are then printed out in quantities to allow a junior science class or science club to play the game. Learners should help to introduce the game and be on hand to help explain some of the data to younger peers.

Hertzsprung–Russell Diagram

The use of the Hertzsprung–Russell (HR) diagram to classify stars at different stages in their life cycle is an integral part of this unit and is an opportunity for active collaborative learning by a group of Advanced Higher learners.  

Learners each take a number of stars to research and find out the relevant data to locate the star on a large HR diagram that could be displayed in the science department. If left on display, this diagram could be added to by future year groups to build up a fuller diagram. Depending on numbers this could extend across different schools. This could be combined with the Top Trumps cards described earlier.

Citizenship 

Astrophysics is a discipline requiring extensive international cooperation and learners could focus on the international collaboration for some research.  

The impact of the siting of some telescopes in mountainous or remote areas around the world could be a topic for discussion.

External agencies

The high rate of innovation and research in astrophysics lends itself to being a topic for research and reporting back to other Advanced Higher learners or younger learners. Many younger learners are fascinated by the physics of space and Advanced Higher learners could be good ambassadors for the subject.

Learners could make up questions to ask an astronomer based on their research. These questions could be submitted by email or video conference call if the proximity of an astrophysics department is an issue. Many universities have a member of staff dedicated to outreach activities. Researchers may welcome intelligent questions from able learners who have demonstrated their willingness to carry out some self-directed learning but are still looking for clarification on some points.

Royal Observatory Edinburgh visitor centre:

http://www.roe.ac.uk/vc/ 

Glasgow University publishes a list of local astronomy societies in Scotland:

http://www.astro.gla.ac.uk/users/martin/sss/sss_groups.html
Mills Observatory in Dundee: http://www.leisureandculturedundee.com/mills
Overall this part of the course can be covered as self-study by learners as there is no practical and no numerical problem solving to be mastered. However, discussion and formative assessment are a sensible part of the learning to consolidate any self-study.

Resources

There is a wide range of potential resources available and the following suggestions are not intended to be exhaustive or definitive.

Education Scotland has published numerical practice questions for the whole unit, including questions on this content.

http://www.educationscotland.gov.uk/resources/nq/p/nqresource_tcm4726420.asp
NASA and other bodies such as the European Space Agency website have schools areas for schools that touch on the content of Advanced Higher physics.

http://www.nasa.gov
http://www.esa.int/ESA.

The BBC has a wealth of video clips from recent TV broadcasts that have excellent images and visualisations of astrophysics.
The Birth of stars (1 minute) visualisation of star formation: http://www.bbc.co.uk/science/space/universe/sights/stars#p009rgbw 

An exploding star (3.5 minutes) visualisation of the end of a star’s life cycle:

http://www.bbc.co.uk/science/space/universe/sights/stars#p009md0x 

Brian Cox describes the end of the Sun’s life in Death of the Sun (3.5 minutes):  

http://www.bbc.co.uk/science/space/universe/sights/stars#p006t02b 

The book Wonders of the Universe (Brian Cox and Andrew Cohen, published by Collins, ISBN: 0007395825), written to accompany the BBC series, is thorough and very readable, with clear diagrams.

The ASPIRE website has a very readable account of the life cycles of stars: http://sunshine.chpc.utah.edu   

http://sunshine.chpc.utah.edu/Labs/StarLife/starlife_main.html
The interactive lab is a useful exercise in ensuring understanding of the basics.

http://sunshine.chpc.utah.edu/Labs/StarLife/hr_interactive.html
YouTube has a wide range of video lectures available, such as these narrated whiteboard presentations created for the Cherenkov Telescope Array.
https://www.youtube.com/channel/UCYktRQrVQZNwJBhhreqmMrA
Education Scotland has published a set of numerical questions for this unit which includes questions for the content of this learning journey.

Rotational Motion and Astrophysics – Numerical Examples by Andrew McGuigan:

http://www.educationscotland.gov.uk/resources/nq/p/nqresource_tcm4726420.asp?strReferringChannel=nationalqualifications&strReferringPageID=tcm:4-672951-64&class=l1+d145361
Alternative approaches

Alternative approaches may be considered:

· visiting a local astronomical society or club or arranging for a visiting speaker

· visiting a higher education astrophysics department

· booking time on the Faulkes Schools telescope (http://www.faulkes-telescope.com).

Taking it further

There are many amateur astronomy societies and websites that learners who wish to pursue astrophysics further could engage with.  

Professional learning

Education Scotland has published a useful support guide for stellar physics and a staff guide,Particles from Space: Advice for Practitioners by Nathan Benson, available from the Education Scotland website.

Appendix 1 

The following research questions encourage active and independent learning on the theme of cosmic radiation.
Cosmic radiation web search
Give website addresses for all sources of answers.
1. How did Victor Hess reach an altitude of 5300 metres above the Earth during the eclipse of 1912 to measure cosmic radiation? 

2. What did Hess discover about cosmic radiation?

3. All cosmic rays originate from beyond Earth. What are the three main classifications of cosmic rays, by the location of their source?

4. Although the term ‘cosmic rays’ is used, what are the main particles actually emitted?

5. What accelerates cosmic ray particles almost to the speed of light?

6. What does the German word ‘Bremsstrahlung’ translate to in English and why does this explain the emission of radiation from cosmic particles?

7. A muon is a product of cosmic radiation. Why is a muon not emitted by nuclear radioactivity? 

8. What varies during the solar cycle?

9. What is the approximate period of the solar cycle and when is the next maximum activity due?

10. Describe what is seen during a solar flare and how it originates.

11. Where in the Sun does the solar wind originate?

12. What is the approximate speed of the solar wind?

13. What causes the Earth’s magnetic field?

14. Sketch the shape of the Earth’s magnetosphere, labelling the direction of the solar wind, bow shock, magnetosheath, magnetopause and plasmasphere.
15. Write a short description (200 words and a diagram) on the occurrence of aurora borealis suitable for a 15-year-old learner. Include a glossary of up to ten technical terms used in the description.

Appendix 2 

Astrophysics internet research
1. Research the following properties of stars.   

	Star
	Distance from Earth (ly)
	Radius (Rsun)
	surface  (‘effective’) temperature (K)
	Mass (Msun)
	Luminosity (Lo)
	Apparent brightness (magnitude)

	Barnard’s Star
	
	
	
	
	
	

	Sirius A
	
	
	
	
	
	

	HD 108147
	
	
	
	
	
	


2. 
What is the difference between luminosity and brightness?

3. 
What is balanced out in a star by hydrostatic or gravitational equilibrium?

What would happen to a star if either of these forces became greater?

4. 
Draw a diagram representing the basic proton–proton chain reaction resulting in helium 4.  

(a) What subatomic particles are released in this process?

(b) What determines whether the reaction follows the PII or PIII branches? 

5.
What force must the protons overcome to fuse together?

(c) What branch of physics allows this force to be overcome?

(d) How does the Jeans instability lead to the formation of stars?

(e) What is unstable and what type of collapse occurs?

(f) Who was Jeans?

(g) What two features of a star are determined by the initial mass function?

6.
Copy a simple version of the Hertzsprung–Russell diagram and label the different types of stars. 

(h) Where on this diagram is the star undergoing proton–proton fusion?

(i) At what points on this diagram is hydrostatic equilibrium not maintained?

(j) What determines the fate of different stars?

(k) What are the three possible fates of a star at the end of its lifetime?
2
[image: image11.png]

