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On september 14, 2015, the Laser Interferometer Gravitational-
wave Observatory (LIGO) received the first confirmed gravitational
wave signals. Now known as GW150914 (for the date on which
the signals were received in 2015, 9th month, day 14), the event
represents the coalescence of two black holes that were
oreviously In mutual orpbit. LIGO's exciting discovery provides
direct evidence of what Is arguably the last major unconfirmed
orediction of Einstein’'s General Theory of Relativity.
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represents the coalescence of two black holes that were
oreviously In mutual orpit. LIGO's exciting discovery provides
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orediction of Einstein’s General Theory of Relativity.

9.2.4

TRANSMISSION GRAVITATIONAL THE WAVE STELLAR PRACTICE OF




Newton

* “Action at a distance” - an object
can be moved without being
physically touched by another object

*  Newton's Law offered no prospect of
identifying any mediator of
gravitational interaction

THE HISTORY GRAVITATIONAL

700 | o phvsice || 9:2:] AMpC

Einstein

Gravitational interaction is mediated
by the deformation of space-time
geometry

Matter acts upon space-time
geometry, deforming it, and space-
time geometry acts upon matter



They are “ripples In spacetme”
Generated by any object
where [ts acceleration is not
spherically or cylindrically
symmetric

hese ripples travel at the
speed of light

VWhen they pass through
space, they compress in one
direction and stretch in another

8.2.1

THE WAVE 97| GRAVITATIONAL
MODEL c e FIELDS
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Image credit: Einstein Online



Start with. ..

TwO neutron stars

SRR , One meter
(weighing a collective total
of 1 million Earth masses) +10,000 ( Human hair, about 100 microns
orpiting each other 1,000
times a second would Oﬂ|y =100 /\/ Wavelength of light, about 1 micron
generate a gravitational +10,000 g5, AN e

wave signal that displaces
distance by 1/71,000th of +100,000 e Nuclear diameter, 107> meter
the diameter of an atomic
nucleus (~10'8 meters)

+1,000 e LIGO sensitivity, 10:'® meter
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* [he physics of waves Is relevant
to both gravitational waves and
the interferometer

Many properties of EM waves,

o
such as amplitude, freqguency
and polarisation are also relevant

to gravitational waves

A tabletop interferometer is an

ideal demonstration to
complement the discussion of

these topics
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» Simulations can help understanding OPERATE LIGO!

* [hey can help visualise mathematical £
concepts and physical phenomena : i

* However, theyre not necessarily a
1 )) : »
replacement for “real” demonstrations

splitter

http://www.amnh.org/explore/science-bulletins/
astro/documentaries/gravity-making-waves/

interactive-operate-ligo/
Interactive LIGO Interferometer

http://www.blackholehunter.org/
Search for gravitational waves
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Iwo massive plack
holes merging

30 and 28 times the
mass of the Sun
Estimated 1.3 billion
ight years away
Combined mass of the
final black hole 1s 62
solar masses

3 Suns worth of mass
was |lost In gravitational
wave energy

Strain (1072%%)
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Gravitational Wave astronomy is a new way to look at the

universe. It has the potential to allow us to explore fundamental
oNysIcs, examine the welrdest objects In the universe and peer

back 1o the universe’s earliest moments.

7.1.4 IMPLICATIONS

7.1.5

DEVELOPMENT
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Activity 1: Coalescing Black Holes

Brief overview: Students interact with a
demonstration of oroiting spheres that
have an increasing orbital frequency as
they coalesce.

Duration: 30 min

Essential Question: \What happens when
two black holes spiral In towards each
other?

Grades: 7/ — 12

Activity 2: \Warping of Spacetime

Brief overview: Students explore the
g Oehaviour of two orbiting spheres in

spacetime.

Duration: 30 min

Essential Question: How do binary black

noles warp spacetime”?

Grades: 7/ — 12

GRAVITATIONAL
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On 4 July 2012, the ATLAS and CMS experiments at CERN's
Large Hadron Collider announced they had each observed a
new elementary particle. This particle is crucial to particle
ponysics theory and consistent with the Higgs field, which was
first predicted to exist iIn the 1960s. The presence of this field
explains why the fundamental particles that make up matter have
mass.




On 4 July 2012, the ATLAS and CMS experiments at CERN's
Large Hadron Collider announced they had each observed a
new elementary particle. This particle is crucial to particle
pohysics theory and consistent with the Higgs field, which was
first predicted to exist in the 1960s. The presence of this field

explains why the fundamental particles that make up matter
have mass.
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_

~—" NUCLEUS

<

T ELECTRONS

* The nucleus of an atom is made
up of neutrons and protons

* Different combinations of the up
and down guark make up the
neutron and proton

* Therefore, to make up matter,
you only need the electron, up
quark and the down quark

7.1.10 MATTER

Image credit: Universe Adventure



In addition to the electron, up
quark and down quark,
physicists have discovered
many other elementary particles
All matter is composed of the
fermions (quarks and leptons)
While bosons provide three
forces: electromagnetism,
strong nuclear and weak nuclear

7.1.10
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mass —

spin -

~2.3 MeV/c?

charge - 2/3 u

1/2
up
~4.8 MeV/c?
-1/3 d
112
down

0.511 MeV/c?

T

1/2

electron

<2.2 eV/c?
-
1/2 e

electron
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2/3 C
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tau
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tau
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0
.
photon
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0
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Allows us to mathematically describe all
olbserved physical processes In the
Universe (except for gravity)

When first formulated, it was discovered
the bosons has zero mass

This presented a problem as experiments
showed not all bosons have zero mass
To make the equations work, physicists
added an extra boson into the mix - the

Higgs

gMW W, H|- 195 Z)Z)H
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The Higgs mechanism generates mass through its
iInteraction with other particles. This is difficult to visualise,
SO many use metaphors to explain...

*  Some use food, suggesting the
Higgs field is like molasses, slowing
particles that flow through it

* QOthers use people, where a crowd
represents the Higgs field and a
passing celebrity is an interacting
particle

PRACTICE OF
7.1.2 PHYSICS




* |n panels (a) and (b) you can see
how Einstein (a particle) enters a
room with physicists (the Higgs
field) and gets slowed down by his
colleagues wanting to talk to him
(he couples to the Higgs field and
attains mass)

* Panels (c) and (d) explain how the
Higgs field itself attains mass
(Higgs boson) by coupling to itsel:
If a rumour propagates through the
room, the physicists (Higgs field)
form a local crowd intensively
chatting (self coupling)

PRACTICE OF
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Positive: Metaphors allow a student to build on existing knowledge and
help them understand something quickly and intuitively

Negative: This intuition can be misleading and hinder the development of
a deeper understanding in the future

UNDERSTANDING GRAVITY:
SPACE-TME IS LIKE A
RUBBER SHEET, MASSIVE
ORIECTS DISTORT THE
SHEET;, AND—

WATT.

7.1.2
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\
Q >

THEY DISIORT IT

BECAVUSE THEYRE
PULLED DOWN

BY...WHAT?

AGH
§

h

SPACE-TIME 1S LIKE THIS
SET OF EQUATIONS, FOR
WHICH ANY ANALOGY MUST
BE AN APPROXIMATION.

L BOOCOOING,

.
O :

Image credit: XKCD



Positive: Metaphors allow a student to build on existing knowledge and
help them understand something quickly and intuitively

Negative: This intuition can be misleading and hinder the development of
a deeper understanding in the future

The Problem With Metaphors by Thomas G. Vincent

A Metaphor Too Far by Philip Ball

In Defence of Metaphors by Caleb A. Schart

Metaphorical Thinking by Robert Root-Bernstein

PRACTICE OF
7.1.2 PHYSICS



http://www.spectacle.org/1208/vincent.html
http://www.nature.com/news/2011/110223/full/news.2011.115.html
http://blogs.scientificamerican.com/life-unbounded/in-defense-of-metaphors-in-science-writing/
http://www.americanscientist.org/bookshelf/pub/metaphorical-thinking
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21 kilometers in circumference

Supported by 10,000 scientists and engineers
from over 85 countries

Several decades to build

Accelerate protons to 99.99% the speed of
light

Whips them clockwise and anticlockwise
before colliding

Collisions are detected by ATLAS

(A Toroidal LHC ApparatuS)

Width 46m, Diameter 25m, weighs 7 million
kg and contains 3000km of cable

Capable of detecting 6 hundred million
collisions per second

Generates 1 petabyte (1000 terabytes) of raw
data per second

7.1.10

MATTER 7.1.6 DYNAMICS 7.1.7 ENERGY




Peter Higgs stands on the cavern floor at CMS (Compact Muon Solenoid), with
the detector open for maintenance behind him (Image: Maximilien Brice/CERN)
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In this simulation, protons are collided. Lines denote other particles,
and energy deposited is shown in blue (Image: CMS)
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Don’t actually “see” the Higgs boson;

See

the decays of it (i.e., the transformation of
boson energy into two photons)

These decay products (the two photons) are

what the detectors are looking for

The detectors count proton-proton collisions
for which two photons are produced (y-axis)
They also measure the energy of these

photons (x-axis)
The bump corresponds to an “excess” of

decay particles that may reveal a Higgs

boson at an energy from 115 to 135 GeV

(mass/energy)

19.7 67 (8 TeV) + 5.1 fb" (7 TeV)

x10°F
3.5F

# of collisions
=
|

S/(S+B) weighted sum

¢

Data

S+B fits (weighted sum)
B component

IIIl I
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Activity 3: What's in the Box”

Brief overview: Students attempt to
determine the content of a box by making
various types of observations.

Duration: 30 min

Inquiry Focus: Inferring—drawing a
conclusion about a hidaen object In a
closed pox based on its sound, motion,

weight and other observations.
Grades: 7/ — 10

Activity 4: Colliding Particles

Brief overview: Students are introduced to
some of the factors involved in producing
particle collisions, such as the ones that
occur in the Large Hadron Collider
Duration: 30 min

Inquiry Focus: modelling of complex
sclentific experiments

Grades: 10— 12

7.1.10 MATTER




e Compare the impact of the discovery of Higgs boson to another “‘game
changer” (e.g. heliocentric solar system, theory of evolution by natural selection)
N the history of science. How are they similar”? In what ways are they different”

¢ The Higgs boson confirms the Standard Model, but scientists say it could also
lead 10 its revision or possibly even its replacement. In this light, discuss the role
of models in science.

¢ \ore than forty years elapsed between the time Peter Higgs first proposed his
theory and the announcement of the Higgs boson’s discovery. Gives specific
examples of how this lengthy process illuminates the scientific method in action.

e Some people argued that learing more about the fundamental laws of nature
wasn't enough to justity spending billions of dollars that might be better spent in
other ways. Do you agree with the their line of thought” Give arguments for or
against.

e Should the governments fund other expensive science projects (e.g. space
exploration) even if the “practical” benefits are not immediately obvious”?
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http://web.science.mq.edu.au/

