Question 1:
Dear Cheap Astronomy — Why does a photon travel at speed c, part1

It may sound a bit strange to ask why light travels at the speed of light, but that's because c isn’t
really the speed of light — it's really a measure of the relationship between distance (or space)
and time. It's become customary to call ¢ the speed of light, but in reality light moves at different
and slower speeds through air, water or glass, it only moves at c in a vacuum. We've fallen into
the habit of calling ¢ the speed of light, because it was discovered through experiments and
mathematical modelling of its behaviour, notably James Clarke Maxwell's formulas on
electromagnetism and later Einstein’s work on relativity — where it became clear that ¢ wasn’t
just the speed of light in a vacuum, but represented the fundamental structure of spacetime.

So ¢ is 300,000 km/sec -which is a speed, indeed the Universe’s ultimate speed limit, but what
it's really telling you is that can’t cross a distance of one kilometre in any time less than
0.000033 sec, or let’s say you can’t cross a metre in less than 0.000000033 — the idea being
that the time required to cross smaller and smaller distances does approach but never reaches
zero. If it was zero, meaning that you could cross a distance without any time passing, then you
would find yourself in two places at once. Indeed if you could move through space without any
time passing you could be everywhere at once. This just can’t happen — there has to be an
ultimate speed limit. It's surprising that this line of logic apparently never occurred to anyone
prior to Einstein, who in any case mostly came at it through wondering how and why light moved
the way that it did.

Anyway, why does light, or why do photons move at the speed c? Before we go there, it's
important to appreciate there’s no real meaning in the numbers — we call metres and seconds
standard units, but they are entirely-arbitrary standards units, drawn from the motion of Sun in
the sky and the distance from a pole to the equator on Earth. If you talked to some aliens, they
might be familiar with the concept of ¢, but would quantify in a completely different way. So
where we’ve chosen to say 300,000 kilometres matches one second, that’s just humanity’s
particular way of expressing a fundamental relationship that exists between space and time.

So anyway, light moves at c. It is the case that hardly anything else can or does and most
physics books will tell you photons move at ¢ because they have no rest-mass — which is to say
they have their own kind of momentum, so individual photons can knock electrons out of
material as per the photoelectric effect, but it's not momentum in the traditional sense of being
mass times velocity since there is no mass involved. Anything that does have rest-mass, which
is to say anything that does have mass, can never move at c. The physics books will also tell
you that anything with no rest-mass, like photons, can only move at c, at least in a vacuum. It’s
not much of an answer, to say things that move at ¢ do so because they are things that move at
¢ — but this is essentially true. The mathematics of momentum and kinetic energy can be used
as a proof that anything in motion with mass must have a velocity less than ¢ and that anything
without mass must have a velocity that is c, at least when in a vacuum. Furthermore, the
mathematics suggests that this is a fundamental dichotomy. If you are in motion and you have
mass you can only move at less than c and if you are in motion and you don’t have mass you
can only move at ¢ — there are no other options available.

Well, sort of. Apart from photons, the only other things that don’t have mass are gluons and
gravitons. Gravitons are totally hypothetical particles, we just think they should exist because
everything else has fundamental particles, so we reckon gravity should too. It is demonstrably
true that the effect of gravity and gravitational waves move at c, so if gravitons really are the



force carriers of gravity then they certainly move at c. However, the other massless particles,
gluons are an exception to the rule since their role in to sit still within hadrons, mediating the
strong nuclear force that holds quarks together within hadrons, and also hold hadrons like
protons and neutrons together in a nucleus. Since they are not in motion at all, the rule that they
must move at ¢ doesn’t have to apply - but, this is some indication that it’s not easy to make a
few trite statements that explain every feature of the Universe — and of course that statement is
some indication that there’s going to be a part 2 to this episode coming next week.

Question 2:

Dear Cheap Astronomy — Why does a photon travel at speed c, part1

Last week we grappled with the issue of why light is able to move at the speed c, which is
around 300,000 km/sec in a vacuum. Some key points we landed were that c is actually the
fastest speed that anything can move and that light isn’t the only thing that moves at c, gravity
does too. The constant c is perhaps better thought of as defining the fundamental relationship
between space (or distance) and time, where it must take at least one second to cross 300,000
kilometres — meaning it must take at least 0.000000033 second to cross one metre, and you
can add even more zeros to cross centimetres and then nanometres. There is a conceivable
point, indeed a literal point of no distance, which hence needs no time to cross it — but once you
do have the tiniest iota of distance there must also be the tiniest iota of time required to cross
that distance. Indeed these are defined and indivisible Planck units. So at Planck scale the
integrated nature of space and time into spacetime does seem clearer — obviously if there’s a bit
of distance, it needs a bit of time to go with it. It's just when you bring the relationship up to
astronomical scales that it seems surprising it takes a whole second to cross 300,000
kilometres. Couldn’t you just go a bit faster? Well no, because the whole relationship is
fundamentally defined down at the Planck scale and that relationship is retained up from the
Planck scale. So, yes c is a speed, but that’s not really the point of it, the point of it is that
there’s a constant relationship between space and time - so when you scale up to a distance of
300,000 kilometres, the matching time parameter is a one second.

Sorry if we are laboring the point, it’s just a shame that it's become customary to call ¢ the
speed of light, because c doesn’t really have anything to do with light and its representation as a
speed kind-of misses the point too. But anyway, having recapped all that, we can now return to
the issue of why light does move at c.

Again, it's important to remember light only moves at ¢ in a vacuum, If it's moving through a
vacuum and then interacts with a transparent medium, say air, water or glass, it will slow down
but once it’s through and back into a vacuum again it's speed will return to c straight away. This
is unusual insofar as a particle with mass can move through a vacuum at a constant velocity,
potentially forever, if it then interacts with a pliable medium like water or air it will slow down, but
coming out the other end it will stay slowed down. So, this is a demonstration of the principles
we discussed last week, where the only option available to light is to move at ¢ in a vacuum,
whereas particles with mass can only move at less than c. So, I'm afraid we’re back to saying
that light moves at ¢ because that’s what it does.



Even worse, we've been leading you along all this time with the story of how nothing can reach
the ultimate speed limit of the universe because if it crossed any distance without some time
passing it could be everywhere at once. But of course light does move at the ultimate speed and
it isn’'t everywhere at once, so what the heck?

This where we need to acknowledge the principle of relativity. While the Universe does have an
ultimate speed limit, it’s not like a big hand comes up to stop you when you get close to the limit.
If you're in a spaceship with a star drive able to maintain a constant acceleration, as you
approach c you’ll keep finding you arrive at your destination before the speedometer reaches c,
if you go even faster you'll get to your destination even earlier. For light travelling at c the
distance ahead has shrunk to nothing and hence there is no duration of travel — so from a
photon’s perspective it is everywhere all at once. If we could accelerate to ¢, we'd find ourselves
agreeing with the photon, but since we can’t we instead see photons covering long distances
and taking time to do it.

In a nutshell, while time is what stops everything from happening at once, spacetime is what
stops everything from being everywhere at once.



