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The IB Physics Compendium 2005: Relativity


8. RELATIVITY

8.1. Frames of reference

 

Inertial and accelerating frames

 

The position at which something is can be specified with one or more coordinates in a coordinate system. This is one example of a "frame of reference" - something we refer to when describing a quantity like position (or displacement). Also velocities can be described as, for example; a boat is moving at 5 ms-1 relative to the water but 7 ms-1 relative to the shore if it moves downriver and the water has the velocity 2ms-1 relative to the shore. Time can be described as a number of seconds after some chosen point in time, e.g. when a stopwatch was started.

 

Galilean transformations

 

In ordinary classical physics, a coordinate x describing where we are in one frame of reference can be transformed to the corresponding value x' in the other frame of reference if we know their relative velocity v:

 

x = x' + vt  (if we focus on motion in the x - dimension) => x' = x - vt

 

The velocities can be related with u = u' + v => u' = u - v

 

If times were involved, we could compare them with t = t' + (t where  (t is the difference in time between when two stopwatches are started.

 

Maxwells theory and light

 

In the 1860s Maxwell had combined the theories of wave motion and electromagnetism to a theory which could explain for example radio waves and all other waves moving at the speed of light, naturally including visible light itself as the results of electric and magnetic phenomena. (This theory is expressed the the four "Maxwell's equations", in university physics). According to this the speed of light in vacuum would only depend on certain electric and magnetic constants (the permittivity and permeability), following:

 

(0(0 = 1/c2
 

This did not fit very well with the Galilean transformations but better with the theory of relativity which is about to be presented.

 

8.2. The Michelson-Morley experiment
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Towards the end of the 1800s light was considered a wave motion (the wave-particle dualism from Atomic physics was not yet developed). These waves were thought of as waves in an invisible "substance", the ether (not the chemical type of compound).

 

Since the Earth in its rotation around the Sun should be moving through this ether at a high speed, it should be possible to detect a difference in the speed of light depending on whether the Earth was moving with or against the "ether wind" in space. The speed of the earth in its motion around the sun is about 30 kms-1 and the speed of light about 300 000 kms-1 or about 10 000 times higher. 

(A rough value for the speed of light had been found in the 1600s by noticing that certain astronomic events  - the moons of Jupiter appearing from or disapperaring behind the planet happened a few minutes earlier or later than expected depending on whether the earth was nearer (on the same side of the sun as) or further away from Jupiter.)

 

Therefore a very precise experiment was needed. This would be similar to a sound wave in air which would hit us at a different relative velocity if the wind is blowing from or towards us.

 

        monochromatic light is sent from a source and split with a "half-silvered" (the reflecting silver layer at the "back" side of the glass, to the right in the picture) mirror which lets some light through and reflects some, the beam splitter (A) 

        some light (I) goes to an ordinary, movable mirror (D) and on towards an observer (O). (Some light is lost by reflection back to the source).

        some light (II) goes to another ordinary, fixed mirror (C) and back to the beam splitter, from where it is reflected to the observer O. (some is again lost, this time going through the beam splitter and back into the source).

        a compensator plate (B) means that both I and II pass through the same total thickness of glass

        at the observer, there will be some interference between the then parallel light rays I and II, since their travelled distances can be made different

        depending on whether the ether wind is parallel to the AD or the AC dimension, the interference pattern should be slightly different

        by rotating the apparatus 90o (or waiting 6 hours for the Earth to rotate this much) a change in the interference pattern should be observed

 

The null result

 

The result of the experiment was that no change in the interference pattern was observed under any circumstances. This meant that there is no ether and that the speed of light is the same regardless of what velocity or component of velocity it has relative to us.

 

8.3. Special relativity - for inertial frames

 

Postulates

 

        1. The laws of physics are the same for all observers who are in inertial frames of reference (that is, who may be moving with some constant velocity relative to each other, but not accelerating)

 

        2. All observers will measure the same value for the speed of light in vacuum
 

[Note that these postulates are rather different from the popular conceptions of the theory of relativity - "everything is relative" does not mean that anything is as true as anything else or that there are no universal laws of nature; it only means that all things are as we will see below relative to the speed of light, which is the important constant in relativity theory]

 

8.4. Simultaneity

 

The constant value for the speed of light has a number of counter-intuitive consequences. One is that two events may or may not be simultaneous - happening at the same time - depending on the observer. 
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A train with Y on board (and in the center of it) moving at v relative to X is hit by lightning bolts at each end. The bolt hits when Y passes X. For X the bolts are simultaneous (light flashes from them reach X at the same time since the distance is the same and the speed of light is the same and X is at rest relative to both bolts).

 

But Y travels forward a small distance while the light from the bolts is on its way, so the light from the bolt striking the rear end of the train has a longer and that from the front end a shorter distance to travel. For Y, the strikes will not be simultaneous events.

 

Note : So far this reasoning only requires that the speed of light is finite (meaning not infinitely large nor zero). But since according to the theory of relativity light hits any observer at the same speed under any circumstances, the light from both the bolts will hit Y at the same speed as they hit X, and therefore Y can just as well claim that he/she is at rest relative to the striking bolts, and therefore his/her view on whether they are simultaneous or not is as good as that of X.

 

[This may be difficult to understand intuitively - it is against "common sense". But intuition and common sense depend on what we are used to - a few hundred years ago people could not "understand" that someone could walk upside down in Australia, and when the first ship made of iron was launched in the early 1800s a large crowd was waiting all day to watch it sink - everyone knows that iron does not float, so ships must be made of wood! Today we "understand" these things because we are more used to them. The difficulty with relativity is that its effects are in practice measurable only with special equipment, not experienced in everyday life, so although the theory is ca 100 years old, it still feels strange.]

 

8.5. Time dilation and proper time

 

When someone moves very fast, time will flow slower - time is "diluted" (like an acid diluted = mixed with water, so the acid molecules further apart; think of ticks on a clock becoming further apart). The reason for this can be shown using light bouncing back and forward between mirrors on a moving train (a hypothetical device, sometimes called a 'light clock').

 

        Two mirrors are a distance d apart and for Y on the same train it takes the time (t' for light to move between the mirrors (from one to the other). 

 

This time is the "proper" time = the time between two events measured in the reference frame where they occur at the same place (here: the place at one of the mirrors where Y starts and stops a time measurement)

[image: image3.jpg]T
B (2
0O ' B-n-

vat h



 

r05a

 

        For X not on the train which moves at v relative to X the light has the same speed (this is what relativity is all about!) but since the mirrors are moving sideways it has a longer distance to travel so since speed = distance/time the only possibility left is that the time is different for X![As Sherlock Holmes would have put it: eliminate everything that is impossible, and what you are left with is the truth, no matter how strange it may be]

        The time it takes for the light signal to move from one mirror to the other is (t' as measured by X.

        We can then find a triangle where the hypotenuse is the distance travelled by the light according to X, that is c(t.

        One other side is the distance travelled by X itself, v(t.

        We also have the distance between the mirrors which as measured by Y is s = c(t'. Pythagoras rule then gives (c(t)2 = (v(t)2 + (c(t')2 
        this means c2(t2 = v2(t2 + c2(t'2 , moving a term gives

        c2(t'2 = c2(t2 - v2(t2 , dividing with c2 gives

        (t'2 = (t2 - (v2/c2)(t2 , factorising out (t2 on the right gives

        (t'2 = (t2(1- v2/c2) , taking the square root of both sides:

        (t' = (t(1- v2/c2)½ , or solving for (t finally

        (t = (t' / (1- v2/c2)½ which is given in the data booklet with (t' = (t0 as 

 

(t = ((t0 
[DB p. 12]

 

where we used the gamma or Lorentz factor:

 

( = 1 / (( 1 - v2 / c2)
[DB p. 12]
 

The gamma function will appear in other formulas below. The closer v gets to c = the speed of light in vacuum, the smaller will the square root be and the bigger the (. So the faster the train with Y on moves, the longer will the time (t0 between any event (e.g. ticking of a clock) on board be according to someone not on the train. So time flows slower for those on board it.
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Well then: so why could we not repeat the same from Y:s perspective and say that time always flows slower in the others person's frame of reference? Because the bouncing light bounces between mirrors in Y's frame, so Y's time measurement is the proper time.

 

The twin paradox

 

But what if things happen in both the frame of X and the frame of Y and we stop to compare them in the beginning and end of a experiment ("stop" as in let X and Y be at rest relative to each other) ?

 

Assume we have two 20 years old twins on earth and one travels away with a fast spaceship and returns 50 years later. The twin on earth is then 70 years old, but the on the fast-moving spaceship time was flowing slower so the other twin may only be 25 years old. Both times are physically valid in their respective frames of reference in the sense that chemical and biological processes follow them - so one twin still has a problem buying beer without an ID card while the other has grown grey hairs. But the time on earth is the proper time since the space traveller cannot remain in an inertial frame relative to earth; to turn back the velocity (at least its direction) must change. (In practice earth also accelerates, e.g. centripetally in its motion around the sun, but it would not have to do so for this experiment to be done).

 

Experimental evidence for time dilation

        in the 1960s very precise clocks were put on spacecraft travelling around the earth at a high speed and after returning compared to clocks left on earth. The ones in space had slowed a little, as predicted.

        when radioactive particles (e.g. muons) are accelerated to a high speed, they decay slower than at rest and therefore travel further than they should before decay

 

8.6. Coordinate transformations, length contraction and proper length

 

The coordinate (x or other) in one frame describing where something is cannot be transformed to the corresponding x' in another frame with the Galilean transformations if the frames move at the speed relative to each other in the x-dimension:
 

x' = x - vt 

(or x + vt)

y' = y

z' = z

t' = t 

 

but it can be shown that time dilation affects the x- and t-coordinates so that they imust be found using the Lorentz transformations:
 

x = ((x -vt)

y' = y

z' = z

t' = ((t - vx/c2)

 

It can be shown [the proof not needed in IB] that the length of an object with one end at x1 and another at x2 giving L = x2 - x1 will be affected by the same ( - factor:

 

L = L0 / (

[DB p. 12]

 

where the proper length L0 = the length of an object measured in the frame where it is at rest

 

Recalling that ( = 1 / (( 1 - v2 / c2) and that when v increases so does ( the length of an object decreases when it travels fast compared to another observer. 

 

8.7. Relativistic addition of velocities

 

Assume that a spaceship is traveling at the speed 0.5c (half the speed of light). From the spaceship, a beam of light is sent out at the speed c. Should not the speed of this light then be 1.5c or 0.5c for an outside observer, dependning on whether the beam is sent forwards or backwards? If it is true that the speed of light for any observer always is c then this cannot be so, which means that a new way of adding velocities is needed. It is a consequence of the Lorentz transformation that:

 

In the x-dimension u = x/t and u' = x'/t' which from the Lorentz transformations becomes 

 

· u' = ((x - vt)/ ((t - vx/c2) =  (x - vt)/ (t - vx/c2) ; divide with t upstairs and downstairs to give 

· (x/t - v) / (1 - vx/tc2) = (u - v) / (1 - uv/c2); solve for u = ux to get 

· ux = (ux' + v)/(1 + ux'/c2) 

 

and in the y-dimension (and in a corresponding way in the z-dimension):

 

· uy = y/t and uy' = y'/t' where now only the time is distorted, not the y-coordinate in a dimension perpendicular to the one where v is so from the Lorentz transformations we get  

· uy' = y / ((t - vx/c2) dividing with t upstairs and downstairs so 

· uy' = (y/t) / ((1 - vx/tc2) = uy / ((1 - uxv/c2)  ; solving for uy gives 

· uy = uy'((1 - uxv/c2). From above ux = (ux' + v)/(1 + ux'/c2) can be inserted to give uy as a function of  ux' and uy'. 

 

In the IB we only need to use the formula for addition of velocities in the x-dimension:

 

ux' = ( ux - v ) / (1 - uxv/c2 )
[DB p. 12]

 

To use this formula we must identify these:

 

        an object or frame of reference which is "at rest" - for the purposes of the calculation at hand, it may move relative to other things 

        another object or frame which is moving with the velocity v relative to the frame "at rest" 

        something else (often a ball thrown, a missile shot, a beam of light sent out or other) at the velocity ux in the positive direction (we choose the positive direction so this is so) relative to the frame at rest What we then calculate is:

        ux' = the velocity of the thing sent out from the moving frame relative to the moving frame
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Example 1: A spaceship is sent from earth with the velocity 0.5c. A radio signal is sent after it with the speed c relative to earth. What is the speed of the radio signal relative to the moving ship (classically 0.5c, which is impossible in relativity)

 

        We choose the positive direction so that the radio signal travels in it: from earth to the spaceship. 

        We know the radio signal's speed relative to earth here "at rest" so ux = c (positive in the earth to ship direction). The ship speed relative to earth is v = 0.5 c and ux' = ?
        We get ux' =  ( ux - v ) / (1 - uxv/c2 ) = (c - 0.5c) / (1 - c ( 0.5c / c2 ) giving ux' = 0.5c / (1 - 0.5) = 0.5c/0.5 = c 

 

Example 2: A missile is shot at the speed 0.3c from earth and hits a spaceship at 0.6 c relative to the ship. How fast is the ship moving and in what direction?

 

        Again we take the positive direction from earth to ship and now have:

ux = 0.3c

ux' = 0.6c
  
v = ?
        we need to solve ux' =  ( ux - v ) / (1 - uxv/c2 ) for v; first we multiply with (1 - uxv/c2 ) giving

        ux' (1 - uxv/c2 ) = ( ux - v ) and on the left we distribute ux' to get

        ux' - ux' uxv/c2 = ux - v and moving terms containing v to the left, others to the right we get:

        v - ux' uxv/c2  = ux - ux' and factorising out v on the left 

        v (1 - ux' ux/c2) = ux - ux' and finally dividing with the parenthesis

        v = (ux - ux') / (1 - ux' ux/c2) Inserting gives

 

v = (0.3c - 0.6c) / (1 - 0.6c ( 0.3c/ c2 ) = - 0.3c / (1 - 0.18) = - 0.37c

 

where the negative value indicates that the ship moves in the ship-earth direction, towards the earth and has a head-on collision with the missile, but at the relative speed 0.6c, not 0.3c + 0.37c = 0.67c as it classically would have been.

 

8.8. Momentum conservation and mass increase

 

Let us assume that two trains A and B pass each other in opposite directins along a chosen x-axis. Their relative velocity is v. From each train a ball is thrown with the initial velocities +uy (from A) and -uy (from B) perpendicular to their direction of motion in the x-dimension. We now have a case of motion  in both the x- and the y-dimension. The balls which both have the mass m0 in their respective frames collide elastically and bounce back in the opposite directions with the new velocities -uy (A:s ball) and +uy (B:s ball).

 

That an elastic collision between two balls coming from opposite directions with the same speed and therefore the velocities U and -U, and being of equal mass M can in classical mechanics be treated using conservation of momentum: MU + M(-U) = MV1 + MV2 cancel M so U - U = V1 + V2 so V1 = -V2. That is, the balls change the direction but not magnitude of their velocities. 

 

We will now assume that all this is true also in relativistic physics but suspect that the mass may be distorted and use conservation of momentum to find that distortion of the mass. We let the mass as measured by A be denoted m0 and as measured by B we call it m:

 

· m0uy + m(-uy') = m0(-uy) + muy'  so 

· 2m0uy  = 2muy' or m0uy  = muy' 

 

Using the y-dimension-velocity addition formula from earlier we have that uy' =  uy / ((1 - uxv/c2) which inserted here gives 

 

· m0uy  = muy / ((1 - uxv/c2) 

 

where cancelling uy and inserting ux = v to make the parenthesis = 1 finally gives 

 

· m0 = m/( or m = (m0. 

 

In physics so far momentum has been a quantity conserved in collisions and other such events where no external force acts. For collisions between particles accelerated to very high speeds it turns out that this is true only if the momentum is calculated with a modified formula instead of the usual p = mv: 

 

p = (m0u

[DB p. 12]

 

where m0 = the mass of the object at rest, u its velocity (not any possible low initial velocity, but the velocity it has in a studied situation, earlier here called v) and ( = 1 / (( 1 - u2 / c2) like before. For low velocities ( is almost precisely 1 giving back the old formula.

 

One way of describing the relativistic momentum formula is to use the same p = mv or mu as before but notice that the mass m of an object increases the faster it moves from its value m0 at rest:
 

m = (m0

[DB p. 12]

 

Mass and energy

 

The idea of an increasing mass fits well together with the fact that no matter how much work or energy is used to accelerate an object, it will never reach or pass the speed of light. Assuming that the conservation of energy is still valid - that the work used to accelerate the object does not disappear but turn into kinetic energy (skipping air resistance and other disturbances) we need a new way of calculating the kinetic energy.

 

We can not simply replace the old Ek = ½mv2 with Ek = ½(m0v2  since the ½mv2 was originially derived assuming not only that all work put into accelerating an object goes to increase its kinetic energy (this is also assumed here in relativity) but also that the mass of an object remains the same during the acceleration ( W = Fs = mas which with v2 = u2 + 2as = 2as for acceleration from rest gives first a = v2/2s and then W = mas = mv2s/2s = ½mv2 = Ek). Instead integrals must be used to account for the mass which changes throughout the acceleration which can be shown to give:

 

Ek = mc2 - m0c2
 

where m0 = the mass at rest and m = the mass at high speed. This can be interpreted so that we have

 

mc2 = Ek + m0c2
 

where the mc2 represents a total energy = a kinetic energy + a rest energy. In the data booklet we have for the rest energy:

 

E0 = m0c2

[DB p. 12]

and for the total energy

 

E = mc2

[DB p. 12]

 

which can also be written in the form

Etotal = (m0c2 = Ek + m0c2 [not in DB]

 

where it may be noted that the (-factor can be shown to play a role here also.

8.9. Energy and momentum

 

In classical physics, the relation between kinetic energy and momentum would be Ek = p2/2m (since p2/2m = (mv)2/2m = ½mv2). To find a relation between energy (total, not kinetic) in relativity we it can start from:

m = (m0 = m0/(1- v2/c2)½ ,squaring both sides 

=> m2 = m02(1- v2/c2) multiplying with the parenthesis

=> m2(1- v2/c2) = m02 distributing m2 on the left

=> m2 - m2v2/c2 = m02 multiplying both sides with c2 

=> m2c2 - m2v2 =  m02c2 moving -m2v2 to the right

=> m2c2 = m02c2 + m2v2 multiplying both sides with c2
=> m2c4 = m02c4 + m2v2c2 which gives

=> (mc2)2 = m02c4 + (mv)2c2 which with Etotal = E =mc2 gives

=> E2 = m02c4 + (mv)2c2 which since p =mv when m = (m0
which finally gives that

 

E2 = p2c2 + m02c4
[DB p. 12]

 

One way of applying this formula is to use the total energy E = hf for the photon and its rest mass m0 = 0 to get

 

(hf)2 = p2c2 => p2 = h2f2/c2 => p = hf/c (meaning p = E/c) which with c = f( => f = c/( gives

 

p = (hc/() / c = h/( which gives ( = h/p or the de Broglie wavelength used not only for photons but also for particles like electrons !

 

Example of the difference between classical and relativistic calculation

The classical Ek = ½mv2 = qV when accelerated by potential difference => v = (2qV/m)½; 

this gives momentum p = mv = m(2qV/m)½ = (2qVm)½   

 

The relativistic version is: 

· E2 = m02c4 + p2c2 where E = Ek + m0c2 so 

· (Ek + m0c2)2 = m02c4 + p2c2 , so

· Ek2 + 2Ekm0c2 + m02c4 = m02c4 + p2c2 , so

· p2c2 = Ek2 + 2Ekm0c2 = 2Ekm0c2 + Ek2 ,so

· p2 = 2Ekm0 + Ek2/c2, so

· p = (2qVm0 + q2V2/c2)½ ,

 

Is the correction important? The relativistic correction term is:

 

[q2V2/c2]/[2qVm0] = qV/2m0c2  .

 

Choose a relevant V-value and evaluate the expression for protons and electrons!

8.10. Space-time diagrams

 

Space and time affect each other as a four-dimensional "space-time" which is difficult to illustrate graphically. If we let "space" be represented by only one ("x") dimension we can illustrate the motion of objects in a diagram with time on the vertical axis and this "space"-dimension on the horizontal.
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This is basically like a regular time-displacement graph with the axes reversed. It may be noted that since the speed of light in vacuum is the maximum possible, an object in the origin of the diagram can in no way affect something outside a light-sector limited by lines showing the motion of a ray of light. 

 

8.11. General relativity - for accelerated frames

 

The special theory of relativity was limited to inertial frames of reference, that is frames which move at a constant velocity relative to each other. The general theory deals with acceleration.

 

Inertial and gravitational mass : principle of equivalence

 

       inertial mass: the quantity which determines what force is needed to cause a certain acceleration as m in F = ma or something similar
       gravitational mass: the quantity which determines what force of gravity will act on an object as m in F = mg or more generally as m1 and m2 in F = Gm1m2/r2 
 

Machs principle states that inertial and gravitational mass are the same, which is what we also have calculated with in mechanics so far. Einstein formulated this as the principle of equivalence, stating that there is no way of distinguishing between any gravitational and inertial effects.

 

The elevator thought experiment  - with ball and light

 

If you are in an elevator at rest or moving at a constant velocity up or down and drop a ball it falls to the floor - because of the force of gravity, we would say. But if the same elevator was far out in space with no (or extremely little) force of gravity acting on it, but a rocket engine accelerating the elevator at a = 9.81 ms-2 then the dropped wall would "fall" towards the floor in the same way; if the acceleration is steady and there are no windows in the elevator, there is no way to distinguish between the two cases.

 

This was with an example of Mach's principle, for a ball which has some mass. But if Einstein's extended principle of equivalence is true, something similar should happen for a ray of light which has no mass.
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A ray is sent from A to B on the opposite wall in an accelerating ship (or elevator). Since the speed of light is not infinitely high, B will be a little below A (extremely little, since light moves fast).

 

But if the same ship stands at rest on Earth, the force of gravity should bend the ray in the same way - although the light has no mass, so no force of gravity acts on it. This may sound strange, but was tested in 1919 when the bending of starlight passing near the Sun (which has a large mass) was measured (to block the sunlight the observation was done during a total solar eclipse).
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How is this possible - since the ray of light (or the photon) is not affected by any force, should it not be moving in a straight line? That depends on what you mean by a straight line. If you mean a geometrically (as in ordinary geometry) straight line, no. But if we define a straight line as the path something will move in if not affected by a force, we can say so - only now the straight line is curved. Space (and since space and time are connected, space-time) is curved (or warped). Moving objects will take the shortest possible path between to points in this 'distorted' space-time. take This means that a different (non-Euclidean) geometry has to be used in these situations. Such a geometry was developed in mathematics in the 1800s before Einstein. 
 

On a larger scale, certain heavy objects can bend the light from a star or galaxy behind them to produce multiple images of them for an observer on earth.
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8.12. Other consequences and support for general relativity

 

Black holes

 

If space-time is bent by a large enough gravitational field, it may be that a straight line starting from the object causing the field will be bent back to it, and then no light can escape from it. (Note that we need not write "straight" line within quotation marks - the line is straight, we are just not used to straight lines doing this in our everyday experience). To get an object like this an enormous mass must be concentrated in a small volume, which may happen to large stars after they run out of fuel for the nuclear fusion. Evidence for the existence of such black holes can be found in the way material from another star near is sucked into the black hole, or in how it bends light from sources behind it (gravitational lenses).

 

Recall the derivation of escape velocity in mechanics: 

 

        Ek + Ep = 0 giving ½mv2 + (- GMm/r) = 0 so 

        ½mv2 = GMm/r or  ½v2 = GM/r which gives v = (2GM/r)½.

 

Now let v = c so c = (2GM/r)½ so c2 = 2GM/r so r = 2GM/c2 , the Schwardschild radius, which indicates the size to which an amount of matter must be compressed to become a black hole (The classical derivation here turns out to give the same result as a relativistic one). This is also part of the Astrophysics option. 

 

RSch = 2GM / c2
[DB p.12]

 
Gravitational redshift

 

If an object with the mass m moves upwards in gravitational field it will gain gravitational potential energy Ep = mgh (or other calculation). This energy must come from somewhere - it may lose kinetic energy, there may be a rocket acting with a force on it and doing work, or other source.

 

If a massless photon moves upwards it does not directly gain potential energy, but since its energy E = hf could in principle be converted into mass at any time, it would gain a "potential potential energy". This must then mean that its own energy decreases. Since the Planck constant h is universal the only quantity which can decrease is its frequency f (meaning that light rising upwards in a gravitational field becomes more red, with a lower f and higher wavelength). It can be shown that the change in frequency is:

 

(f / f = g(h / c2
[DB p. 12]

 

where increased height (h is assumed to be so small that some constant value g for the gravity acceleration can be used.

 

Since f = the number of oscillations per time and this is determined by the source of the light and cannot be changed anymore when the light has left the source (cause and effect - if the source sent out 1000 wavecrests then we have 1000 wavecrests unless we go back in time and change that). So the best way to describe the situation is to say that time flows slower higher up - in this way f is changed without changing the number of oscillations.

 

In the Pound-Rebka experiment gamma rays moving from the lower to the upper end of a tower were observed to change their frequency according to this.

 

Gravitational waves

 

An electrically charged particle which is accelerated should emit EM radiation (and does so if accelerated in a macroscopic circle as in a circular accelerator, though not in the atom, see the Bohr and de Broglie model of the electron as a standing wave around the nucleus). Similarly, a planet moving in a circle around a sun (centripetally accelerated) should emit gravitational waves (distortions in space-time). Such waves are being looked for with instruments which measure lengths very precisely.
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