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This booklet is the companion to YouTube videos, realised in collaboration 
with Kurzgesagt – In a nutshell that can be found online:

• Why Black Holes Could Delete The Universe – The Information Paradox

• String Theory Explained – What is The True Nature of Reality?

This booklet was realised thanks to support by the Swiss National Science 
Foundation under Agora Grant n. 171622 and by the NCCR SwissMAP.

Watch the videos

The videos are available in 
French, German and Italian 
on the SwissMAP YouTube 
channel, and in English on the 
Kurzgesagt channel.

Visit our website for more 
information on the videos and 
our activities.

Visit the website 
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PREFACE

The purpose of is booklet is to serve as a companion to two animated 
documentaries

Why Black Holes Could Delete The Universe – The Information Paradox

String Theory Explained – What is The True Nature of Reality?

Realised for the Agora outreach project A Voyage to the Boundaries of 
Theoretical Physics financed by the Swiss National Science Foundation. In 
the videos, we introduce in a pedagogical way two topics at the frontier of 
theoretical physics: the black-hole information paradox and string theory. 
The videos have been realised to make young students aware of what re-
search in theoretical physics entails nowadays – something which is often 
misrepresented in feature movies and on TV – as well as to dispel some 
prejudices on this field.

The videos are freely available online in English on the YouTube chan-
nel Kurzgesagt  – In a nutshell. French, German and Italian versions of 
the videos are also available, and we hope that high-school teachers in 
Switzerland and abroad will find them useful. To facilitate their work we 
have collected in this booklet the answer to some of the most common 
questions which students have asked after seeing the videos. Indeed, in an 
effort to be pedagogical, the videos avoid some technical, more advanced 
or more mathematical aspects of the topic presented, and we felt it would 
be useful to discuss them here, however briefly. Hopefully, this can help 
teachers and educators to provide a broader discussion with their pupils 
after the projection of the videos.



5

What is the job of a theoretical physicist?
Theoretical physicists are scientists with a back-
ground in physics as well as in certain areas of 
mathematics. Typically, this requires studying for 
a Bachelor’s and Master’s degree as well as for a 
PhD. Their goal is to improve the understanding 
of a physical phenomenon by using mathematical 
techniques and computer simulations to interpret 
the result of experiments. Theoretical physicists 
are also involved in designing new experiments 
to test theories, though the realisations of experi-
ments require a different set of skills and are usu-
ally mostly done by experimental physicists. The 
distinction between experimental and theoretical 
physicists is relatively modern: it became sharper 
and sharper over the last century, as both experi-
ments and theory grew more complex.

What is a physical theory?
The word “theory” is a slightly tricky one as it 
seems to suggest something far from reality, ab-
stract. In the context of physics, when we say “the 
theory of Newtonian gravitation” or “the theory 
of special relativity”, we mean something quite 
different: a set of basic rules from which we can 

predict the behaviour of nature. A theory is very 
successful if it needs only a few rules to predict 
a large class of phenomena. Still, a given theory 
is only applicable in a certain context: Newtonian 
physics works very well for everyday objects mov-
ing at small speed, but does not quite work when 
their speed approaches the speed of light, where 
a better description is offered by special relativity.

What is a “theory of everything”?
A theory of everything is a set of rules that poten-
tially can describe any physical phenomenon. No 
such theory exists yet (see the discussion about 
string theory). In general, physicists believe that 
if such a theory existed, it would be formulated 
at the level of the microscopic world (elementa-
ry particles, etc.). Even if we knew such a theory, 
it would still be very difficult or more probably 
impossible to extrapolate how a complex system 
(such as a single-cell organism) behaves start-
ing from the fundamental laws of its microscopic 
constituents. Hence, while the formulation of a 
“theory of everything” is perhaps the oldest goal 
of physics, its solution would not result in “the end 
of science” – far from it!

GENERAL QUESTIONS
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What is a light-year?
A light-year is a unit of distance. It is one of the 
many units used to describe large (astronomical) 
distances. One light-year is defined as the dis-
tance that light travels in one year, and it eval-
uates to about 9.5 x 10^12 km. For comparison, 
the distance between sun and earth is about 1.5 x 
10^8 km, or about five light-minutes.

Are radio waves and light the same? 
(and what does wavelength have to do 
with the energy of a wave?)
Light and radio waves, as well as microwaves, 
X-rays and gamma-rays, are all forms of electro-
magnetic radiation. They all move “at the speed 
of light”. The difference between these different 
types of light is the wavelength: visible light has 
a wavelength between 390 to 700 nanometers. 
The definition of other types of waves is some-
what arbitrary; for instance, we talk of radio 
waves for wavelength between a few millimeters 
and several kilometers. The shorter a wavelength 
is, the more energy the wave carries; this impor-
tant fact was understood a century ago following 
experiments by Becquerel, Hertz and Thompson; 
its theoretical explanation was provided by Ein-
stein in 1905, who was awarded the Nobel Prize 
for it. In everyday life, we are familiar with the fact 
that short electromagnetic waves can have dan-
gerous health effects – the shorter the wave, the 
more dangerous. Sustained exposure to UV light 
(~300 nanometers) can lead to sunburn or skin 
cancer; a more limited exposure to X rays can also 
lead to burns and cancer, while an even relatively 
short exposure to gamma rays can be fatal.

What is a photon?
The photon is a quantum of light, that is a parti-
cle that carries electromagnetic radiation and is 
responsible for the electromagnetic force. Unlike 
for instance electrons, photons have no mass at 
all and move at the speed of light.

Is light affected by gravity?
A physical force acts only on object charged 
under that force; we say that a force couples to a 
charge. For instance, the Coulomb force couples 
to the electric charge (a typical classroom exper-
iment is to accumulate electrostatic charge on 
someone until their hair raises). For gravity, the 
charge is energy: anything that carries energy 
is subjected to gravity. So is light, which clearly 
carries energy (sunlight makes things warm); this 
becomes particularly natural if we think of light as 
being given by particles (photons). Note that all 
this was not understood before the 20th century, 
and in particular before Einstein’s works, as it was 
thought that gravity would couple to mass, rather 
than energy.

Is light only affected by black holes?
Light is affected by all gravity, even the relatively 
small gravitational force that we experience on 
earth. However, this effect is very small, and it be-
comes significant only in presence of a very strong 
gravitational pull.

Do black holes exist?
There is overwhelming evidence that they do. Not 
only they have been predicted to exist by many 
theoretical arguments, but there have been a 
number of experimental “observations” of black 
holes. Of course, this is not as direct as seeing a 
star or a planet with a telescope. Instead, we can 
see objects (stars) orbiting around some dark 
body; the period of the orbit tells us about the 
body’s mass, and there are instances where this 
is compatible with what we expect from a black 
hole. More recently, several events where grav-
itational waves emitted by astronomical events 
compatible with the merging of two black holes 
were observed (first by the LIGO experiment in 
2015). There is hope of directly observing the 
black-hole accretion disks, i.e. the matter falling in 
the black holes.

THE INFORMATION PARADOX
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How much does a black hole weigh? / 
How big is a black hole?
There is no limit to how big (or little) a black hole 
can be. What is important is that its mass is 
concentrated in a sufficiently small space. A black 
hole with the mass of our sun, which may very well 
exist somewhere in the universe, would have a 
radius of around one kilometer. The massive ob-
ject Sagittarius A*, which sits at the centre of the 
Milky Way and is believed to be a black hole, has a 
mass of several million times our sun; a black hole 
with such a large mass would be just a little larger 
than our sun.

Are black holes spherical?
Just by reasons of symmetry, black holes are be-
lieved to have an approximately spherical shape, 
much like planets and stars. However, a black hole 
which is rotating around one axis (which is be-
lieved to be the case for the most black holes ex-
isting in our universe) would only have a rotational 
symmetry around that axis. Rather than perfect 
spheres, they would be somewhat squashed; an 
important example of such black holes are Kerr 
black holes. 

What happens if two black holes fall 
into each other?
If two black holes headed towards each other, 
eventually we are left with a single, bigger black 
hole. This is called black-hole merger, and it is 
a rather violent process because the two black 
holes would spiral towards each other wildly be-
fore merging. In doing so, they would emit a large 
amount of energy in the form of gravitational 
waves (a bit like electrons moving in an antenna 
generate radio waves). Remarkably, several such 
processes have been observed recently by the 
latest-generation gravitational wave detectors.

What would happen if I fell 
into a black hole?
According to general relativity, nothing special 
at all would happen when one crosses the event 
horizon. This is a direct result of the equivalence 
principle, one of the bases of Einstein’s theory. 
We would be simply falling freely, up to some tiny 
tidal forces. That is to say that different points 
of our body, say our head and our toes, would be 
experiencing slightly different gravitational forc-
es. This is always the case, and these forces are 
normally negligible (it is a fun exercise to com-
pute the difference in gravitational pull between 
head and toes on Earth). However, as one gets 
very close to the singularity, the gravitational 
pull would increase and with it the tidal forces. 
Eventually, these would be strong enough to rip 
anything apart.



8

What is a white hole?
As the name hints, a white hole would be an op-
posite of sorts of a black hole: a region of space 
where matter and light cannot enter. Mathe-
matically, they are solutions of the equations of 
general relativity. Looking at a movie depicting a 
white hole would be like looking at a black hole in 
rewind. It is important to note that, unlike black 
holes, it is not clear if white holes exist in Nature.

How is information related to black holes?
There are several ways in which black holes and 
information are related. The most important link 
comes from the concept of “black hole thermo-
dynamics”. It was argued in the 1970s that black 
holes obey laws that closely resemble those of 
thermodynamics. Listing them side by side, we 
have:

•  Zeroth law: If A is in thermal equilibrium with B, 
and B with C, then A and C are in thermal equi-
librium; we can therefore define a function (the 
temperature T) which is constant for these three 
objects. For black holes, there is a function which 
is constant across the black hole horizon: surface 
gravity k. Hence we are tempted to identify  
 T ~ k

•  First law: Energy is conserved, so that a change 
in energy always corresponds to heat exchanged 
(and work done) by the system; in formula 
 dE = T dS, 
where E is the internal energy and S the entropy. 
For black holes, a change in the energy of the 
black hole is always accompanied by a charge in 
its size; in formulae 
 dE = k dA / 8π 
Where A is the area. This suggests 
 S ~ A 
Which is to say that there is a relation between 
entropy (information) and area.

•  Second law: Entropy never decreases with time 
in an isolated system (and it increases in a spon-
taneous process), 
 dS ≥ 0 
For black holes, a similar law was proven by 
Hawking for the area A, 
 dA ≥ 0 
Reinforcing the similarity between S and A.

How is Hawking radiation 
related to information?
There are several facets to this. One important 
point is that the analogy with thermodynamics 
(see question above) which suggest that entropy 
and area related is just a qualitative argument. 
One of the striking facts of Hawking’s computation 
is that it suggests that black holes emit thermal 
(“black-body”) radiation, which itself is charac-
terised by a temperature. Surprisingly enough, it 
turns out that such temperature is related to the 
surface gravity k exactly as suggested by black 
hole thermodynamics: 
 T = k / 2π,
and that the entropy is also simply proportional 
to the area 
 S = A / 4.

If black holes shrink due to Hawking 
radiation, how is the second law 
(cf. above) obeyed?
In presence of radiation, the second law must be 
modified to account for the entropy of the emitted 
particles. This is not surprising because the sec-
ond law only applies to isolated systems.

In the far, far future when the last star in the universe has been dead for trillions of years, black holes will become tinier and tinier until they evaporate and disappear leaving behind just a bit of radiation. 
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Has Hawking radiation ever 
been measured?
It was never measured due to the fact that it is 
a very faint radiation. Black holes radiate their 
mass away extremely slowly with respect to 
stars. Even at the end of their life-cycle, when the 
evaporation process accelerates, the radiated 
energy is small compared to other rare astro-
nomical events such as supernovae. It is unclear 
whether it would be possible to observe black-
hole radiation in the near future.

If Hawking radiation has never been 
measured, could Hawking be wrong?
This is of course a possibility. However, it is widely 
expected that black holes do emit radiation. 
Hawking’s original computation, as well as other 
independent computations that follow, only rely 
on very basics facts about general relativity and 
quantum physics, which have been tested exten-
sively.

What is the precise statement of the 
information paradox?
Consider some matter, prepared in such a way 
that it will create a black hole (some sort of 
collapsing distribution of matter). If we wait long 
enough, the black hole will evaporate, leaving be-
hind only thermal radiation. In quantum mechan-
ics, we can prepare the collapsing matter in what 
is called a “pure state”. However, regardless of the 
initial state, the final product of the evaporation 
is the thermal radiation, which is never in a “pure” 
state (it is instead in a “mixed” state). One of the 
fundamental properties of quantum systems is 

that pure states can only be mapped to other 
pure states by time evolution (more technically, 
that time evolution is unitary). Hence the paradox.

What is Heisenberg’s Uncertainty 
Principle and how does it relate to the 
observer effect?
In the video, we introduced Heisenberg‘s uncer-
tainty principle in terms of the effects of a meas-
urement (what is sometimes called the observer 
effect). The two concepts are not exactly the 
same, but the observer effect provides an intu-
itive physical interpretation of the uncertainty 
principle; in fact, Heisenberg himself used the 
observer effect  as a physical justification of his 
principle. A more precise way to introduce Heisen-
berg‘s principle is to see that very small objects, 
such as elementary particles, behave like waves: a 
famous experiment in quantum mechanics shows 
that electrons going past an obstacle „diffract“, 
i.e. they go around the obstacle. This is similar to 
how sound waves behave: if you sit in the thea-
tre behind a column, you can still hear the music. 
The uncertainty principle is then a mathematical 
consequence of this wave description, or in more 
mathematical terms of the fact that „quantum 
observable do not commute“. In this sense, it is not 
a principle in itself, but a consequence of the ax-
ioms of quantum mechanics; yet, given its histor-
ical importance in the development of quantum 
mechanics and the fact that it is a basic feature 
of quantum mechanical effects, physicists think 
of it as a founding principle of quantum physics. 
It is indeed correct that, while the observer effect 
gives an intuitive way to justify Heisenberg‘s prin-
ciple, nowadays physicists distinguish between 
the two, and they have been working hard to 
better understand their subtle differences.
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Why do particles behave like waves?
Nobody really knows. However, it can be ob-
served experimentally that when sending elec-
trons (or other microscopic particles) through a 
narrow slit, they do not behave like solid objects 
but rather like waves: one can clearly see diffrac-
tion and interference patterns. To explain these 
features, early 20th century  physicists have 
come up with a set of rules for microscopic par-
ticles which are different from those of classical 
physics: Quantum Mechanics.

What is the difference between quantum 
mechanics and quantum field theory?
A first difference is that quantum mechanics is 
not really compatible with special relativity (not 
to mention with general relativity!). The reason is 
that in quantum mechanics, the position and the 
velocity (or rather, momentum) of a particle are 
treated very differently from its time-coordinate 
and its energy. Position is an observable (tech-
nically, an operator on the Hilbert space of the 
system) while time is a parameter (just a number). 
This is incompatible with special relativity, which 
states that time and space can be “rotated into 
each other” by means of Lorentz transformations. 
To overcome this, in quantum field theory one 
talks about fields (for instance, the field of the 
electron, or of the photon), where both time and 
space are treated as parameters.

What does it mean that a particle is 
“a point in space”?
This is again a consequence of special relativity. 
Suppose that we decide to describe a particle as 
a solid sphere of a given radius. If we looked at the 
same particle in a different reference frame (by 
making a Lorentz transformation) we would see 
an ellipsoid, not a sphere. So any rigid form would 
not be invariant under change of reference frame, 
and cannot be a fundamental property of our 
particle. Therefore, when we describe the posi-
tion of, e.g. the electron, we just identify it with a 
point, or better to say an excitation of the electron 
field occurring at a point. In fact, all electrons are 
excitations of the same electron field, in perfect 
agreement with the experimental observation 
that all electrons are completely indistinguishable.

What about “the radius of the electron”?
We just said above that we think of the electron 
as an excitation of the electron field at a point. 
Yet it is often said that “the electron has a radius 
of about 10^-15 m”. These two statements seem at 
odds. Indeed on the one hand, it makes no sense 
to think of the electron as an extended object (due 
to special relativity, see the discussion above); 
on the other, it would be impossible to observe a 
“point”, which in itself is a mathematical abstrac-
tion. In practice, an electron is always surrounded 
by quantum fluctuations; the naive picture of a 
single electron sitting in empty space makes no 
sense, as, in reality, it would always be surround-
ed by a seething cloud of quantum fluctuations. 
The typical size of such a cloud is what we call “the 
classical radius of the electron”, that is a length-
scale above which we can forget about all these 
quantum effects.

How are particles discovered?
We should distinguish between stable particles, 
which make up the matter around us (such as the 
electron) and unstable particles (such as pions, 
which are composite particles made of quarks 
and decay a few nanoseconds after forming). 
When we think of the discovery of a particle, we 
typically refer to the latter; these particles are 
sometimes elementary (like the Higgs boson) and 
more often composite (like pions). The typical way 
to detect them is to create a collision of other 
elementary particles, such as electrons on a fixed 
target, electrons and positrons, or protons with 
anti-protons. These particles can appear among 
the products of this collisions. Note that these 
particles are seldom observed directly: most fre-
quently, they decay very rapidly (much faster than 
pions!) and the product of their decay is meas-
ured. In this sense, understanding which particle 
has decayed requires quite a bit of detective work!
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How many dimensions are there?
It is everyone‘s experience that we live in a 
three-dimensional space. special relativity tells 
us that we should treat time on equal footing as 
space. This is because there are transformations 
(the Lorentz boosts) that mix spatial and temporal 
coordinates; these transformations are neces-
sary to make sense of inertial systems moving at 
different velocities, especially when their relative 
velocity is close to the speed of light. All in all, we 
observe four space-time dimensions. While it is 
difficult to exclude that there exist other dimen-
sions, there no experimental evidence for that 
(see below for further discussion of this point).

Why does string theory 
need extra dimensions?
We have said before that a theory is „strong-
er“ the more predictions it makes. In the case of 
string theory, we find that if strings exist, then the 
universe must have ten space-time dimensions. 
Hence, string theory makes some very strong pre-
diction indeed! The way that this happens is that, 
when considered as a quantum theory, string 
theory does not manifestly preserve the structure 
required by special relativity (Poincaré symmetry). 
It is not uncommon for a quantum theory to have 
less symmetry than what we would naively expect 
from classical physics; this phenomenon is called 
an anomaly. In string theory, Poincaré symmetry 
is anomalous in four-spacetime dimensions, and 
it is not anomalous only in ten. Since Poincaré 
symmetry is a fundamental property of the world 
(in a sense, more fundamental than the number of 
dimensions we observe!) we conclude that string 
theory only makes sense in 10 dimensions.

How many dimensions are predicted by 
string theory? Are they 10, 11 or 26?
You might indeed have heard these three num-
bers. They refer to slightly different theories. 26 
dimensions are required by „bosonic“ strings. 
These are theories of strings where there are no 
fermions; while they have been important his-
torically and still have uses today, it is clear that 
they should not be considered as descriptions 
of the world: fermions are a crucial part of the 
Standard Model (indeed, electrons, muons, quarks 
and neutrinos are all fermions!). 10 is the number 
of dimensions of „superstrings“ or better to say 
supersymmetric strings; they feature bosonic and 
fermionic excitations. There are only a handful of 
ways to incorporate fermions in superstrings  and, 
as a result, only a handful of superstring theories. 
In the 1980s, it was proposed that this handful 
of different theories is just the manifestation of 
a single „parent“ theory, which is defined in 11 di-
mensions, and goes under the name of „M theory“.

Why do people still study string theory, 
if the number of dimensions is wrong?
We have seen that string theory requires 10 
space-time dimensions to make sense, and that 
we live in 4. This seems sufficient reason to dis-
card this theory. However, physicists have pro-
posed that some of these dimensions might be 
“too small to be seen”. Consider as an example a 
wire: clearly it is a three-dimensional object, with 
the shape of a long and narrow filled cylinder. 
However, if we look at it from far away, or if we 
photograph it at low resolution, it seems for all in-
tents and purposes as a one-dimensional object. 
In a sense, its dimensionality is a matter of scales: 
a large scales, we only see it as one-dimensional, 
but if we can look with enough precision (let’s say 
a tenth of a millimeter) we realise that this is a 
three-dimensional object. What string theorists 
propose is that six of the ten dimensions are hard 
to see because they are “wrapped around tiny 
circles”, so tiny that our most powerful microscope 
and our most sophisticated experiment have not 
seen them. This is called “compactification”.

DIMENSIONS:  10
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Are these “string compactifications” 
(see above) just a trick?
They are a theoretical possibility for strings. 
However, they are not just a way to argue away 
the ten dimensions: different compactifications 
would give different features to strings, and in 
particular, they would result in different types of 
string excitations. The hope is that there is one 
particular compactification that reproduces ex-
actly the physics of the standard model. This has 
not been found yet (nor ruled out). In the mean-
time, the ongoing study of these “compact ge-
ometries” lead to interesting advances in mathe-
matics. This is in a sense typical of string theory: 
while so far conclusive physical statements have 
been elusive, strings have proven to be a power-
ful framework for mathematical physics and even 
for pure mathematics.

What is quantum gravity?
By quantum gravity we mean a theory which, on 
the one hand, obeys the principles of quantum 
physics (for instance Heisenberg‘s principle, or 
more technically the fact that observables do not 
always commute) and, on the other hand, reduces 
to general relativity in a suitable limit. As an anal-
ogy, quantum electrodynamics is a theory which 
obeys the rules of quantum physics, and that 
reduces to Maxwell‘s electrodynamics for instance 
when we consider a large number of photons and 
electrons with sufficiently low energy.

What are the candidates for 
quantum gravity?
The quantum description of all known forces 
apart from gravity is that of a quantum field the-
ory; that is to say, the quantum version of electro-

dynamics is formulated in terms of the „quantum 
field“ of the photon. For many decades, physicists 
have tried to formulate a quantum theory of 
gravity based on the quantum field of the gravi-
ton. However, no such attempt has been success-
ful so far. The research in this direction is ongoing, 
but over time, physicists have begun exploring 
more radical ideas--that at its heart, the quan-
tum theory of physics is not a quantum field the-
ory but something else. For instance, it has been 
tried to discretise space-time in terms of funda-
mental building blocks and to construct a theory 
wheregeometry emerges from the glueing of 
these blocks; this approach has also encountered 
difficulties. String theory is yet another approach, 
where as we saw particles are not fundamental 
but instead are excitations of the string.

Why is general relativity so different 
from other theories?
A theory like Hamiltonian mechanics or Max-
well‘s electrodynamics describes the behaviour 
of particles and fields on some fixed geometry 
(for instance, in four-dimensional spacetime, 
on a plane, on a cylinder, etc.). The choice of the 
geometry is entirely up to us: in this sense, the ge-
ometry is a stage, and particles and fields are the 
actors. This is true also for quantum mechanics 
and quantum field theory. Things change radically 
for general relativity: according to that theory, the 
presence of mass and energy generates curva-
ture in the space, which means that it changes 
the underlying geometry. We cannot say: consider 
some geometry, and on that geometry put some 
particles and fields. The geometry is determined 
by dynamical equations, which couple to those 
describing the motion of the particles. This is the 
biggest difference between general relativity and, 
for instance, Maxwell‘s theory.
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Why is it so difficult to quantise gravity 
(with respect to other theories, such as 
electromagnetism)?
The answer to this question is necessarily tech-
nical, and it has to do with the concept of „renor-
malizability“ of a quantum field theory. A partial 
explanation which highlights an important differ-
ence between gravity and electromagnetism is 
that the photon does not have an electric charge, 
so that, despite being the mediator of the electro-
magnetic force, it is not itself subject to that force 
itself. As a result, the equations of motions for 
electromagnetism are linear in the electromag-
netic field. This is not true for gravity: the graviton 
carries some energy, and as such is itself subject 
to the gravitational force. Hence, gravitons inter-
act among themselves (and indeed, the equa-
tions of general relativity are non-linear). This is 
a substantial complication in quantising gravity. 
It should be noted that it is possible to quantise 
fields that have self-interactions (Quantum Chro-
modynamics arises in this way), but this is quite 
hard and only possible for very special theories. 

How can a particle carry a force?
Imagine that we have two charged particles, 
for instance, two electrons subject to Coulomb‘s 
force or two planets subject to Newton‘s force. In 
both cases, we know that there is a (repulsive or 
attractive) force between them. How is this force 
transmitted? In classical, non-relativistic physics, 
it is often assumed that the force act instantane-
ously and at a distance. This is hardly compatible 
with special relativity, which states that there is 
an upper limit to the speed at which information 
can be transmitted. One way around this is, as 
Maxwell proposed, that the force is mediated 
by some force field (the electromagnetic or the 
gravitational fields in our examples), which results 
in the action being no longer instantaneous. In 
quantum physics, we can think of fields as par-
ticles (at least, we can certainly do this for the 
electromagnetic field). Therefore, we can think 
that the repulsive force between two electron is 
due to photons that, very loosely speaking, „kick 
the electrons apart“; this can be made rigorous in 
quantum electrodynamics.


