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Viktor T. Toth

Who’s Viktor T. Toth?

Viktor T. Toth is a Canadian-Hungarian software developer, author of Visual C++ Unleashed and other computer
books. He studied at Budapest Un. of Technology & Economics. Dr. Toth is also a gifted and appreciated theoretical
physicist, with over two dozen papers ranging on topics in advanced Physics. He lives in Ottawa, ON.

Viktor received his first software development contract in 1979: his task was to simulate the take-off distance of TU-
154 aircraft with engine failure at Budapest airport under various weather conditions, to compute tables of maximum
take-off weight. Since then, he has worked on many software projects and is thoroughly familiar with the entire software
development life cycle.

He authored — or co-authored — studies for large software projects (for instance, he was one of the authors of the
Automation Master Plan of the Canadian Patent Office in 1988); he designed and developed the Windows version of
Industry Canada’s Integrated Spectrum Observation Centre, with over 120000 lines of C++ code. Moreover, he created
NORTEC’s HELP (Humidification, Engineering and Load sizing Program), an application for professional engineers
and salespersons dealing with large-scale building humidification systems.

He also wrote several books on the C++ programming language and the Linux operating system. As part of his scientific
research, he independently developed a precision orbit determination program used to analyze the anomalous trajectory
of the Pioneer 10 and 11 spacecraft. Also, he is one of the maintainers of Maxima, a preeminent open-source CAS.
Viktor is just as competent with modern software development technologies as with ancient systems. He routinely
switches between developing an interactive app for his Android smartphone and maintaining 30-year-old legacy LISP
code for Maxima. He is familiar with formal software project management and development methodologies. Finally,
he also has experience designing and debugging hardware.

His papers include: General Relativistic Observables of the GRAIL mission; Numerical simulation code for Bose-
Einstein self-gravitating condensates; MOG application to Einstein lensing rings; Abell 520, the Bullet Cluster Support
for the thermal origin of the Pioneer 10 and 11 spacecrafts anomaly; Acceleration of relativistic reference frames in
Minkowski SpaceTime; Support for time-varying behavior of the Pioneer anomaly from the extended Pioneer 10 and
11 Doppler data sets and cosmological observations in a Modified Theory of Gravity (MOG).

A repository of Viktor’s answers to questions on some puzzling current-Physics issues can be found at:

https://www.quora.com/profile/Viktor-T-Toth-1
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A FOREWORD TO THE SERIOUS READER

You can find lots of insight, strong but honest criticism and ideas, rigor, and doubt admissions in these pages about
the main current issues from the World of Physics. The effective reading of this PDF document is indeed very far from
being easy. A few themes are discussed and stressed insistently in a deceptively informal language, with different
emphasis and complementary perspectives as well as frameworks. In its own way, it’s a sort of pre-release advanced
seminal textbook.

You’d better stop and count to ten before bursting in favor or not. Nothing is taken as ‘absolutely certain’, coherence
and consistency are always sought for, ready to an inexorable experimental falsification process. Don’t look for bizarre
hypotheses nor for whimsical fantasies here: these attitudes have no place whatsoever in Physics — let it be Fundamental
or not — nor have anything to do with what is meant for educated and sensical guesswork.

Obviously, you know your current competence level. Thus, you may consider not to bypass pages 378-379 on the
least background — I dare say, prerequisites — to let your reading get deeper. That’s why you’ll stumble into certain
‘aged’ models: they always tingle ‘under the hood’ in active working, even in the most recent literature, and that’s why
I’'m very often in need to refresh them for details, let these be trivial or subtle but, in most cases, crucial before any big
leap. In a gamble with Natural Reality, one should expect things can get messed up — or, at the very best — try fo figure
out how they might. And this will be seldom the end of the whole game ...

Consolidated literature and computational tools, which I practiced over the years in their early versions, are listed
before the final Appendix on Gravitational Waves. All these tools come from the Web; some updated editions of these
(landmark) works are available for free in PDF format (yellow highlights) to the interested reader.

So, have a good reading and, above all, insight in some of the current Physics frontiers. Keep yourself ready with a
pen, some paper sheets aside and a good CAS for calculations, in view of any new ... temporary conclusion.

CM
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Physics Issues and Answers

1 -
Does E = mc® mean that anything with Mass has Potential Energy, i.e., is about ‘converting’ Mass into Energy?

the force that a body feels in a Gravitational Field. As for the Weak Equivalence Principle, passive gravitational Mass
is directly proportional to inertial Mass, so any conversion factor between the two is purely a matter of convention.
We usually measure passive gravitational Mass and inertial Mass using the same set of units, so the conversion factor
is just 1: passive gravitational Mass and inertial Mass are the same.

Active gravitational Mass determines the gravitational force exerted by a massive body. For Newton’s 3™ Law to
remain in effect, active and passive gravitational Mass must be the same.

So, assuming that the Weak Equivalence Principle and Newton’s Laws are valid, there is only one Mass so far: the
same quantity determines Inertia, behavior in a Gravitational Field, and the magnitude of the Gravitational Field
produced. This Mass is a property of an object, and all observers agree on the magnitude of this property, regardless of
their own motion. The property is, therefore, invariant. This invariant Mass is also sometimes called rest Mass. The
two expressions refer to the same thing: they are synonyms.

Lastly, especially in older textbooks, it was often customary to combine rest Mass with Kinetic Eenergy, expressed as
Mass using the Mass-Energy equivalence relationship E = mec?.

The resulting relativistic Mass is observer-dependent since the observed velocity of an object depends on the
observer’s own motion. This concept of relativistic Mass has been the source of a lot of unnecessary confusion, and it

is not really helpful, so its use fell No, £ = mc® means exactly what Einstein said it means when he first published

this result back in 1905.
The title of the paper was: ‘Ist die Trégheit eines Korpers von seinem Energieinhalt abhidngig?” or ‘Does the Inertia of

a body depend on its Energy-content?’. The paper answered this question unambiguously: no, E = mc” does not

mean that anything with Mass has Potential Energy. It means, to use Einstein’s own words from the aforementioned
paper, that the Mass of a body is a measure of its Energy-content (‘Die Masse eines Korpers ist ein Maf} fiir dessen
Energieinhalt’).

In short, Mass (which determines Inertia) and Energy-content are the same thing. Which is why E = mc? is often

called the Mass-Energy Equivalence relationship. The factor ¢’ is just a conversion factor between different units but
there is no physical process involved.  [see Issues 148 and 159, P.s 70 and 75]

2 -
Do we need to distinguish gravitational vs. inertial Mass?

Inertial Mass is the quantity that characterizes the extent to which a body, floating in empty space, resists a force; m
is the Mass m that goes into Newton’s equation, F = ma , which relates force F' to acceleration a .

Passive gravitational Mass determines out of favor in recent decades.

3 -
What determines how particle systems respond to Gravitation?

Photons have no rest Mass but the quantity that determines how a thing gravitates, or responds to Gravitation, is not
rest mass. It is a complex entity called the Stress Energy-Momentum Tensor that consists of Energy, Momentum,
Pressure, and Shear Stresses (it is usually represented by a 4 X 4 symmetric matrix; it is not a simple number).

Now, it so happens that for most everyday objects, their speeds are small compared to the speed of light, and pressure
and stresses are also small compared to relativistic media. So, the Stress-Energy-(linear)Momentum Tensor is
dominated by rest-Mass. When it comes to the Sun, the Earth, a lump of metal, a human being ..., gravitational
behavior is very accurately (but not perfectly!) described using Newtonian Gravity and their respective rest Masses.
But the moment we get to relativistic speeds, this is no longer the case. Entities can no longer be characterized by rest
Mass alone; other components of the tensor become equally important.

Specifically, a photon has no rest Mass, but it carries plenty of Energy and has Momentum. Its Stress-Energy-
Momentum Tensor is certainly not zero. So, it can be a source of Gravity, it has Inertia, and it responds to Gravity. But
its behavior can no longer be described by Newtonian Gravity, as evidenced, among other things, by the fact that
Relativity Theory predicts (correctly, as confirmed by observation) twice the deflection angle for a photon in a
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gravitational field than the deflection of a Newtonian particle would be, moving at the same speed.

4 -
What is really ‘Matter’?

‘Matter’ is a somewhat poetic term, the meaning of which, often depends on context.

Energy is a so-called constant of the motion. It is the quantity that is conserved under Time translation in systems that
are time-translation invariant. It is one of the manifestations of Emmy Noether’s Theorem, that every symmetry or
invariance is accompanied by conserved quantities; Energy is one of these quantities, associated with the translational
and rotational symmetries (invariances) in Time.

Mass exists in several form. Inertial Mass is the property that characterizes how a body in free space resists a force.
Since Einstein’s 1905 paper, we know that Inertial Mass consists of the Energy-content of that body (Mass-Energy
equivalence). The Weak Equivalence Principle (all bodies are affected by Gravity the same way) on the other hand
tells us that inertial Mass is the same as the so-called passive gravitational Mass (which determines how much force a
body feels in a gravitational field). Furthermore, Newton’s 3™ Law guarantees that the active gravitational Mass (i.c.,
how much gravitational force a body exerts) will also be the same.

This is nice English prose, by the way, but everything is written above can be represented in the form of decent-
looking equations, offering unambiguous mathematical definitions.

Now Matter ... that’s another thing altogether. Unlike Mass and Energy, ‘Matter’ is usually not a quantifiable term
that appears in equations. To any cosmologist, everything is Matter that fills empty space. This includes atoms, light,
even ephemeral things like virtual particles, though usually not the Gravitational Field, even though it, too, has Energy
and Momentum. To another physicist, Matter may be ‘stuff’ composed of fermions; ‘stuff’ made from bosons would
be Radiation, in this context meant as an alternative to Matter. And to others, depending on context, the definition of
Matter may be narrower (e.g., restricted to forms of Matter that are stable on human timescales) or broader. This is
simply the usual ambiguity of a spoken language; how a word often has similar but distinct meanings in different
professional contexts.

5 -
Can Energy be converted into Mass, and vice-versa?

Energy is a constant of the motion, a quantity conserved for systems that are invariant (unchanging) under time
translation (i.e., the same Laws of Physics yesterday, today, or tomorrow).

Energy is not ‘converted into Mass’. The meaning of the one equation everyone knows, E = mc”, is crystal clearly

stated in the title of Einstein’s own 1905 paper: the inertia of a body is determined by its Energy-content. In other
words, what we call Mass is just the intrinsic Energy of a body.

And the Big Bang did not convert Energy into Mass either. The expression, ‘Big Bang’, references the prevailing
model of an expanding Cosmos, that was very hot and very dense early on. General Relativity does predict an initial
singularity, but we have no reason to believe that the rules of Relativity Theory apply, unmodified, in this extreme
regime. In short, we know nothing about the actual beginning of time (if such a thing even existed). Our firm
knowledge begins after the first pico-second or so, and it describes how various fields and particles interacted and
evolved, and this also means that Kinetic Energy and various forms of Potential Energy (including rest Mass) got
converted into one another in a variety of ways, too, even as Energy overall, along with Linear and Angular
Momentum, remained conserved.

8 -
Can Dark Matter collapse into black-holes?

Dark Matter can collapse into black-holes. However, it is a darn good question why the presumed Dark Matter in the
present-day Universe doesn’t collapse into black-holes on a regular basis. And the reason is... because it is dark!
What does ‘dark’ really mean? It’s a bit of a misnomer. Dark Matter isn’t black. Rather, it is completely transparent.
Transparent because it does not interact with other known forms of matter. So matter particles fly through it
unaffected, and photons fly through it unaffected as well.

Moreover, Dark Matter doesn’t interact with itself either. Therefore, Dark Matter particles fly through Dark Matter,
too, unaffected by anything other than Gravity. And therein lies the problem!

What happens when normal Matter collapses under its self-Gravity? There is a build-up of pressure. Pressure means
heat. Which means that Gravitational Potential Energy and Kinetic Energy both turn into waste heat, which is then
either radiated away as light or it is dissipated away in the form of pressure waves; yes, sound (extremely low
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frequency sound, many octaves below the audible range) does play a significant role in structure formation.

But none of this happens for Dark Matter: particles may accelerate towards each other under their mutual Gravity, but
then they just fly past (or through!) each other, unaffected, and fly away from each other on the opposite side.

So, unless a Dark Matter cloud happens to collapse very symmetrically, at no point will it reach the density to turn into
a black-hole. Nor will those Dark Matter particles stay together, which would enable further collapse. That is because
their tremendous speed (gained as they fall towards each other) is not dissipated: there is no mechanism to do so. So,
they do not stop in the form of a compact object. Rather, they fly through each other and just as quickly as they came
together, they fly apart.

7 -

If the singularity inside a black-hole is a time instant rather than a place, where is all the Mass of the black-hole
located?

Two cases should be distinguished.

First, the mathematical solution of a ‘finished’ black-hole, the end state of gravitational collapse. This solution was
first obtained by K. Schwarzschild in 1916. This is what we would see if the collapse began an infinite amount of time
in the past. This solution is a vacuum solution: there is no matter anywhere.

Now let us take a look at a more realistic case, the collapsing dust sphere. Here, ‘dust’ is simply a catch-all word to
describe any medium that has no, or negligible, pressure, so it can collapse without rebounding. This situation was
first developed by Oppenheimer and Snyder in 1939. The outside observer would see a collapsing sphere of dust, but
over time, as the radius of the sphere approaches the (yet to form) event horizon, gravitational time dilation makes
everything appear increasingly in slow motion. This time dilation is divergent: The actual moment of horizon
formation is never seen; it remains forever in the future for the outside observer.

For the infalling observer, the situation is different. The moment of crossing the event horizon will not appear
particularly special, but once the horizon is crossed, there is no escape. The observer will find himself inside an ever
shrinking ‘universe’ of dust everywhere, essentially a Big Bang in reverse. The singularity is an unavoidable future
moment in time when the density of this ‘Universe’ becomes divergent and time itself comes to an end.

So, there we have it. In the case of the Schwarzschild solution, it’s Vacuum everywhere, but it is a limiting case, a
mathematical idealization. In the case of a realistic collapsing object a-la Oppenheimer-Snyder (Vacuum expectation
value, V. e. v.), the Mass never goes away, the dust sphere is always present, from the point of view of either outside
or infalling observers.

8 -
Do neutrinos have Mass? In what sense does it ‘oscillate’?

The prevailing wisdom is that neutrinos do have Mass, but it is weirder than we think.

We believe that neutrinos have Mass because neutrinos went missing. We know how many neutrinos are supposed to
be produced by nuclear processes in the Sun, and these are readily detectable here on the Earth. However, ... we
didn’t detect nearly as many as we should have.

Now neutrinos (like all fermions) come in 3 flavors: electron neutrinos, muon neutrinos and tau neutrinos. When we
learned how to detect muon and tau neutrinos, suddenly the missing neutrinos turned up after all: somehow, they
changed from electron neutrinos into muon neutrinos en route from the Sun.

How can this be? Well, ... this is where things get weird. Remember that in Quantum Physics, a particle does not
simultaneously have, e.g., a position and a velocity? That is, when a particle is in a ‘position eigenstate’, it will not
have a velocity (or Momentum), and when it is in a ‘Momentum eigenstate’, it has no position?

Something similar is going on with neutrinos. Yes, they have Mass, we believe. But not only that, when a neutrino is
in a Mass eigenstate, it does not have a well-defined flavor; and when it is in a flavor eigenstate, it does not have a
well-defined Mass.

And en route from the Sun, a neutrino is in neither eigenstate; rather, it is in a mixed state of various possible Masses
and flavors. So, when the neutrino arrives and interacts with a detector, it may be in a different flavor eigenstate. The
probability of its flipping, or ‘oscillating’ between, e.g., the electron and muon neutrino flavors can be precisely
calculated. This is what we observe.

This has consequences. First, there is no point assigning a Mass to, e.g., the electron neutrino; when the neutrino is in
a definite flavor eigenstate, its Mass is indeterminate; second, the actual neutrino Masses and flavor mixing are
defined by a 3 x3 matrix. It even has a name: it is the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix, named

after the physicists who developed this concept. It has four independent components (the rest are determined by
various symmetries of this matrix), three of which are called mixing angles and the remaining is a phase. Essentially,
this matrix determines how the various neutrino Masses relate to each other and how the various neutrino flavors
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‘mix’ in neutrino oscillations; the actual Masses of the neutrinos are still subject to yet another number, an overall
common factor. Anyhow, here is our best knowledge of neutrino Masses to date (2023), in the form of experimentally
fitted values of this neutrino mixing (row-wise) matrix:

0.82+0.01 0.54+0.02 -0.15%0.03
Upns:= | —035£0.06  070£0.06  0.62%0.06
0.44+0.06 —-0.45+0.06 0.77 +0.06

As to the actual Masses, we know that the sum of the Masses of all neutrino flavors put together cannot be more than
about 0.3 eV/c® (= 5.348 107" kg), i.e., less than 10~° of the electron Mass (~ 9.109 00 * kg) .

9 -

Why wasn’t it obvious from the start that gravitational Mass and inertial Mass are the same quantity? Why would the
weak equivalence principle be obvious?

Ancient philosophers certainly didn’t believe this to be true. After all, it was ‘obvious’ that heavy objects, such as a
lump of lead, fell much faster than light objects, such as a feather.

It took until Galileo to overturn this ancient wisdom and establish the experimental fact that objects accelerate at the
same rate regardless of their size or material composition. But first, it was necessary to devise experiments that
minimized the effects of air resistance and friction.

And it was only in the 20" century, with General Relativity, that this principle was elevated to what is essentially an
axiom of Relativity Theory.

But obvious it is not. The Weak Equivalence Principle certainly does not apply to the other macroscopic force that we
know, electromagnetism: the electric charge (the electrostatic equivalent of the gravitational Mass) is independent of
the inertial Mass, and thus the ‘Charge-to-Mass ratio’ of an object can be anything. Different objects with different
Charge-to-Mass ratios respond differently to an Electrostatic Field; acceleration does depend on the size and material
composition of an object in that field.

And there are also plenty of examples of speculative but decent, well-reasoned alternate Gravity Theories (aiming to
deal with shortcomings of the existing theory) in the scientific literature in which the Weak Equivalence Principle is
violated in some way.

10 -

Why is the Higgs Field depicted as an entity that restrains the free motion of some particles (by conferring a degree of
Mass) when there does not appear to be any such interference to an object’s speed in (free) space?

Because people make clumsy attempts to translate into imprecise, everyday language something that is described
precisely and accurately (in the form of testable predictions) by complicated mathematics.

The mathematics, in this case, tells us that there is such a thing as the Higgs Field, which has a quartic potential, and
its lowest Energy state is not the state free of excitations. The mathematics then proceeds to tell us that this leads to
spontaneous symmetry breaking and a new lowest Energy Vacuum state, in which the Higgs field has a non-zero
Vacuum expectation value (V. e. v.). The mathematics, then, tells us that particles that interact with the Higgs Field
now end up interacting with this V. e. v., i.e., the Vacuum itself, and that, for all practical intents and purposes, shows
up as a Mass term in their equations of motion.

There, this is a more precise plain (?) English summary of what the math actually says. Though far less intuitive, this
is a more serious explanation over the ‘Higgs field is like molasses, resisting the free motion of some particles’
description or its variants that often appear in popular accounts, because while the molasses thing may be more easily
visualizable, it is also quite misleading and creates a false sense of understanding.

We strive to make difficult topics in theoretical physics comprehensible to a non-physicist audience, and we dread the
idea of telling the public that this or that simply cannot be understood without the requisite mathematical background.
Yet unfortunately that is indeed the case. Certain things just cannot be intuited, and this is especially true in the realm
of Quantum and Particle Physics.

11 -
Why does Dark Energy not behave gravitationally in the same manner as Dark Matter?

Because it has a different equation of state.
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Gravitation is not determined by Mass-Energy density alone. It is determined by a complicated quantity (the so-called
Stress-Energy-Momentum Tensor) that considers Mass-Energy, Momentum, Pressure and anisotropic (e.g., shear)
Stresses as well.

In our ordinary, everyday world, surrounded by matter that is not particularly dense (by relativistic standards) and not
moving very fast, the quantity is dominated by Mass density. So, we are not making a terribly big mistake by using
Newtonian Gravity as a useful (and quite accurate) approximation. In Newtonian Gravity, only Mass-Energy counts,
and thus Newtonian Gravity does not distinguish between Dark Matter (which has no pressure) and Dark Energy
(which has large negative pressure).

Now, because Dark Energy is characterized by a huge negative pressure, it cannot be ignored! The contribution of
pressure to the gravitational field equations is larger in magnitude than the contribution of Mass-Energy density. And
it is this large, negative pressure that completely changes the picture, and makes Dark Energy behave as if Gravitation
were repulsive.

The ‘equation of state’ mentioned in the first sentence is simply a relationship between pressure and Energy density.
Pressure and Energy density have the same dimensional units, so, their ratio is just a plain number, usually denoted by
the letter. w .

For Dark Matter, w = 0. For most ordinary Matter, w = 0. For a gas hot enough for its constituent particles to fly

around at high relativistic speeds, w = 1/3 but, as for Dark Energy, w = —1. Both the sign and the magnitude of w

should tell us that Dark Energy does behave very differently from other known forms of Matter.

12 -
Why do we need gravitons when Gravity is not a force?

It all boils down to one of the key principles in General Relativity, the ‘Weak Equivalence Principle’. The Weak
Equivalence Principle basically states that all objects respond to Gravity exactly the same way, regardless of their
shape or what they’re made of.

This makes Gravity quite different from Electromagnetism. In Electromagnetism, a lump of charged matter responds
very differently to an electromagnetic field than a lump of neutral matter. It all boils down to a quantity called the
‘Charge-to-Mass ratio’: Charge determines the amount of force acting on a particle, its Mass determines the inertial
resistance to that force.

But for Gravity, ‘charge’ really is just inertial Mass. So, the gravitational ‘Charge-to-Mass ratio’ is just Mass divided
by Mass, which is always 1, for all forms of Matter (even for massless things like photons, this is true; of course, they
do not have Mass, so the definition of ‘Charge-to-Mass ratio’ becomes a little more abstract and mathematical, but the
relationship nonetheless holds).

This has a very direct consequence. If all material particles are accelerated by the same rate, then we can always find
an accelerating coordinate system in which those particles are not accelerating at all but are either standing still or
moving at uniform velocity. In short, the effects of Gravity can be canceled out by a geometric transformation!

This makes Gravity very similar to another force closely related to inertia: the ‘centrifugal’ force. When we are on a
merry-go-round, no actual interaction is pulling your body away from its center. There is no force. What we feel is a
pseudo-force, which arises as a result of your motion in a non-inertial reference frame: the rotating reference frame of
the merry-go-round. The only actual force is the force acting on your body through the seat in which you sit, keeping
us in that rotating reference frame instead of allowing your body to follow an inertial (straight) trajectory.

So, it is strongly tempting to view Gravity the same way: as a pseudo-force, which arises as a consequence of us
sitting in a non-inertial reference frame, with the only actual force acting on our body being the force exerted by the
floor, preventing us from following an inertial (free-falling) trajectory.

But reality is a tad more nuanced. Unlike the centrifugal (pseudo-)force, the gravitational force has sources: everything
with Mass-Energy contributes to the gravitational field. And this gravitational field itself is a material field in a very
direct sense of the word: it carries Energy and Momentum and can be detected (as indeed it has been, in the recent
gravitational wave observations by LIGO (Laser Interferometer Gravitational-wave Observatory), but also indirectly,
first back in the 1970s, through observing close binary star systems that lose Energy by emitting gravitational waves).
And it’s not like other forces cannot be described using the language of geometry. In fact, such a geometric
description (through what are called covariant derivatives) is part of the standard toolset of Quantum Field Theory and
the celebrated Standard Model of Particle Physics. The key difference is that the geometry in this case depends on the
Charge-to-Mass ratio of the particle experiencing that geometry. In contrast, as mentioned for Gravity, the Charge-to-
Mass ratio is the same, just 1, for all objects, so it plays no such role: the geometry is the same, no matter what particle
is used to measure it. When you hear the Gravitational Field described as a field that ‘couples universally and
minimally to matter’, that’s what it takes for the universal geometric interpretation to be possible.

Ultimately, what it boils down to is what was mentioned moments ago, that Gravity has sources. Why does that
matter? We can do Quantum Field Theory just fine in the curved geometry of SpaceTime of General Relativity. There
are interesting consequences to be sure (one of the most striking is the realization that the ‘particle’ concept is not at
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all fundamental; two accelerating observers may not agree on what particle content they see) but the theory is
consistent, and it also respects causality. But when we introduce matter (which is described by Quantum Field Theory)
as the source of Gravitation, we run into an insurmountable problem: quantum fields (characterized by things that are
not numbers) determine SpaceTime curvature (which is characterized by numbers). In short, Einstein’s famous Field
Equation becomes meaningless: it asks how many apples it takes to make an orange.

This leads us to not read too much into the geometric interpretation, and instead view Gravitation as yet another field,
like the Electromagnetic field and consider quantizing it. Even without knowing how the quantized theory works in
detail, we know what it would look like in the ‘perturbative limit’ of Weak Gravitational Fields: it would be expressed
in terms of quanta that we call gravitons.

This would be the end of the story if we had succeeded in quantizing Gravity. But we have not, despite decades of
theoretical efforts. Which leaves other possibilities open. One of them, arguably the ugliest yet most successful
approach, is to simply accept the status quo: what if Gravity is not quantized? What if Matter is represented in
Einstein’s field equations not by its quantum-valued fields but by the corresponding ‘expectation values’, i.e., ordinary
numbers? This is an ugly hack, a kludge, but it works miraculously well: this ‘Semi-classical Gravity’ accurately
describes any conceivable experiment or observation that we can carry out and would fail only in the earliest moments
of the Big Bang or in the final instants of existence of a particle falling into a black-hole singularity.

Perhaps we don’t need gravitons at all; perhaps, it is true that Gravity is only a pseudo-force. Or perhaps it is as real a
force as Electromagnetism, but one that can be interpreted as geometry because the underlying field couples to Matter
universally and minimally. The question remains open for now.

. It is wrong to think that geometrization is something essential. It is only a kind of crutch (Eselsbriicke) for the
finding of numerical laws. Whether one links ‘geometrical’ intuitions with a theory, is a ... private matter.” (Einstein to
Reichenbach, 1926, as quoted in “Why Einstein did not believe that General Relativity geometrizes Gravity’).

13 -
Why must there be a Quantum Theory of Gravity?

Einstein’s Equation for Gravity reads (SI units):

R _ 811G
Ruv _Eguv _Aguv - c_4T/1v’

where 9, is the metric tensor of SpaceTime manifold, R v is the Ricci Tensor formed from the metric, R is the

(scalar) curvature of SpaceTime surface, /1 (= 0) is the (negligible) Cosmological Constant (or Vacuum Energy-
density), G is the Newtonian gravitational constant, and T ,, is the Stress-Energy-Momentum Tensor of Matter. So,

geometry is collected in the left-hand side while physical stuff (Matter + Energy) is collected in the right-hand side.

We already know that all ‘physical stuff’ (the particle and field content of the Standard Model of Particle Physics,
which includes leptons, quarks, electromagnetism, nuclear interactions and even the Higgs boson) are best described
by a Quantum Theory. Which means that the ‘true’ value of T, cannot be a number but a quantum operator.

Standard Model of Elementary Particles

three generations of matter three generations of anlimaner interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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But the left-hand side of Einstein’s equation above is a number. So crudely put, we have an equation that says that a
number equals something that is not a number. Of course, this is an absurdity. One band-aid solution is to write down
the ad-hoc field equation of ‘Semi-classical’ Gravity, where the tensor operator T ,, is replaced by its expectation

value (i.e., by a number):
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In almost all cases, this equation is more than sufficient; the only known exceptions would be the extreme Gravity
regime near a gravitational singularity inside a black-hole, or the earliest instants after the Big Bang. Everywhere else,
the semi-classical approximation works fine.

However, if we wish to go beyond band-aids and arrive at a truly unified theory that incorporates Gravity along with
all other particles and forces, we expect that instead of changing the right-hand side of Einstein’s equation to a
number, it would be the left-hand side that would be changed to an operator, thus treating SpaceTime itself on a
quantum footing. This would be a truly quantum Theory of Gravity. And while we may never be able to detect
gravitons directly, a working Quantum Theory of Gravity may be a prerequisite to truly understanding Physics near
singularities (be it black-holes or the Big Bang).

14 -
Why can’t Quantum Mechanics explain Gravity (at least, so far)?

First of all, one should explain what known Physics can do, before explaining where the problems lie.

Contrary to what you may occasionally hear, we can do Quantum Field Theory on the curved SpaceTime background
of General Relativity. The theory has some striking consequences, not the least of which is that the notion of a
‘particle’ becomes observer-dependent, and depending on the circumstances, where some observers see particle
content, other observers see nothing (the technical background is that once SpaceTime is curved, there is no privileged
flat Minkowski-background, and the so-called ‘Fourier decomposition’ of a field, which is what gives rise to the field
quanta that we recognize as particles, is different in different accelerating reference frames).

It is also possible to introduce quantum matter as a source of Gravitation, but only in a rather inelegant way. Quantum
matter is represented mathematically using quantities that do not behave as numbers. SpaceTime, on the other hand, is
characterized by numbers. To make the equations work, quantum matter is represented instead by an average of sorts,
the so-called expectation value. This allows us to have an equation with numbers on both sides. This is called Semi-
classical Gravity. It may be an approximation, a kludge, but Semi-classical Gravity accurately describes all regimes
accessible to us through experiment or astronomical observation. This means, unfortunately, that Nature seems to offer
no hints as to how we can go beyond this level of description.

What we would like to have is more than an ad hoc semi-classical equation, but a proper Quantum Field Theory of
Gravitation, or equivalent. The problem with Gravitation starts with its coupling constant, Newton’s constant of
Gravitation. This is a dimensioned constant, that is, it has units attached. In units preferred by particle physicists, the
gravitational constant has units of length squared or units of inverse Mass squared. It is known that a theory with such
a coupling constant is not renormalizable: that is, the usual technique of removing the infinities that arise in a quantum
field theory and produce consistently finite results do not work for Gravitation.

This is a problem that so far found no satisfactory solution. Semi-classical Gravity works but it is inelegant. For a
while, there was hope that, in Gravitation, the unwanted infinities cancel out each other anyway but that has not been
the case. Many different approaches have since been tried, ranging from novel approaches to quantizing gravity to not
quantizing gravity at all. Ultimately, maybe the real problem is that beyond Semi-classical Gravity, Nature offered no
hints so far. Much as we’d like to think that we are smart enough to figure out things on our own, that has never been
the case: Physics is dead without data.

Therefore, Quantum Physics so far, fails when it comes to Gravity because a way to measure the quantum effects of
Gravity was never found, and thus we’re trying to solve a riddle without any clues.

15 -

If Quantum Mechanics is for very small things and General Relativity is for very large things, then what about things
in between? Is there a size or situation in which neither paradigms work?

While it is true that Quantum Mechanics is usually observed with very small things, that is not always the case. The
correct expression would be ‘few degrees of freedom’, that is to say, few independent ways for a system to move,
rotate, wiggle, etc. .

An electron can move in three spatial directions and has two spin states. It has three spatial degrees of freedom and an
additional spin degree of freedom with two discrete values. It is not the physical size of the electron but this, its few
degrees of freedom, that makes its behavior manifestly quantum mechanical.

The more 