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Overall, these web pages are a collection of material on treating
General Relativity as a Quantum Field Theory. The material has

SEP SCHOO

been posted and maintained by John Donoghue.

The most recent of lectures about GR as a QFT are those of the
TRISEP school hosted at the Perimeter Institute in July 2018. | am
giving 4.5 hours of lectures here to students who span the experi-
mental and theoretical aspects of fundamental physics.

I am using this page to give the lecture notes and related materials
for this course.

Lecture 1 Effective Field Theory Notes from the first class, The first
class covered: Why do quantum calculations work?, the principles of
EFT (locality, the energy expansion, matching/measuring), the linear
sigma model, direct construction of the EFT, verification of the
equivalence, EFT to one loop, renormalization, predictions and
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QUANTUM THEORY OF GRAVITATION*
By R. P. Feynman
(Received July 3, 1963)

My subject is the quantum theory of gravitation. My interest in it is primarily in the
relation of one part of nature to another. There’s a certain irrationality to any work in gravi-
tation, so it’s hard to explain why you do any of it; for example, as far as quantum effects
are concerned let us consider the effect of the gravitational attraction between an electron
and a proton in a hydrogen atom; it changes the energy a little bit. Changing the energy
of a quantum system means that the phase of the wave function is slowly shifted relative
to what it would have been were no perturbation present. The effect of gravitation on the
hydrogen atom is to shift the phase by 43 seconds of phase in every hundred times the
lifetime of the universe! An atom made purely by gravitation, let us say two neutrons held
together by gravitation, has a Bohr orbit of 10® light years. The energy of this system is
10~ rydbergs. | wish to discuss here the possibility of calculating the Lamb correction to
this thing, an energy, of the order 10-®, This irrationality is shown also in the strange
gadgets of Prof. Weber, in the absurd creations of Prof. Wheeler and other such things,
because the dimensions are so peculiar. It is therefore clear that the problem we are working
on is not the correct problem; the correct problem is what determines the size of gravita-
tion? But since | am among equally irrational men I won't be criticized I hope for the fact
that there'is no possible, practical reason for making these calculations. -
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‘This made me investigate the entire subject In great detail to hind out what the trouble
is. I discovered in the process two things. First, [ discovered a number of theorems, which as
far as I know are new, which relate closed loop diagrams and diagrams without “closed loop
diagrams ([ shall call the latter diagrams “trees”). The unitarity relation which I have just
been describing, is one connection between a closed loop diagram and a tree; but I found
a whole lot of other ones, and this gives me more tests on my machinery. So let me just tell
you a little bit about this theorem, which gives other rules. It is rather interesting. As a matter
of fact, 1 proved that if you have a diagram with rings in it there are enough theorems
altogether, so that you can express any diagram with circuits completely in terms of diagrams
with trees and with all momenta for tree diagrams in physically attainable regions and on
the mass shell. The demonstration is remarkably easy. There are several ways of demonstra-
ting it: I'll only chose one. Things propagate from one place to another, as I said, with
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There is another theory, more well-known to meson physicists, called the Yang-Mills theory,
and I take the one with zero mass; it is a special theory that has never B’émrig'atéd
in great detail. It is very analogous to gravitation; instead of the coordinate transformation
group being the source of everything, 1t’s the isotopic spin rotation group that’s the source
of everything. It is a non-linear theory, that’s like the gravitation theory, and so forth. At
the suggestion of Gell-Mann I looked at the theory of Yang-Mills with zero mass, which has
a kind of gauge group and everything the same; and found exactly the same difficulty. And
therefore in meson theory it was not strictly unknown difficulty, because it should have
been noticed by meson physicists who had been fooling around the Yang-Mills theory. They
had not noticed it because they’re practical, and the Yang-Mills theory with zero mass
obviously does not exist, because a zero mass field would be obvious; it would come out
of nuclei right away. So they didn’t take the case of zero mass and investigate it -carefully.
But this disease which I discovered here is a disease which exist in other theories. So at
least there is one good thing: gravity isn’t alone in this difficulty. This observation that
Yang-Mills was also in trouble was of very great advantage to me; it made everything much
easier in trying to straighten out the troubles of the preceding paragraph, for several reasons.
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Well, what then, now you have the difficulty; how do you cure it? Well [ tri
f(.)]lowing idea: I assumed the tree theorem to be true, and used it in reve " I(;' e the
ring diagram can be expressed as trees, and if trees produce no troubmr; b Yshmer
then a.ll you have to dois to say that the closed loop diagram is the sum of the ) compm.ed'
tree diagrams, that it should be. Finally in each tree diz;granl for which s aC?:resiondmg
been opened, take only real transverse graviton to represent that term ?M‘ltzn rfe has
s the definition of how to calculate closed-loop diagrams; the old rules invc;l»-' e e
1/k2 +ic etc. being superseded. The advantage of this s, first, that it ;'ill be u:ia Pf'o;’)ag'ator
second, it will be unitary, because unitarity is a relation between a closed i, ge invariant,
open one, and is one of the class of relations I was talking about, so there’ agra:; f;;nd. an
And third, it’s completely unique as to what the answer is: the;c’q o 1: no di cu!fy.
around with different gauges and so forth, in the inside ring ,aa ther; w el ﬁddhn:g
the plan. S as before. So that'’s

-

30/31
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~ T R v vomApReray winque s 10 What the answer 1s; there’s no arbitrary fiddli '

around with different gauges and s
e e gauges and so forth, in the inside ring as there was before. So that’s

when I made it gauge invariant. But then secondly, you must subtract from the answer,
the result that you get by imagining that in the ring which involves only a graviton
going around, instead you calculate with a different particle going around, an artificial,
dopey particle is coupled to it. It's a vector particle, artificially coupled/to the external
field, so designed as to correct the error in this one. The forms are evidently invariant,

DeWitt: Because of the interest of the tricky extra particle that you mentioned at the
10:03 AM end, and its possible connection, perhaps, with some work of Dr Bialynicki-Birula,
7/18/2018 have you got far enough on that so that you could repeat it with just a little more detail?
9  The structure of it and what sort of an equation it satisfies, and what is its propagator? 30/31
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when [ made it gauge invariant. But then secondly, you must subtract from the answer,
the result that you get by imagining that in the ring which involves only a graviton
going around, instead you calculate with a different particle going around, an artificial,

DeWitt: Because of the interest of the tricky extra particle that you mentioned at the
end, and its possible connection, perhaps, with some work of Dr Bialynicki-Birula,
have you got far enough on that so that you could repeat it with just a little more detail?
The structure of it and what sort of an equation it satisfies, and what is its propagator?

These are technical points, but they have an interest.
Feynman: Give me ten minutes. And let me show how the analysis of these tree

diagrams, loop diagrams and all this other stuff 1s done mathematical way. Now I will show
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Appendix B

Advanced field theoretic methods

B-1 The heat kernel

When using path integral technigues one must often evaluate quantities
of the form

H(x,7) = Z.rif Pley (1.1)
where D is a differential operator and 7 is a parameter. In this section,
we shall describe the heat kernel method by which H(r, 7) is expressed
as a power series in 7. For example. if in d dimensions the differential

operator D is of the form

DP=0O+m*+V, (1.2)
where V' is some interaction, then the heat kernel expansion for H(x, 1)
1S
] e Tme ) . ) )
H(x.7) = ap(xr) +ar(x)T +as(x)T + .. .| . (1.3)
[_l,ﬁ }J 2 =l /2
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H(x,7) = - , apg(z) +ay(x)T +as(x)T*+ .. .| . (1.3)
( o }J 2 il /2 |
1 ix 1 1 11 1 11 1
. dr DN ' :
(x|InD|x (ax |e )+ C, (1.6)
Jo 7
where (' is a divergent constant having no physical consequences. Sub-
stituting Eq. (1.3) into the above yields
. X
: \ ' t d—2n 1 d . -
(z|InDlz) - C = ————= E m" " (Jr — | a,(x) . (1.7)
\d /2 .
( Ll] F
n=\)
. ji 2 (.} \ ¢ \
D=d,d" +m”+ao(r) (d,, +1 (),
I / ‘ I
dxl
aplx) =1 a(x) = —0o
10:26 AM | | l
7/18/2018 2 1
as(x) = —o° 4 d,,d,)|[d", d"| + ~ [d,,[d", o]
: 2 125 6"/ ‘ v
= = ~
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