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Abstract
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This is a review of some of the concepts and results of the effective field theory treatment of quantum
general relativity. Included are lessons of low-energy quantum gravity and a discussion of the limits of effective

field theory techniques.
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Introduction
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Perhaps without realizing it, we have lived through a paradigm change in the way that we understand
the fundamental interactions. Historically, we started out uncovering what we call classical physics and then
found awkward ways to describe quantum physics. The quantum techniques themselves have evolved and
are now different than even 30 years ago. The logic of effective field theory now permeates the field. We also
now give primacy to the quantum theory and have some modest understanding of how the classical world
emerges from the quantum world. This shift in our understanding is particularly important in the case of
general relativity. The earliest quantum techniques did not work well for general relativity. However, the
modern viewpoint is well suited for gravity. We have a theory of quantum general relativity which treats it,
within various limits, as an effective field theory. This brief review is a chance to reflect on the basic ideas and

lessons of this effective field theory.
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Our fundamental theory is now defined by a path integral over the dynamical degrees of freedom guided
by a local Lagrangian. Physics is an experimental science, and through much effort, we have determined the
particles and the structure of their interactions. In a compact notation (and hiding about 26 parameters -

masses, couplings, etc.), our core theory is presently given by
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We use the path integral because canonical quantization is not a useful way to treat the gauge interactions
of the Standard Model, while path integrals are simple and direct. Here, the subscript A is meant to indicate
that the path integral is to be restricted to those energies which we have experimentally explored - i.e., those
below some scale A . We do not, and need not, pretend that these degrees of freedom are always the correct
ones. The ellipses indicate that we expect further local terms in the action, suppressed by heavy mass scales,
even if we have not identified them yet. That is, we think of all of our core theory as an effective field theory

valid at ordinary energies.
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From this starting point, general relativity is also fundamentally a quantum theory. The metric degrees
in freedom need to be dynamical, and they need to be included in the path integral because otherwise we

could not obtain the classical physics such as gravitational waves.
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The idea of effective field theory is that the low-energy degrees of freedom organize themselves as quan-
tum fields, governed by a local Lagrangian, in general containing so-called nonrenormalizable terms sup-
pressed by powers of a heavy scale. Nevertheless, one can make predictions without knowledge of the full

high-energy theory.
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The basic theme of this exposition is that general relativity is a quantum field theory which is not much
different than the other interactions in our core theory. It is explored using the tools of effective field theory.
In the region of validity of the effective field theory, it can be studied in perturbation theory, and the quantum
corrections are small - it is the best perturbative theory ever. However, the lessons learned are nevertheless

interesting.
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In other reviews, I have presented more of the technical details of the general relativistic effective field
theory (GREFT) [1-5] (see also [6,7]), as well as other expositions on effective field theory [8-11]. Here, I
attempt a broader overview.
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Does the Graviton Exist?
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The reader who finds this question annoying or boring is free to skip this section. However, I include it

because it bears on the rationale for effective field theory.
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One often hears the question of whether the graviton exists. Some people will never be satisfied until
they see the clicks in a detector caused by a graviton. With this criterium, there will not be a resolution in
our lifetimes or perhaps ever. But for some the question means to ask whether it would be consistent to
have everything but gravity be described by quantum fields, but to have gravity be classical. As we presently
understand quantum theory, this is not possible. The following brief comments illustrate how the existence

of quantum fields is required.
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Steven Weinberg in particular has presented the argument that any quantum theory satisfying Lorentz
invariance, causality, crossing symmetry, and cluster decomposition will be described by a quantum field
theory [8, 9]. This is part of the reasoning that all of our theories are effective field theories. Let us see how
this could be applied to the gravitational interaction (This form of the argument comes from D. Carney [12].).

The Newtonian potential has the Fourier transform
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But for this to be consistent with special relativity, this must be made into a Lorentz invariant.
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We now need to specify how we deal with the pole in this function. Of course, we know that the correct

answer is the Feynman propagator
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and it is this which emerges from the path integral treatments. However, if we are trying to be more
general, Carney [12] has shown that alternate prescriptions with retarded or advanced Green functions, i.e.,
with (qo £ ia)2 — g2, do not satisfy unitarity, nor do these forms satisfy causality. The propagator using —ic is
equivalent to the one with +ie , although the arrow of causality is reversed [13,14]. But now we are basically

done. Because of the identity
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we see that what originally was the potential comes accompanied by massless on-shell radiation - the
graviton. This combination yields graviton exchange and graviton emission. The general principles of rela-

tivity, unitarity, and causality have turned the potential into a quantum propagator.
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This conclusion can also be addressed in different ways. As a recent example, the authors of Ref. [15,
16] show that in order to resolve a gedanken experiment involving superposed charges or masses, in electro-
magnetism or gravity, requires the existence of radiation - photons or gravitons. There are several previous
arguments which say that for consistency, the gravitational potential must also be accompanied by gravitons
[17-19].

XAEEE AT DOEI Hf 75 0k T, FLansIan) TAE, SR [15,16] BTEE T, TieRHEITZ
5116, EREY KBNS SRR EELS, ERF AR —BgR T 7.
RtBERZ MBUEEH, AT G, 0B RHHES ) T171E [17-19],

We have also partially addressed this issue using the path integral mentioned in the introduction. The
metric appears in the Lagrangian because we need to describe particles in curved space. With the rest of the
interactions described by the path integral, could we leave the graviton out of the integration variables? If
we did, we would not obtain the graviton propagator. This in turn would not allow the interaction of two
masses, which occurs due to one graviton exchange. With the integration over the gravitational field, we
obtain Einstein’s equation as the equation of motion as well as the causal graviton propagator (Using e™*
in the path integral instead of ¢’ results in the time-reversed propagator with the —ie prescription [13].). In
section "Lessons of Quantum General Relativity,” we will see explicit examples of how further classical physics
emerges from the path integral. So our starting point for the other fields also points to the quantum nature of
the graviton. It is worthwhile to note although we often refer to the classical limitas # — 0, in fact, 7 is a fixed
number (here often set equal to unity) and classical physics emerges in the appropriate kinematic regions. It
is not that we have classical physics and then treat quantization as an optional extra step. Rather, the modern

view is that our starting point is quantum and that the understanding of the classical limit is the extra step.
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Detour into QED
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The effective field theory treatment is not a change in quantum field theory. It is rather using regular

QFT with a careful attention to the scales in the problem. The common features of EFT are also seen in other



theories in certain limits. In other publications, I have used the sigma model to motivate EFT techniques
[2-5], and indeed, that analogy is very useful for gravity. In order to here give a different example, we can use
QED for this purpose.
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The QED path integral is given by
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The subscript A , implying a limited range of this theory, is also appropriate here. This is because we
know that the photon is not the correct degree of freedom at all energies. Above the scale of electroweak
symmetry breaking, it is replaced by linear combinations of the SU(2), gauge field V[{f , the hypercharge field
B, , and the Higgs boson. Treating the photon as a separate field is only valid below the electroweak scale. But
we do not need to know that fact for QED to work at low energies. Similar comments apply to the charged
fermion here. At high energy, the fermion mass eigenstates are decomposed into different fields (the weak
eigenstates) and also involve the Higgs field.
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We can explore this at even lower energies - below the mass of the fermion. In this case, in situations
where the external fermions are not present, they still propagate in loops in the original theory but can be
removed from the effective field theory for photons. That is, we can form an effective action for the photons
by integrating out the massive fermion. We do this by performing the path integral over the fermion field to

define an effective Lagrangian involving only the photon
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This leaves behind the effective field theory defined by
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The subscript on the path integration is now the mass m rather than the electroweak scale, because the

effective field theory is only valid below that mass.
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In practice, we can do this in perturbation theory by matching the full theory to the effective theory. At
leading order in the electric charge, this involves the vacuum polarization diagram, I1,,,,i (q) = (quqv — nuqu) II (qz)

, which is described in momentum space using dimensional regularization
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wheree = (d — 4) /2. Atlow energy, only the top line is relevant. We know what to do with the divergence
- it goes into the renormalization of the electric charge. However, we should also note the log m? term. This
is present even for the heaviest masses. However, if we are to measure the electric charge at g> = 0, it also

goes into the definition of the charge. The residual describes the deviation from the result at g*> = 0,
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This result can be described by an effective Lagrangian containing only the photon field (Here, I have
chosen the 1/4e* normalization to underscore that the renormalization of the electric charge is applied at
2
qg=0.)
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The form of this Lagrangian has been chosen to match with the vacuum polarization amplitude when a

matrix element is taken.
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The most important point here is that the new term in the effective Lagrangian is local. This follows from
the uncertainty principle. Effects from high energy/momentum appear only at short distance in coordinate
space. Such effects can be Taylor expanded in the light momenta and are then represented by a local derivative
expansion for the effective Lagrangian. The takeaway is that effects from high energy appear local when

viewed at low energy and that they can be represented by local Lagrangians.
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The other important property demonstrated here is the decoupling of the heavy mass. You can see
through Eq. 9 that the vacuum polarization depends on the logarithm of the heavy mass. However, this
is absorbed into the definition of the renormalized coupling. In this sense, the electric charge depends on the
masses of charged particles, no matter how heavy. However, there is no physics in this dependence - we only
use the measured value of the charge. This is the Appelquist-Carazzone theorem at work [20]. The effects of
a heavy particle either appear in the renormalization of the coupling constants of the theory or are suppressed
by powers of the heavy mass (An exception is when integrating out the heavy particle violates the symmetry
of the theory.).
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This is perhaps a good place to note that despite our early discussion which emphasized that we treat the
path integral as correct below some scale A , we generally do not use a cutoff in calculations. Dimensional
regularization respects the symmetries of many theories where a cutoff often does not, and it is easy to use.
However, the loop integration does run over all scales including those beyond the applicability of the effective
field theory. This is nevertheless acceptable. The "wrong” behavior at high energy appears as a local effect and
satisfies the Appelquist-Carazzone theorem. It then disappears into the renormalization and identification of
the parameters of the local effective Lagrangian. Those parameters will be the appropriate ones as long as the
EFT is not applied outside of its range of validity.
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Another feature that can be seen here is that there is no Ostrogradsky instability [21, 22] associated with
the higher derivatives. This refers to the result in classical mechanics where in theories with higher time
derivatives the Hamiltonian, calculated by canonical methods, exhibits an instability. While the second term
has the higher time derivatives, in practice, it does not lead to any instability. At low energy, its effect is

small compared to the usual energy. The higher derivatives can become comparable and potentially trigger

10



an instability, only at energies which are far higher than those appropriate for the effective field theory [23].
Despite the extra derivatives, the classical limit of the effective field theory is usual E&M.
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There are corrections to this result suppressed by more powers of the mass. The next term in the effective

Lagrangian is that of Euler and Heisenberg
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which occurs due to the box diagram. This mediates interactions of photons.
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It is also instructive to look at the opposite extreme, where the mass of the fermion goes to zero or the
relative momentum transfer is large compared to the mass. In this case, there can be no expansion in inverse
powers of the mass. In the vacuum polarization diagram, the logarithm becomes more important. This is
nonanalytic and cannot be Taylor expanded in derivatives. If we try to represent it in position space, it would
be non-local, represented by the non-local function
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Physically, this is non-local because massless fields can propagate long distances. If we were to try to
match this to an effective action, it would also have to be non-local, schematically represented by [24]
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with the shorthand notation
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f d*xAlog[B = / d*xd*yA (x){x|log[| y)B (y). (15)

In Eq. 14, we note the appearance of the running coupling constant. However, the main point here is
that massless fields yield non-analytic terms such as log g? in momentum space and non-localities in position

space.
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The effective field theory is a full quantum field theory. This can be seen by the fact that the effective
action, Eq. 11, still contains the integration over the photon field.
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General Relativity as an Effective Field Theory

TENEROHRIIT S &

While most pedagogic treatments of general relativity emphasize geometry and curved spacetime, it is
also possible to develop it as a gauge field theory [5, 25, 26]. If we want to obtain a field theory coupled to
energy and momentum, we will gauge spacetime translations, which are the corresponding symmetries. This
leads to general covariance, the metric as a dynamical field and covariant derivatives. The action then must be
an invariant, with the simplest terms being the cosmological constant and the Einstein action. The geometric
treatment is exceptionally powerful for the classical theory. The field theory treatment is conceptually closer
to the development of the Standard Model and is more useful for the quantum theory. Effective field theory
then helps make sense of the quantum field theory.

REEU™ SRR ISR BCE N A ARG E T LT 5 N2, BRI AT DU HR R o RLTE 1€ (5, 25,
26], WRBAMEESGH—MESRER SRRV, BURZXER RO FRIE R 2 PR e
Re#, XRGENTSCRE. 1ENEN 2R A A G, IR B AR AR, &fd
IR T A RO S Z R R LN T MBS IME 1, Timie B RS
EEESEARIEERIA R R, MR THICHEAR. ARHIEN AT AR BB B AR T I IE IR

The ultimate origin of the gravitational interactions may not be known, but we do know the symmetry
of the theory - general covariance. The unknown physics from high energy will produce a local Lagrangian at
low energy. The curvatures are second order in derivatives of the metric, so the action can be ordered in the

derivative/energy expansion, with the first several terms being
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with A being the cosmological constant and x?> = 327G . The effective field theory by itself says nothing
about the magnitude of the various constants. If we do not know the underlying theory, we need to mea-
sure these parameters. At ordinary energies, the effects of the curvature squared terms are negligible if the
constants c¢; and ¢, have any normal size (In particular, there would only be noticeable effects in the gravita-
tional interaction at a millimeter if the coefficients were greater than about 10 . If the derivative expansion
of general relativity is scaled by the Planck mass, we would expect these dimensionless coefficients to be of
order unity. But, given the unexpectedly small value of the cosmological constant and the possibility of new
physics as we increase the energy, we should be open to the possibility that this latter expectation is not cor-
rect.). Moreover, these do not trigger an Ostrogradsky instability when used as effective interactions [23] in

the same way that we saw in the QED example above.

Hrp A B TFHPAHEY, * =3226 . ABHRAGFHREMEE LA, WERBATARIEERER
6, MHRENEXESE, EEEERT, B o, Moy MEREMAD, #FRF75 THIR AR
AT (RFAE, HAMRBORT L) 10% I, 4 RAEmk RS 1 AH B A B AT SR
QUSRS SR FEURTT LS IS AR, AKX 'BNREO—FrRD, [HEER]
FHAHYHTRERR/D, HRERTHEN ] REFEFIH, BTN L3552 BB —E Rz Al
REME). LA, ROXEETUENARAHEAER R, NREIRNT_ESC QED HlrHlk ke TR %
RSN FERTEARE M 23],

Including extra terms in the action beyond the Einstein term is not a big deal by itself. But doing this
allows one to perform renormalization of the quantum theory. By using the most general Lagrangian consis-
tent with general covariance, we can be sure that all the UV divergences can be renormalized into the various
coefficients as long as we use a regularization which does not break general covariance. The quantum field
is the fluctuation in the metric which deviates from a given background metric g, = g, + xhy, . There
is a residual covariance associated with the background field. The divergences are at short distance, which
by the equivalence principle can be treated as almost flat, so that we know the behavior of propagators at
short distance. The one-loop renormalization was carried out beautifully by 't Hooft and Veltman [27]. The

divergences due to graviton loops can be represented by an effective Lagrangian of the form

TEAR AR\ TS SMTRANTUAR 2 R K, (B ST AL T A i 7
IR, BRI RRRT SR E NI, I (R S R Ak B
F&, Sl AR A SR B A (L B A R, BT 5 R B R B 4 T R M
Sy = By + hyy, HIRKTE, EOAETRAM AN, RIKHEUEIGRE R, HRSR0RE, X,
AT DA (B P L 5%, (R TR AT AR SR B A48 T 09T M.t Hooft Al Veltman Hi a5
THEERCT (R [27], 31T S B0 K BT AZTR R IR o i F

1 171 7
L = ( Py

—— _~(—R?
Ter2z \120 T 20

while those for other matter fields are similar but with different coefficients. One can see that these

RWR’“’> 17)

divergences can be absorbed into the renormalized values of the coefficients c; and c, . Power counting in
powers of G [5] reveals that higher-order graviton loops yield divergences at higher order in the derivative
expansion, i.e., two-loop divergences are of order R [28]. In contrast, higher-order loops of matter fields
from renormalizable field theories remain at order R? . This also can be seen by power counting, because
the divergences in such theories do not have any inverse powers of the mass needed to compensate for extra

powers of the derivatives in the numerator.
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HAPpini & B, (HRECNFE, AT DB 2L R BT AR EI R 2 ¢; B ¢, FUEEEL
EH. X G BRI [5] ATDAKIE, ks h 7B S 7E SEBURITRE @R~k m, R
IR EUZ R B [28). S2AfLL, RIEEBGIEHESMYBZEREN R? B, XA D@ =
HHEASE], ROV EERIE AR A A B 7 R TR AR OORANME 0 1 AR R M SRR,

However, the renormalization of divergences is also not that big of a deal, although it was the focus of this
subject for many years. The divergences themselves come from the high-energy end of the theory, which we
know is not reliable. The ultimate UV completion will eventually tell us the correct way to treat this domain
and will predict the value of the coefficients. So renormalization is a necessary step, but one without much

content.

SR, RERHHERCRIZTUSZERIALER, EAFHIHFRAIMLEE, KBASREH
IR EREN, BATTRNE X DIRATERIETF A ] 5, REAHTRINERA S S IREAVEEIZX D XA IE#
JiiE, HEHARBNWEE, FtEBER MR EDE, AGRARZLRNE,

The real power of the effective field theory is that it shifts our attention from the UV (where we do not
know the physics) to the IR (where we do). There, EFT techniques allow one to make real predictions. This is
because we know the light degrees of freedom active there and we know their interactions. At a given order in
the energy expansion, we have a small number of coefficients, such as A, G, ¢; , and ¢, , so that we have reduced
our ignorance of the full theory of quantum gravity to a few constants. However, there are dynamical effects
which are independent of these coefficients. This comes from the fact that massless fields like the graviton

can propagate large distances, so that this propagation is distinct from any term in a local Lagrangian.

ARHENEIERHSAET, CRBMSERNBNTR A T ARV BEERERATSR NI, Frs2] 73]
ERIMAIILLINXIR, ELLINXIR, ARUAIEERA] DAEBA R VISR S . X2 AR
ZXBIERR R A HE, BT REMNIHEEER, EEERITIERSEMET, TIMNATLED
BAEY, BIUNA, G, Mlcy, FILBATRN EER T 51 HHIERIRFERM N DB LN,
o, AR EEAAMRRIX L RIS FR, IXTRT 510 TR TR E S AT DA B AR, IXAfE
BRI R TR s A% B H & R A — IR PR

As an example, let us display what happens with the gravitational interaction of non-relativistic particles,
which will be discussed with more specificity in the next section. At tree level, one graviton exchange gives an
amplitude which behaves as 1/q* much like photon exchange in QED. When Fourier transformed, this gives
the Newtonian potential. At one-loop level, the amplitude picks up non-analytic behavior from the loops of
gravitons. Schematically at the next order in G , we see that this has the form

WAIT, Bl RBIAI IR T3 IR RS, T2 e E B RRITE, TERER,
BB ) TR O HRIR T R T BN 11 PR O TR, Tt 1/? o I -5 gt
5, BB, TERER, 310 TRAGRIFRIER TN, KR, 756 ITF—H, %
RS K

GMm
q2

with a, b, and c being constants to be calculated. The analytic term ch2 will in practice contain effects

M ~ [1 + aGy—m2q? + bGq* log (—q?) + cGq* + ] (18)

from the coefficients c; and ¢, , which come from the extra derivatives when we consider the squares of
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curvatures in the local action. However, the non-analytic terms in this matrix element will be independent
of these parameters. If we are to Fourier transform the matrix element to obtain a position space potential, it
will have the form

Hrba, b fl c RFEFHERER, Kb, BT cGe> SHERE R ¢ Moy FIRY, XL
SRIFE T FAT I e sl B 5 75 T TR A M BN P AR A BTk, AT, SRR R R AT
PMRFUZLESEL, RN DS FERETTE R Z RS EIM B R, EXARWHMER

V(r)z_GMTm 1+a’g+b’f—? +c'G?83 (x). (19)

The power law corrections come from the non-analytic terms in momentum space and are independent
of the coefficients c¢; and c, . When we restore powers of 7 , we can see that the first correction ~ GM/r is

classical and the second one ~ Gh/r? is a quantum correction.

B ER BRI, BARERE e ey o HEANRE 1 (IFRGE, AIUES—
WMELE ~ GM/r BEIUEIE, —HMEIE ~ Gh/r? B E FEIE,

The form of the low-energy dynamics is similar to what happens in other quantum field theories. One
does not need to know what happens at extremely high energies in order to make predictions at ordinary ener-
gies - this is the basic message of effective field theory. Knowledge of the low-energy particles and interactions
are sufficient. General relativity fits beautifully into this paradigm.

RAESH /IR M MR T PRI O, AT ZAEN SRE N ERYE, iRk
TEEBRER MRS —XRE A RIe LB, HERNEREER R eI E R 2
57, I SHHMNIETEERERX—TER,

Lessons of Quantum General Relativity

e AL L NS e A

Perturbative quantum field theory is best at calculating transitions and scattering amplitudes. From
these, we can learn some features about low-energy quantum gravity. We have waited a long time for a quan-
tum theory of general relativity. While the EFT does not answer all of our questions, let us see what we can
do with it.

WL E T RE KR BIEN B RIE, TR DA T AHMIRRER 751 TR — 24 ik, A TAT

SCEMIEHT R FEICEAEF R TIRKINE, BARAERAIE (EFT) TIERIERNFERIR-, Ak
BERMNEBEREMT 2.
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There Is a Universal Quantum Correction to the Non-relativistic Poten-
tial

BT S E R T2 IE

We can calculate the gravitational scattering amplitude for two massive particles at one-loop order. Be-
cause all diagrams are included, this is the complete quantum amplitude, and it is a gauge invariant. While
the full amplitude is a function of all the kinematic variables, we can take the non-relativistic limit in which
the only important variable is the three-momentum transfer —q?> = q2 . For display purposes, one can then
Fourier transform this function to obtain a position space potential. As explained in the previous section, the
power law corrections in r follow from the non-analytic momentum dependence and are independent of any
divergences or unknown coefficients. The result for two particles of mass M and m is [29, 30]

BATR] DA R AR B T2 BT 5 [T RUHRIE, AT RS TR R, X2eENET
Jrig, HileMierEett, REZERIERITHIZaIFERBNEE, ERITATAHEART IERIR,
ZRIR T~ EE R R =AREE —¢® = * o N THTERR, AT OIS & s
TS EIN BRI, WRT— TR, r PRRREIERIE T AR a2 a8, HSEMZRECR
FRBOCK, R HI M m BIRSRLFIEE SR [29, 30]

GMm[  GM+m) 41 Gh

Vi = T 1 107 r2 (20)

It is obviously the third term which is the quantum correction.
SRR =2 & BRI,

It is interesting that result has now been calculated using three methods. The original calculations used
the usual Feynman diagram methods. However, the same result can be obtained by modern unitarity-based
methods [31, 32]. Here, only the on-shell gravitational Compton amplitudes (those involving two on-shell
gravitons) are required. These are related to the unitarity cut in the crossed channel. By evaluating this cut
and mapping it onto the cuts of the master Feynman integrals, one can obtain the final result more simply.
In addition, because of the property that the graviton amplitude is related to the square of a gauge theory
amplitude (the gauge-gravity correspondence or "double copy” [33, 34]), one really only has to evaluate the
QED Compton amplitude in this way of calculating [35]. This avoids needing to use the very messy triple-
graviton vertex. Because in this method only on-shell physical gravitons are used, there are no Faddeev-Popov
ghosts involved. The original Feynman diagram calculation was done in harmonic (de Donder) gauge, while
the on-shell results use a form of an axial gauge, confirming the gauge invariance of the result. The result has
also been obtained via dispersion relations [31], where the spectral function also is calculated from the cut, in

both harmonic gauge and using the double copy axial gauge.
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AR, ZERERESEL =/MET RG] RO RERAENR 2R, EHe]hE
WIAEET K IEMRI 7RG BAERIZE R [31, 32], IXRTTIENGRZETS | RS HRIE BIESMNE
Fe5 | N FHIRIE), XEIRIES 2B X ETIEAEE, @8 TR IR R B 2 3 28 2
SHITIEIE, BATA] DUE RS B SRR EE R, AN, BT 51 FIRIE S MEEICIRIERT - 75 AHSC
(RS IR BE, B “BEEIL” [33,34]), (ERXFPHRAER TFEATERR R FBRE A&7 220
RO WHRIE [35], X 7 BRI =51 0 FIR. BT R UERERES LT, &
W RAEEHRR - R e BB 2% 2 [ T AR AT (TR MUVE 2R, TAESeas AR T —3
BRI, PIRRTHEARIRIE 145 RATAVEAZE M, e RIEE (R RIS RN [31], EBBOCRTT
B, EEEFEAEDIEIESE], Ho A ETARRLTERINEE DAL R e T R,

Another interesting feature of this result is that it is universal. The universality was first found by Holstein
and Ross [36] by redoing the Feynman diagram calculations for particles of different spins. In such a method,
the universality is remarkable because different Feynman diagrams are involved in the various cases, and
the universality is only seen when adding all diagrams together. However, by the unitarity and dispersive
methods, the result can be understood to be the consequence of tree-level soft theorems. Electromagnetic
Compton amplitudes and gravitational Compton amplitudes are universal in the limit of small momenta [37-
39]. This applies not only to elementary particles but to composite macroscopic objects. In the unitary and
dispersive methods, the non-analytic terms arise from multiplying together the universal tree amplitudes.
The result is then a one-loop soft theorem for quantum gravity.

AR 5 — D AR EREENE, B/REEEN 2 Wi REE =i RN B ekl RIS
BRI T IZREIEE [36], TEIXETTIER, WiEME5INER, FNARIBEY KAREZEEZHE,
HERFAERZEMINEA RS ERNESE R, (Hld X B EMEEUT AR AR, %45 R
PgGE BRHEIS,  FRI RS WURIEA 5 RS BRI 1E /N Sh BAR R T2 EiERY [37-39], XX
EHATEART, WEHTEEENME, EAEMTTEMERTTED, AERTIORET EERHR
TEAFRR, RIIZERA T 2R 75 [ 1 S HUE B,

Both Classical and Quantum Effects Come from Loop Diagrams

2P IVAS e IR P J E o]

We are often told that the loop expansion is an expansion in # . If this were the case, we would not expect
to obtain the classical correction seen in Eq. 20 from one-loop Feynman diagrams. However, the folk theorem
is in fact not true. For the gravitational interaction, this has been known since the work of Ishikawa [40] and
Gupta and Radford [41], but the insight is more general [42]. At a technical level, when one is counting
powers of 7 by pulling out overall factors of this quantity, there are residual factors left behind. For example,

in the Dirac equation, one has h‘(,_b (i — m/h) Y . The m/#f factor can compensate an overall factor of 72, as in

G\ @?m? = Ghy/¢?m2/h2 . On a more philosophical level, if we are to reconstruct the world, including the
classical limit, from the path integral treatment, then the classical results need to be contained somewhere in

the Feynman diagram expansion.
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BATE WS HE RN 7 NI, IREZIXAE, BT8Rl 5E M IE 2% 2 E15 215K (20) HHVZ
BB I, SR J U iASE bR B IR, sEg [ EAERT S, B4EA)1] (Ishikawa)[40] PR H
AT fE45 8 (Gupta and Radford)[41] B TAEHFFRESL AT 171X — &, HIZG510H EEE M [42],
ERAREE E, YEATATSEBEEARR A N RS0 7 FRHRE, SSFIREINAF, Flanikhis
FIRERTFAE hp (i — m/h) , Eorb m/h IR F- 0] AT SRR 7 R 7, IE4N Gy @m? = Ghn/@@m?2 /2
Firme MEEARARIIZME R, NRBATEMIR IR RIREN S LI RTE NN, A4
ZEE IR B ST 2 2 B R R HEAL,

This insight was first developed into a calculational program for classical gravitational wave physics by
Goldberger and Rothstein [43]. With some further developments, it has now become a subfield for obtaining
classical results from QFT techniques. For recent reviews, see [44-46]

X— WL RUE e AR A1 2 8 ITIH (Goldberger and Rothstein)[43] A& & & 815 | i VR 155
HE, 8L E, S ELE N —MIH & FIHIeERIRIEG S 1 79U, Ei%iES
W [44-46]

There Is No "Test Mass” Limit for Quantum Effects

RYRMNAE AR R

It is common to imagine a test mass of vanishing size moving along a geodesic without itself distorting
the spacetime. Perhaps surprisingly, this does not work for quantum effects. The quantum effects sample
more than just the geodesic even for small masses. The test mass limit for the classical interaction can be
seen in the nonrelativistic potential, Eq. 20, where the classical correction depends on M + m . If m is the
smaller mass of the two, then sending m to zero leaves just the larger mass determining the correction. But

the quantum effect is independent of the relative masses, and both masses contribute equally.

M@ I, RSFa] ZsHae R E i tLiss), HASG AN, ©NEiFHE, X—
S NERTE TR, BEX NGRS, BN EIEH Tk, 285 /EH RIS
AR AT AMARA ISR (20) HEH, ZIVBERBT M +m . & m Z2MDREHE/N
A, K m MFG, BEMRNBHEARRRRE, HEFRN SRR, WA BRI TTHEE,

To see this in more detail, let us look at two of the diagrams which contribute to the corrections of the
Newtonian potential, shown in Fig. 1. These diagrams contribute to both classical and quantum effects. For
the classical portion, Fig. 1a gives a correction which is proportional to M , and that of Fig. 1b yields one
proportional to m . So in the test mass limit, Fig. 1b is negligible, and it is reasonable to interpret that of Fig.
1la as a correction to the metric that the test body moves in. However, for the quantum effects, both diagrams
la and 1b give equal quantum corrections, so the idea of a test mass does not work for these diagrams. In Fig.
1b, the graviton propagates for a long distance and samples the gravitational field not only along the geodesic
but also at different points. It is an irreducible tidal effect. As a correction to the Newtonian potential, it does

not vanish as the mass is taken to zero. There are other diagrams with this property also.

18



T EHAIR I — i, BAPREE 1 XIS A s #kim A 2 2 1, XM 2R 2 BN
BN F RN A TRk, N TRME >, B 1la SHBEELRT M, & 1b BHBIEEL
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MEVBIEZ SN, BN TR0, B 1afE 1bAHNEHBIEHESE, FREREIER
ERTXEREE, £- 1, FI0TERKERE, MISENHLE, ESEAFRMERES ]
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The Bending of Massless Particles Is Not Universal

Je R i A~ B A S R

One can address the bending of light also by a scattering calculation. This should not be done by calcu-
lating the quantum cross-section and then using the classical relation to the bending angle - that procedure
only works for 1/r potentials. However, the eikonal approximation is designed to recover the geometric op-
tics result at large impact parameter b . By calculating the peak of eikonal phase, one reproduces the classical
bending angle to impressively high order in inverse powers of the impact parameter [47,48]. One can add
quantum corrections to this result. The use of unitarity methods, where the diagrams are reconstructed from

the on-shell cuts, simplifies the calculation greatly.

BT AT DB AR THRRAC B R T, A ROEIE TR TR, A E S Wi A RIS R
RIEEPIX N HE—ZTTTELON 1/r BIEM . TAERE AR TERREHESE b NI LA
LR, I TR AL AIE(E, FRATTRT DATERE S BURIEE = BT ks BB 2 i T A
[47,48], &R DA IZESRESINE FEIE, (ERMERYIFIENR S 2 R XEMRTTIE, AR fE L
R,

M A ;4 M |
N 4 I
\ /
1 A
| // \
m l m S >

(a) (b)

Fig. 1 Two diagrams which contribute to the gravitational scattering of two masses. The solid lines
represent particles with a large mass M and a small mass m . The dashed lines are gravitons

B 1 XA RS | TR A STEI PRI, KL BIRARE M KL THVNRE m KT, B
51T

As usual, the result is unobservably small at any reasonable impact parameter. However, the interesting

aspect is that it is not the same for all massless particles [49-51]. One finds
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= tae Y 7 B 1)

where ¢, = (371/120,113/120, —29/8) for scalars, photons, and gravitons, respectively (The original cal-
culation only included gravitons in the cuts. Subsequent calculations [50, 51] correctly also include massless

]

matter particles.), and r, is an infrared cutoff. We should not be surprised at this lack of universality, as there
are no low-energy theorems for massless particles as there were in the non-relativistic limit. The tidal effects
include the long-distance propagation of gravitons and the massless particles themselves. There are entirely
different diagrams involved for the different cases.

Hr e, = (371/120,113/120,—29/8) 73 AIX MbR &AL T, SEFH5I T (RIGHEAETI B S
THINF, EEE [50,51] IEFHAIA T RREVIRLT), ro BLLAMERNT, BATARNAIXRhEE &
MBI, R ZEEAERRD SRR N ARG A T oS F R IRREE B, B 8510
TR A SR KIERERE, REIENY K2R FR 2,

This result has interesting implications for the concepts of light cones and geodesics, as will be discussed
below.

G RN EHEM RIS A B E X, T TR,

G and A Are Not Running Couplings in Physical Processes

G M A FHEPI R P SR &

We are used to having our coupling constants depend on the energy scale at which one measures it. The
idea of a running coupling captures the effects of quantum processes relevant for that scale. These are univer-
sal because they come along with the renormalization of the couplings. In a mass-independent scheme, the
1/e in dimensional regularization are always accompanied by log ( Energy )2 /u? , where (Energy) represents
some of the kinematic variable in the process under investigation (The use of a mass-independent scheme is
useful to avoid confusion with 1/¢ — log m?/u? which does not indicate kinematic running.).

BATEF NS FH B TR ERRE R, M SRS AEIL T 5IZREFH R R & 71
RERUNL, IXEERINLR EIER, EN BN SR ERM ML, ESRBICRITTRF, BYIEN
LT 1/e JRLPEREE log (Energy )*/u? , i (RERR) (REBFTHFFUS AR 53 I8 50728 ik (1
H5RBTRITTRABTEBES 1/e — logm?/u? 1RIE, E#EIFIKBINFIE. )

In the gravitational action, the coefficients quadratic in the curvature, i.e., c; and ¢, , obey this paradigm.
We have seen that loops of massless particles, including gravitons, renormalize the coefficients of operators
of order R? . This can be seen most simply in the gravitational vacuum polarization diagram, and here, the
divergences do come along with factors log g>/u? . In analogy with the electromagnetic case in Eq. 14, we can
represent this physical effect to an action such as
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This is exactly what is done in the formalism developed by Barvinsky and Vilkovisky [52-55]. It is straight-

forward to convert this into a renormalization group equation for c; .

X /RS (Barvinsky) FI4E/RBIMTEE (Vilkovisky) At & RIE AR R HAIMS [52-55], W]
DIEREH S ) o, AR,

But A and G are not like this. When we calculate loops of gravitons or other massless particles using
dimensional regularization, A and G are not renormalized - only the curvature squared terms are. So the

logarithms which accompany renormalization are not present.

B AR G IR, HRATAENENNL IR ST v s AT BRI RN, A G AW
AR IR B R, IR E R S B A F A,

However, there is renormalization of A and G when one has loops of massive particles, although these
have a different character. For example, for a scalar of mass m , the one-loop divergence relevant for the

cosmological constant is [56]

A, SFERREN TRIEER, AN GHLIRERRM, REXXEBAMBF AR,
Bgn, XFBEN m BFRERLT, 5582 BRI B 2 BN [S6]

m?

3272

w3
- —y+log(4n)+logﬁ + = (23)

SN = — 51

Note that the logarithm here is logm? . It has nothing to do with the external scales of the problem.
Once one measures the cosmological constant at one scale, it does not change when working at a different
scale. Following the log u dependence does not signify running in physical reactions when masses are present
because log m?/u? does not change with scale. Another example of this sort is in the QED vacuum polarization
for ¢ << m?,i.e., Eq. 9. At low energy, the log m?/u? from a top quark in the loop does not lead to running.
The reader who would like to see this realized in a EFT setting close to gravity, but with real comparison to
experiment, can study the renormalization of the pion decay constant FZ in chiral perturbation theory [57,58],

which plays the same role in the chiral EFT as 1/G does in general relativity.

ERHACRINEUR logm? , EMFERISMNEIRETL R, —BAERE—ARENE TFH AR, EEr
FIFRE R RN A S AN, SFERERN, EE logu HOMISRIFNREIRE WL N A7 1E
#15)1, BN log m?/u® FREFRE M, IXREHHI S —DIF2 ¢* << m? i QED =ML, Rl
(9)o REET, EEAFTE MR logm?/u? NR5IKHE, WRBFERE 7 HHX — R AEMILS 4
R ROEHEZE RRYSEEE, IEREMISCRMEATSEPRX b, ATDARFRFEREL IS n N FRE R B
RUEREEML [57,58], BEETAEARUZIEHINEIVA T, T 1/G ) SHREHIER /A G e 2,
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One can also make this theoretical argument by noting that the running of these parameters with external
scales would need to match on to some effective action, most likely non-local. For logarithmic running, we
have seen now how this works at the curvature squared order in gravity, Eq. 22, and in QED, Eq. 14. For the
cosmological constant and for the Einstein term, general covariance says that there are no non-local operators
which share the form of the local operator. The leading non-local operator closest to the cosmological constant
has been calculated [56], but it has a different structure. In particular, in an expansion about flat space, the
cosmological constant has a term linear in the gravitational field, while any nonlocal partner must have at
least two fields.

FATHER] POE 40 R RS I UE T IR — il IX LSS RS M bT L Y 3 75 ZE DU 2 A R &,
HiZEHENARTREZIRE BT, FATELMEN T8GR, XETHhZRF75R (X 22) #
BTN (K 14) FRAMAIBEZE, N T a2 R Bz RAHEn, | SR A
TEETE ARV AREIRELT, AL T H BTk AP BT B R K [56], H
ERERTEEAR, BRI, EVFEZEBITT, FHAFRLESHE -5 EEN, miEm
JEEBECN B =D S HEWN D510,

When using a cutoff regularization, one finds divergences depending on powers of the cutoff such as
(cutoff) # or (cutoff) 2 for A and G (However, some of the naive dependences often quoted are in fact absent
due to cutoff-dependent terms in the path integral Jacobean [59].). It needs to be emphasized that these do
not define running parameters in physical processes. On the one hand, physical results do not depend on
regularization scheme, and the absence of these dependences in dimensional regularization implies that they
are not physical. They are absorbed when measuring A or G at a given scale and do not change when the
external scales do. In an effective action framework, powers of external scales would be represented in the
local Lagrangian by powers of derivatives or curvatures. They are already included in the local terms in the
derivative expansion of the EFT, but with fixed coefficients. Again, the related case of chiral perturbation

theory is an experimentally tested EFT where one verifies these comments.

(E AT IENILR, AL BRI T EITRIRR, BT AR G, KBCNERTR ¢ Rk
WA 2 R (AT, TSR AR G R] ERAT 2 AR R T O I, SRk 48 R R 20 E LA Sk
br_EFFAELE [59])e FREMIARZ, XELBOFAE XYHES P RHsh S8 —Jrm, PR
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SR IR IR S AE SR AR B H & rh i S EE R RR R R, EMNEamESEARAIE (BFT)
SRt R, HERRBGREERN, A, FAEMIICIR—HXRAZRET LRI R AL
e, AlDRIE EIRESIE,

Finally, one could just try to identify a running coupling in the calculation of physical processes. Perhaps
there turns out to be some useful way to capture the quantum effects as a function of scale. There are multiple
calculations which have been done. In any one process, one could identify some energy dependence which
describes the quantum effects for that process. But there is no useful or universal identification that works

with multiple processes [60].
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The subfield of asymptotic safety [61-63] uses a IR cutoff and defines the theory by using Wilsonian ideas
for running that cutoff from a UV fixed point down to zero energy. However, this is just used to define the
physical theory once the full range of the cutoff is included. It does not mean that the physical parameters run
and is not intrinsically in conflict with the above discussion. But it should be recognized that it is incorrect
to use that power law cutoff dependence in physical settings as if it were running in phenomenological appli-
cations [64]. More modern treatments use the derivative expansion to describe energy behavior in physical
processes [65] and are more in line with the effective field theory treatment.

i U [61-63] (HFHLLAMENT, BT BRI 75 TR E BRI LEERIT SRS B) B s 2%
AEE, (HXHBIEMSBMTH RIEHEE R E BHIE, EH A RIRE YR SEUR AN, Al
R AFEARBUDR, EFRZINRE, FEMER N AR X R R AT o =5 (E B A2 Y
HUBIR R TRAT [64], SEBMRRIALET IR H S EURIT Rt B P IRERAT N [65],
(BREREEY €7l LIS LY RN

There Is No ’Quantum Metric”

AEE “Ry A"

It is tempting to look for quantum effects modifying the metric describing various classical solutions. We
do not do this for QED (there is no "quantum corrected electric field” surrounding a charge), but classical
solutions play such a foundational role in general relativity that we are certainly interested in this question.

MR BRASEEIHKE T RNRBIEMB SRR EM, BIER TR FH A4
fif CEMT BN “BRTBIERY" ), BLMEE HEHAEREEMMEER, Ft®IA
RAIKERX A,

For cases where gravity remains classical and the quantum effects are due to matter fields, such as those
involving photons in the Reissner-Nordstrom metric, this question appears well defined [66]. For example,
the quantum correction due to photon loops in gy is (In this equation, I have removed the factor of # from
the usual definition of « so that o = e?/4x .).

NSO EE, &7 RNSRIRTPIBUaRIE N, Blanssh-E s e e e &1y
THOL, XA AR E SOZ TR [66]0 BIUN, goo FYET I RATE TIEIEN (AKX, TM o HIE
WEXPEHRTRHET 7, HHEH a=e/4r, ).
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Since gravity is classical here, this result just follows from loop corrections to the energy momentum

8o =1- (24)

tensor. Here again, loop diagrams reproduce both the leading classical correction and a quantum correction.
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However, when gravity itself is treated in QFT, the result is more problematic. Part of the problem is that
the metric itself is not a well-defined quantum concept. Quantum physics traditionally describes transition
amplitudes and the like, and the results described earlier in this section have been derived from these. But
the traditional class of well-defined quantum objects does not include the field variable itself.

HUINSEAE 5 [ A SRR TR NEE, SRS TRERNE, o mEET, EIARSH
AE—MEX RFNEFHE, BFYHEES ERMIRRITRIESEN R, A WRTHIANS R L2
MIZEE AT R, MESE EE L RIFNE TFNREFH N EHZEAR S,

Along these lines, there have been attempts [67-70] (including one by the present author) to calculate
the quantum corrections to the Schwarzschild metric. These have been criticized by Kirilin [71] as not being
invariant under the reparametrization of the gravitational field, i.e., the way that one choses to expand about a
background metric. In QFT, it is not supposed to make a difference if we perform field redefinitions as long as
the identification of the on-shell free fields is maintained. This is commonly used and is referred to as Haag’s
theorem [72]. However, even in non-gravitational QFT, the theorem only applies to on-shell matrix elements.
Off-shell quantities and intermediate results are not similarly invariant. A given set of quantum corrections
to a metric are intermediate results to a full calculation and depend not only on the gauge (which is to be

expected) but also on the field parameterization (which is harder to overcome).

HEX B, CAZIWIR [67-70)(REA SRR B —I L) 2T R L v AL & FE1E,
FLEM [71] IPFXERRAW RS ES BTN, BIANRERTHRENRIT T ks
THALZN, ERFeh, REREREBRIRGINE, SEEXAMIZREER, X2 —
M TZ MRS, FROBREE [72], A, RMEREIREIINETZICT, RWEH B OEHT
FEFEERETE, BRI ASERF T BARXMALN, X EMN—HE B ER TR EHR+
RIZER, AT MG X ZH), IMRBT 280 OX— RUEEHERR),

The semiclassical idea of the expectation value of the metric (g,m,> isalso not a valid quantum object when
the gravitational field itself is quantum. It is subject to Kirilin’s criticism. One would need to understand how

this expectation value would be measured in a quantum process for it to be well defined.

L3RS RETUN, FEUNSTER (g,,) WHEELNE - MERNREFEHR, ERFFE
SEE ARG, RESCII TR EX MIEE, A RSO E X RAFHIA R,

This problem as described above is one of perturbation theory. The idea of a covariant non-local effective
action seems well defined. If treated fully, this presumably could reveal the nature of quantum solutions.
But in practice such actions are only approximately known. The method of Barvinsky and Vilkovisky called
the expansion in the curvature [52-54] and referred to briefly in Eq. 22 is an example. It appears expressed
in terms of curvatures, so that might be independent of field redefinitions. However, there is not a unique
understanding of what is meant by log [ ]— this part of the calculation is not expressed in terms of curvatures.
The correction to the logarithmic term in the effective action involves structures which are generically of the
form R? éR . These are of the same order in both the loop expansion and in the derivative expansion as the
logarithmic correction. Dimensional analysis can be used to show that in the Schwarzschild case, near the
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horizon, these corrections are of the same magnitude as the logarithmic ones. So even here we see some limits

of perturbation theory.

SRR A AR TSRS TR, bR A R X — R AR B SO T
o QNSRSERACH, CBFRENS 1R B T IRRIA T, ESChr BIXSRA B E AL PIES R, BE/RX
STEERN 4E/R AR TSR A 3R R T 7575 [52-54] g — MBI, X (22) WEEHRE T i%75 1%, B
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ST IZEEAS IEFIN BUE IERIBE AR, R RV E R AR A B RE R 2L R R BR P,

In a less formal context, we can also see in the calculations above that there is not a universal quantum
metric. We can look at the calculations and see if there is a corrected metric which would describe these
situations. One can easily see that there is no single metric around a massive body which would recover
the behavior for both the non-relativistic and massless particles. This result is also implied indirectly in the
discussion of test particles. The diagrams that go into the calculation of a change in the metric, which would

include Fig. 1a, are not the final result, which would also include Fig. 1b.

FEEAEAMEER, BT DN ERHEREL, FEESENREFEM, B DEERXE
W8, BERGHFE - MEEERNEMBEBRIRIXERE I, AHERI, RERAEEAFER—
AIRERR, AT DA B BRSSP A TE BB AT N, X DA IE AR TR+ A I I Fh s R %
WRe AREEH T IHHREMAME (HEE 1a) HARRASR, RASREFEMUZAE 1b,

Light Cones/Penrose Diagrams Appear as Uncontrolled Approximations

YeHE/ 2P Wil R A Z i oL

It is perhaps redundant to point out that the results described above call into question many of our stan-
dard tools. If massless particles follow different trajectories, which one is it that defines the light cone? If
there is an intrinsic fuzziness to this concept, how does one draw a proper Penrose diagram? To be sure, these
effects are small in the limits where the EFT is valid. Using the standard tools in that regime will be approx-
imately valid, with calculable corrections. But the effects get larger and more important as one approaches
the limits of the EFT, where many of the interesting quantum gravity questions are posed. These tools are not
controlled approximations outside of the EFT region.

W TLEFRE S, LRGEROCENTANF 2R TRARH T FEE, WRTREA IR RPUEIZE),
IR FR TSR — AU E T EHE? GNSRIX IS B A CENAERDRE, BTG 2AH] A
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Limits of the Gravitational Effective Field Theory

5B HRRIRER

The heart of effective field theory is the idea that only the degrees of freedom which are active at a given
energy need to be included and we only need to know their interactions near that scale. Physics is an exper-
imental science, and there are boundaries to what we know. Here are some comments on the limits of the

effective field theory for gravity.

AL EEE: AFRUSAERER MR B HE, AT THHXLE B HEAEIZRER T
ﬁ%ﬁEW%WTo%@?ﬁ—H%%ﬂ%,&mmwﬂff A5, PCRIES I AERIZIEHER
A RRR T,

High Energy

rIfiE

The most obvious limit to the effective field theory is at high energy or large curvature. At some energy,
our knowledge of the right degrees of freedom or of their interactions fails. We then need a more complete
theory. Or perhaps if the same ingredients remain valid, near the Planck scale, we would enter a strongly
coupled regime where EFT techniques would be useless.

AR AR AIE AR HEUE = REBOR RS T BIIA—ERER )G, T IER B A H
MHEAERBIARIBER KRR, RXNFTRE D EESHEIE, WHEABEICHEARIARAL, T
AT RN BATR S AN S XIS, AR AR EE.

Many of the most interesting question in the study of quantum gravity are sensitive to the high-energy
limit. In EFT jargon, this is referred to as the need for a UV completion. Many of the other contributions to
this volume describe these theories.

BT 5N iR A R B B ER RO S RER IR UK. ARG ARIERY, XEWRETR
MFTE—DERINEFHIL, AIECRIHM 2 R R X EEIe T T

The Extreme Infrared Limit of the Theory

BRI R EL MR

Effective field theory is meant to be best in the infrared, and there is no indication that this is not correct.
However, there are technical limitations on what we can do with present techniques, which become most
obvious in the extreme infrared. These are perhaps more interesting than the high-energy limitations, as they
may lead to new techniques and perhaps new insights.
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The local effective action which we start with is an expansion in the local curvature. In general, the
non-local quantum effects are calculated by a perturbative expansion around a background metric, g,, =
8w txhy, . However, gravitational effects build up, and the metric can get large even when the local curvature
is small. By the equivalence principle, we can always chose the background metric to be almost flat in a
neighborhood of any point. This is most clearly seen using normal coordinates, which expand about a position

in spacetime

BATIAT A BRI R E A R R R R R 211, — ek, ERBE FRNNEE ESEE =
JEML g = 8o + chy, RIRERIRITIT S, E51MSAMRM, BMERERR, EAha] Lo
TIHRAR, MRIEFRURE, AV POEREEREM, FHRAERRNBEAELITFE, X—~H
IERUAEbR R A 7 R B,  IERLARARIE Bl SR 2 5 — A B RIS 2/

! 1 !
Buv (x') = Nuy + gRucxuﬁ (x)yayﬁ +., =X —x). (25)

However, if the distance away is far enough, the metric in this expansion will become large unless higher-
order terms in the expansion, of order R? and higher, become important. An extreme example of this is the
standard Schwarzschild coordinates for a black hole. Coordinates which are smooth at infinity have a metric
which blows up at the horizon. If we choose coordinates which are smooth near a point on the horizon, they
will blow up somewhere else. This happens even though the curvature itself will be small outside and on the

horizon for massive black holes.

(HANSRER RS T R, BRAFEITH R? B S E R B s U E B, S UIZRIT PRIEM S
TAGFTCTH Ko — DTG il 72 SR TR HOBR 1 52 FUPG AR BR: AETC 5 I CIR A AR, HERLRAEALSRAL
KRB ARG BRI SR I R EI AR AR, JERL AR H AT & B, R R TR,
PEAIMERAAL TR L AT HRA B AR, XA R OURA R KL,

This problem also permeates classical perturbation theory. One can use post-Newtonian expansions to
calculate gravitational radiation for the far-field part of the inspiral phase, but we need numerical techniques
to capture the results near the horizon scale even when the curvature there is small.

XA AR T MBI, AT ARG AT+ Rt Bz il o 195 | iedt, (200
MBS RE R HERIRD, BT EEUETT RS B S R RIEE R,

However, the problem is more severe in quantum perturbation theory. We have seen that the quantum
gravity effects are non-local because the massless propagators can probe large distances. The non-locality
implies that even if we are in a region of small metric deviation, the propagators can probe the larger metrics
further away. Most of our field theoretic techniques are adaptions from flat space methods. For a specific
example, consider the logarithmic non-locality such as we have discussed frequently above. In flat space,
dimensional analysis tells us that for time-independent problems
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2
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The resulting 1/r® dependence is seen in the non-relativistic potential Eq. 20, the bending angle Eq. 21,

and the metric correction Eq. 24. However, this means that if you were to use this form in the analysis of
the Schwarzschild solution, even if you were at a large distance from the center, you would be sensitive to the

horizon where the metric blows up and sensitive even to the curvature singularity at the origin.

F = AR 1/ AR AR IR S (3K 20), I (GX 21) FIERUELE (3K 24) REE], EIXE
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Again, this seems to be a technical problem, which could potentially be solved by numerical relativity.
Intuitively, we expect such effects to be small - we should not need to know about the black hole at the center
of our galaxy in order to do weak field calculations on earth. But we presently do not have a universal estima-
tor for how big such corrections are. And we do not have any proof that the quantum effects do not build up
over long distances like the classical effects do (Yang-Mills theory also is a good perturbation theory at short
distances but, for very different reasons, at large distance becomes non-perturbative. At the very largest dis-
tances, QCD and QED in the real world have neutral states so that the growth with distance is not important.
Gravitational charges are all the same sign, so effects can build up.). So this becomes a limitation on the EFT

techniques.

B Z MR, sVFa] DB BUEMART ISR, B3 L, BAIHHX IR N—
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Perhaps the issue could be addressed by combining patches using different coordinates and matching on
the boundary. In each patch, we can use the equivalence principle to make the coordinates nearly flat. Then
matching at the boundaries would convey the information from one patch to another. However, this program

has not yet been carried out.

BRVFIZ A A AT DO PHE AR AEFRE patches FEAEID SRICECR MR, & patch /1, FRATTETA]
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What Are the Right Quantum Questions?

1252 IL WA 2 - )ei?

Quantum field theory in curved spacetime is a challenging subject even for nongravitational particles and
interactions. It is not even clear how to rigorously define a particle in general curved spacetimes. However, in
lightly curved worlds, we can approximately use Minkowski field theory techniques. We do this all the time
since we live in a lightly curved spacetime. In curved spacetime, the gravitational effective field theory shares

these challenges and adds an extra one because the metric is now a dynamical variable.

Bl 2 1 R IR BV R AR S | R 7 FAH LR AT 5 AR — MR PR R, £ — RS il i
2, EEEATERS T SORE TN BT, Y, ERESHMNZEERT, BT DAE X
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NZH, SIEBIZE T FER LM, B2 7 — DEIMNES: A S IERN 2 LR T,

The perturbative solution is to expand around a background metric and treat the fluctuating field quan-
tum mechanically. We have seen that this can yield leading predictions at low energy and curvature. But
the effective theory has also demonstrated that some of our usual techniques have some limitations. Some of
these can be traced to the perturbative expansion, as we have seen the difficulty of identifying the backreaction
on the background metric itself.

MR R ESEE SEMRIT, REX S TR T2, BMNEAHNE, 1Xa] AIERRER
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The larger challenge is to identify valid quantum questions for gravity which are also able to be answered
with techniques which we know how to apply. This may require the adoption of non-perturbative methods, at
least in cases where the metric field becomes strong. Even in non-perturbative computational methods such
as causal dynamical triangulations, it is also a challenge to identify sensible objects to be calculated [73]. The
limits of perturbation theory itself may prove to be one of the limits of the effective field theory. In any case,
there still are interesting field theory developments possible even within the effective field theory.

BERIIPREAET, AN 58z, RIIERER A ERT AR SR E TR, ZHENHX
—i, EVEEMZGRNZRT, AJRERERMAEMINTI A, RERERRNZF =A% xR
FERELHE T EF, WEES RN SEN R IZE TR (73], MR SRR, sFam)
NEZFENRIRZ —. Foeanfl, WHMEREAESUZIERNESRA, RAEIAH BT RZ
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Other Potential Limits

HA R IR

Effective field theory is a ’humble” theory in that it attempts to work within the framework of existing

knowledge and to acknowledge its limits. In this regard, we should recognize that there are other limits on
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our understanding besides just the energy/distance variable.
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In particular, quantum mechanics itself has only been tested within some limits. In reactions, there are
generally only a few particles involved. Even in condensed matter physics, with enormous numbers of par-
ticles, the interactions are primarily two-body or sometimes three-body. We presently have no experimental
need for modifications to quantum mechanics, as we do for other interactions outside their known frontiers.
However, there could be a "macroscopicity” frontier. Many issues in the transition from quantum physics to
classical physics and decoherence remain poorly understood. Gravity could be the place where these effects
become important, as gravity is not screened and very large masses are available. Recent work on stochastic
effects and decoherence, reviewed by C. Burgess in this volume [74], provides some new techniques within
quantum mechanics. But perhaps there could be real changes with quantum physics for objects that are
macroscopic enough. This point of view has been put forward by Penrose [75] and by Stamp and collabora-
tors [76].
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Conclusion
ghit

Claims that general relativity clashes with quantum mechanics are wrong or at least misleadingly sim-
plistic. The covariant quantization of general relativity is by now an old topic [5,77-79]. Modern quantum
field theory techniques - effective field theory - help us to extract physical quantum predictions. These tech-
niques are completely normal quantum field theory methods which are applied routinely in other settings.

So the quantum field theory of quantum general relativity is quite normal.

WA XA E S & F A FERAMRI R EIRN, 8& 202 IR R, | XH
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Indeed, general relativity is perhaps the best example of the effective field theory paradigm. It appears

to be valid over many orders of magnitude in distance or energy, and it overlaps with quantum physics in
regions where the latter is relevant. We have tested the low-energy degrees of freedom, and their interactions
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follow from a simple action. Plus, since we do not know the ultimate UV completion for quantum gravity, the

effective field theory is all that we can be sure about.

HE Lk, RIS R AR R A EATER, B EMAERR 2 MR AL,
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There is no reason to be misleadingly simplistic about quantum gravity. We have made strides in quantiz-
ing, renormalizing, and applying quantum general relativity. The effective field theory results are interesting
in themselves. And we can readily motivate further quantum gravity work without being misleading. What
we should be saying is that quantum general relativity points unmistakably to our lack of understanding of
the full theory.

BATA BN &5 RS R, RIMNEEER T, ERANNHE T CEX
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Quantum gravity is not optional. While we likely will not know the experimental outcome in our lifetimes
regarding the various options, there is still much to learn about the consistency and structure of the theories.
Perhaps the exploration will change our understanding of the world. But we do know that all of the theories
of quantum gravity need to reduce to the effective field theory of general relativity in the appropriate limit.
This effective field theory provides a foundation for our exploration of quantum gravity.

BT3RS AR AE, REBINTEEZERMRIEE DRI ML RRIESER, H
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