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Fakeons, Quantum Gravity AndThe Correspondence PrincipleDamiano AnselmiDipartimento di Fisica �Enrico Fermi�, Università di PisaLargo B. Pontecorvo 3, 56127 Pisa, Italy,and INFN, Sezione di Pisa,Largo B. Pontecorvo 3, 56127 Pisa, Italy,damiano.anselmi@unipi.itAbstractThe correspondence principle made of unitarity, locality and renormalizability has beenvery successful in quantum �eld theory. Among the other things, it helped us build thestandard model. However, it also showed important limitations. For example, it failedto restrict the gauge group and the matter sector in a powerful way. After discussing itse�ectiveness, we upgrade it to make room for quantum gravity. The unitarity assumptionis better understood, since it allows for the presence of physical particles as well as fakeparticles (fakeons). The locality assumption is applied to an interim classical action, sincethe true classical action is nonlocal and emerges from the quantization and a later processof classicization. The renormalizability assumption is re�ned to single out the special roleof the gauge couplings. We show that the upgraded principle leads to an essentially uniquetheory of quantum gravity. In particular, in four dimensions, a fakeon of spin 2, togetherwith a scalar �eld, is able to make the theory renormalizable while preserving unitarity. Weo�er an overview of quantum �eld theories of particles and fakeons in various dimensions,with and without gravity.Proceedings of the conference �Progress and Visions in Quantum Theory in View ofGravity: Bridging foundations of physics and mathematics�, Max Planck Institute forMathematics in the Sciences, Leipzig, October 20181
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1 IntroductionAccording to Bohr's correspondence principle, it must be possible to obtain the laws ofclassical mechanics from those of quantum mechanics in the limit of large quantum num-bers, or, more generally, the classical limit. We can view the principle as a guideline forthe selection of theories. Behind the necessity of such a selection is the fact that ourobservational power is considerably reduced when we explore the microscopic world.At the classical level, we can uncover the physical laws relatively easily, because we canmake a large number of experimental observations at the same time without disturbingthe system, at least in principle. On the contrary, at the quantum level, our possibilitiesof observing the microscopic world are limited by several factors, including the laws ofphysics themselves, e.g. the uncertainty principle, as well as our physical constitution, thedimensions of the cells and atoms of which we are made. The human beings are clumpsof atoms that are trying to �understand�1 the laws that govern scales of magnitude thatare billions of billions of times smaller than the smallest ingredient they are made of. Veryprobably, this is a vicious circle. Below certain scales of magnitude the universe maybecome unknowable to us.Our thought is, so to speak, �classical�, because it is shaped by the interactions betweenus and the classical environment where we live. The fundamental concepts of our logic(such as existence, origin, time, space, cause, e�ect, principle, consequence, etc.) areinherited from that environment. Unlikely they are absolute. They might just be usefulapproximations, or e�ective descriptions with limited ranges of applicability.For these reasons, a quantum theory is not built from scratch, but instead guessedfrom another theory that is more familiar to us, which we call classical and which islater quantized. Unless there is a sort of correspondence between the two, our chances ofunderstanding the quantum world are minimal.Quantum mechanics forced us to waive determinism, which we used to take for granted.The lesson is that at any point we may have to modify the laws of physics and even thebasic principles of our thinking in a profound way. Instead of assuming that our knowledgeis �universal� and extends straightforwardly to the unknown portion of the universe, wemust admit that the �principles� suggested by our classical experiences are just temporarywork hypotheses.With the help of the devices we build, we can extend the exploration of the world1When we �understand� something previously unknown to us, we just establish analogies, relations,correspondences with phenomena that are more familiar to us. Ultimately, �understanding� just means�getting used to�. 2
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way beyond the limits of our direct perception. However, the devices have limits as well,because they are macroscopic, like us. When we build them, we tacitly assume that thelaws of nature derived from the observation of the known portion of the world remain validwhen we explore the unknown portion. If everything works as expected, the assumptionis validated. Yet, this does not prove that those laws are universal, i.e. hold for arbitrarilyshort time intervals, or arbitrarily large energies.It is reasonable to expect that, when the energies we explore are not too high, the lawsof nature remain to some extent similar to the laws obeyed by the phenomena occurringin the classical environment that surrounds us. Bohr's correspondence principle codi�essuch a similarity up to the atomic distances, which are the realm of quantum mechanics.What happens when we explore smaller distances? Conceivably, the correspondence willbecome weaker and weaker and our instruments will not help us inde�nitely.The �rst descent to smaller distances is quantum �eld theory. There, we talk aboutclassical limit in a di�erent sense, which may not even refer to true classical phenomena, asquantum chromodynamics shows. Yet, an upgraded version of the correspondence principledoes emerge, summarized by the requirements of unitarity, locality and renormalizability.It leads us to build the standard model of particle physics.At the same time, crucial limitations appear. For example, we are still unable to explainwhy the gauge group of the standard model is U(1)×SU(2)×SU(3). Moreover, the mattersector is only weakly constrained. So far, all the attempts to unify the three interactionsof nature encoded in the standard model have failed. One possible explanation is that wehave not been clever enough, but another, sadder possibility is that the correspondencebetween the macroscopic world we live in and the microscopic world we wish to exploremight be fading away. At some point all similarity will eventually disappear and we willremain blind and powerless. For this reason, we think that it is too risky to depart from thekind of correspondence that has worked so far: we have to be as conservative as possible.The second descent, quantum gravity, may require to reconsider or re�ne the basicassumptions of the correspondence principle in nontrivial ways. In this paper, we showthat further upgrades are indeed available and lead to an essentially unique solution to theproblem of quantum gravity.The basic new idea is the concept of fake particle (fakeon), which is able to reconcilerenormalizability and unitarity. In four dimensions, quantum gravity is described by atriplet made by the graviton, a fakeon of spin 2 and a scalar �eld. The theory is verypredictive and way more unique than the standard model. We infer the upgraded corre-spondence principle from its main properties and then give an overview of quantum �eldtheories of particles and fakeons in various dimensions, with and without gravity.3
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The fakeons are introduced by means of a novel quantization prescription [1, 2] for thepoles of the free propagators. In the Euclidean region of the space P of the complexi�edexternal momenta, a Feynman diagram is evaluated as usual, from the Euclidean version ofthe theory. Elsewhere, it is evaluated from the Euclidean region by analytic continuation upto the fakeon thresholds, which are the thresholds associated with the processes involvingfakeons. Above those thresholds the diagram is evaluated by means of a nonanalyticoperation, called average continuation, which amounts to take the arithmetic average of theanalytic continuations that circumvent the threshold. Overall, we may view the procedureas a nonanalytic Wick rotation [3, 4]. Finally, to have unitarity, the fakeons must beprojected away from the physical spectrum.In a quantum �eld theory of particles and fakeons the quantization has to be understoodin a new way. To mention one thing, the starting classical action, which is local, is justan interim action, because it is unprojected, i.e. it contains the (classical counterparts ofthe) fakeons. However, since the projection comes from the quantization, when we wantto reach the classical limit we must �rst quantize the theory and then classicize it back.Only at the end of this procedure we obtain the true classical action, which is nonlocal.We see that the locality assumption must be understood anew and applied to the interimclassical action.In addition, the renormalizability requirement has to be formulated more precisely,because the existing de�nitions do not make us appreciate the peculiar role reserved to thegauge couplings. As far as the unitarity requirement is concerned, it does not need to bemodi�ed, but it is necessary to realize that it leaves room for both physical particles andfakeons.Among the other approaches to the problem of quantum gravity appeared in the pastdecades, we mention string theory [5], loop quantum gravity [6], holography [7] and asymp-totic safety [8]. Most of them follow from correspondence principles that sound very adhoc and are based on assumptions that appear hard to justify. None of them is as closeto the standard model as the solution based on the fakeon idea, which is a quantum �eldtheory, admits a perturbative expansion in terms of Feynman diagrams and allows us tomake calculations with a comparable e�ort (see refs. [9, 10]).String theory is criticized for being nonpredictive [11]. Moreover, its calculations oftenrequire mathematics that is not completely understood. Loop quantum gravity is evenmore challenging, because it is at an earlier stage of development. The AdS/CFT corre-spondence and the asymptotic-safety program do not admit weakly coupled expansions.Our solution bests its competitors in calculatibity, predictivity and falsi�ability. It is alsorather rigid, because it contains only two new parameters.4
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A theory of quantum gravity is supposed to shed light on a new understanding ofspacetime at the microscopic level. In the theories of particles and fakeons, this is theviolation of microcausality: at energies larger than the fakeon masses, past, present andfuture lose meaning and there is no way to tell the di�erence between cause and e�ect.From the theoretical and experimental points of view, there is room for this prediction tobe accurate. The new physics is expected to emerge at energies around the fakeon masses,which might be well below the Planck scale, possibly around 1012GeV.The paper is organized as follows. In section 2 we recall the fakeon idea. In section 3we recall the formulation of quantum gravity it leads to. In section 4 we study the dressedpropagators. In section 5 we classicize quantum gravity. In section 6 we summarizethe lessons learned and upgrade the correspondence principle. Section 7 contains theconclusions.2 FakeonsIn this section, we discuss the idea of fake particle introduced in ref. [1]. We start from thecrucial property, which is unitarity. Once the S matrix is written as 1 + iT , the unitarityequation S†S = 1 gives the optical theorem
2ImT = T †T. (2.1)A diagrammatic version of this identity is provided by the so-called cutting equations [12],which express the real part of a diagram as a sum of �cut diagrams�. The simplest cuttingequations are
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, (2.3)where the integrals are over the phase spaces Πf of the �nal states [13].Let V denote the space of physical states. In various cases, it is necessary to workwith a larger space W , which contains also unphysical states. The matrix element 〈b|T |a〉,where |a〉, |b〉 ∈ W , is given by the connected, amputated diagrams, with external legsdetermined by |a〉 and |b〉. Under very general assumptions, it is relatively easy to provea diagrammatic identity resembling (2.1) in W , which reads
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〈b|T †|n〉(−1)σn〈n|T |a〉, |a〉, |b〉 ∈ W, (2.4)5
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where σn can be 0 or 1, the unphysical states being those with σn = 1. The identity (2.4)is called pseudounitarity equation.The cut propagators of the cut diagrams carry information about the intermediatestates |n〉 and the space W . Unitarity requires to prove that the identity (2.4) can beconsistently projected onto V to give
1

2i

[

〈b|T |a〉 − 〈b|T †|a〉
]

=
∑

|n〉∈V

〈b|T †|n〉〈n|T |a〉, |a〉, |b〉 ∈ V. (2.5)What is crucial about the optical theorem is that it is not a linear equation, but aquadratic one, so it mixes di�erent orders of the loop expansion. We can restrict the initialand �nal states |a〉, |b〉 of (2.4) at no cost, but it is not equally easy to restrict the sum over
|n〉 ∈ W to a sum over |n〉 ∈ V . Thus, a generic projection is inconsistent with unitarity:if we drop some states from the set of initial and �nal states, they are generated backas intermediate states |n〉 by the loop corrections. A projection that is consistent withunitarity must be a very clever one.These simple remarks show us that unitarity is an essentially loop property. A tree-level action cannot be unitary per se, because the right-hand side of (2.3) is made of treevertices only, but the left-hand side is made of loops.At present, the fakeon projection is the only example of consistent projection, aside fromthe one that takes care of the Faddeev-Popov ghosts and the temporal and longitudinalcomponents of the gauge �elds. As we discuss below, the fakeon projection is actually verydi�erent from the projection of gauge theories, to the extent that it leaves an importantremnant: the violation of microcausality.Consider the propagator

G(p,m) =
1

p2 −m2
. (2.6)Endowed with the Feynman prescription (p2 → p2 + iε), it becomes

G+(p,m, ε) =
1

p2 −m2 + iε
(2.7)and describes a particle of mass m. Consider the identity (2.2), with vertices equal to −i.If P denotes the propagator of the intermediate line on the left-hand side, (2.2) gives theinequality Im[−P ] > 0. Taking P = G+, we get

Im
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= πδ(p2 −m2), (2.8)which is indeed nonegative. 6
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If we multiply (2.7) by a minus sign, we obtain a ghost, since P = −G+ satis�es
Im[−P ] 6 0, in contradiction with the optical theorem. However, if we also replace +iεwith −iε, the right-hand side of (2.8) does not change and the optical theorem remainsvalid. The moral of the story is that we can in principle have both propagators

G±(p,m, ε) = ± 1

p2 −m2 ± iε
,since both ful�ll the identity (2.2).However, if we integrate directly on Minkowski spacetime, the presence of both G+and G− in the same Feynman diagram originates nonlocal divergences at ε 6= 0 [14] andworse problems for ε → 0. If, on the other hand, we start from the Euclidean version ofthe theory, we �nd that the Wick rotation is not analytic and must be de�ned anew [3, 4].One way to uncover the concept of fake particle is precisely to make the Wick rotationwork in a way that is compatible with unitarity.Let us multiply (2.6) by ±, to emphasize that what we are going to say applies irre-spectively of the sign of the residue. Following [1], write

± p2 −m2

(p2 −m2)2and eliminate the singularity by introducing an in�nitesimal width E , to de�ne the fakeonpropagator as
G±(p,m, E2) = ± p2 −m2

(p2 −m2)2 + E4
= ±1

2

[

G+(p,m, E2)−G−(p,m, E2)
]

. (2.9)The propagator G+(p,m, E2) describes a fakeon plus, while the propagator G−(p,m, E2)describes a fakeon minus. Note that G±(p,m, E2) vanishes on shell at E > 0. This suggeststhat it does not truly propagate a particle.Formulas (2.9) are not the end of the story: we still have to explain how to use theminside the Feynman diagrams. The matter is technically involved, but a shortcut, calledaverage continuation [3, 2], allows us to jump directly to the �nal result.Let P denote the hyperplane of the complexi�ed external momenta. In the Euclideanregion we can evaluate the diagram from the Euclidean version of the theory. No partic-ular prescription or attention is needed there. The result can be analytically continuedwithin P up to the �fakeon thresholds�, i.e. the thresholds associated with the �would-beprocesses� involving fakeons. The fakeon thresholds are overcome by means of the aver-age continuation, i.e. by taking the arithmetic average of the analytic continuations thatcircumvent the threshold. At the end, the probabilities of the processes that involve thefakeons vanish. This makes it possible to project the fakeons away and have unitarity.7
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Analyticity no longer holds in the usual sense. It is replaced by regionwise analyticity.For every Feynman diagram, P is divided into disjoint regions. In each region the diagramevaluates to an analytic function. The main region is the Euclidean one, where the Wickrotation is analytic. The other regions can be reached unambiguously from the Euclideanone by means of the average continuation.3 Quantum gravityThe interim classical action of quantum gravity coupled to matter can be basically writtenin two ways. If we use higher derivatives, it reads
SQG = − 1
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∫ √
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+ Sm(g,Φ), (3.1)where Φ are the matter �elds and Sm is the covariantized action of the standard model, oran extension of it, once we equip it with the nonminimal couplings that are required byrenormalization. The reduced Planck mass is M̄Pl = MPl/√8π =
√
ζ/κ and α, ξ, ζ and

κ are real positive constants, while ΛC can be positive or negative. Here and below theintegration measure d4x is understood.The second way is obtained by adding extra �elds to eliminate the higher derivatives.The result is, at ΛC = 0,
SQG(g, φ, χ,Φ) = SH(g) + Sχ(g, χ) + Sφ(g̃, φ) + Sm(g̃e
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g→g̃
. (3.3)The expression of (3.2) for ΛC 6= 0 can be found in ref. [9].In addition to the matter �elds Φ, the theory describes the graviton, a scalar φ ofsquared mass m2

φ = ζ/ξ and a spin-2 �eld χµν of squared mass m2
χ = ζ/α. Making formula(3.3) more explicit, it is easy to show that the χµν quadratic action is a covariantizedPauli-Fierz action with the wrong overall sign, plus some nonminimal terms [9]. Thismeans that, to have unitarity, the �eld χµν must be quantized as a fakeon. Instead, the φaction has the correct sign, so φ can be quantized either as a fakeon or a physical particle.Depending on which option we choose, we have a graviton/fakeon/fakeon (GFF) theoryor a graviton/scalar/fakeon (GSF) theory. 8
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Formula (3.2) shows that the matter �elds Φ are sensitive to the whole triplet {gµν , χµν ,

φ} of quantum gravity, through the modi�ed metric g̃µνeκφ = (gµν +2χµν)e
κφ. This meansthat the usual vertices that couple matter to gravity are accompanied by similar verticesthat couple matter to χµν and φ. The theory predicts modi�ed gravity-matter couplings.In particular, the e�ective graviton-matter vertices receive loop corrections due to theexchanges of χµν and φ, similar to the QED corrections studied in ref. [15].Renormalizability can be straightforwardly proved from the action (3.1), because it doesnot depend on the quantization prescription [2]. Therefore, the beta functions coincide withthose of the Stelle theory, which is the theory obtained by quantizing all the degrees offreedom by means of the usual Feynman prescription [16]. In the Stelle theory χµν is aghost instead of a fakeon and unitarity is violated at energies larger than mχ.4 The dressed propagatorsThanks to the average continuation, calculating loop diagrams with the fakeon prescriptiondoes not require much more e�ort than calculating diagrams with the ordinary prescriptions[10, 9]. Among the �rst things to compute, we mention the one-loop self-energy diagrams,which give the physical masses m̄ and the widths Γ.If p2 −m2 is large enough, we can resum the bubble diagrams B and get the dressedfakeon propagators̄

G± = G± +G±BG± +G±BG±BG± + · · · = 1

G
−1
± − B

. (4.1)After the resummation, we can take E to zero, which gives
Ḡ± ∼ ± Z

p2 − m̄2 + im̄Γ±

= ±ZG+(p, m̄, m̄Γ±)around the physical peak p2 = m̄2, where Z is the normalization factor. The opticaltheorem implies
Im[∓ZG+(p, m̄, m̄Γ±)] =

m̄Z(±Γ±)

(p2 − m̄2)2 + m̄2Γ2
±

> 0,i.e. Γ+ > 0, Γ− < 0: a fakeon plus has a positive width, while a fakeon minus has anegative width. For Γ± → 0± we get
lim

Γ±→0±
Im[∓ZG+(p, m̄, m̄Γ±)] ∼ πZδ(p2 − m̄2). (4.2)9
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In the case of a physical particle, we would �nd exactly the same result, which means thatif we just watch the decay products of a fakeon, we have the illusion of a true particle.As said, the resummation (4.1) is legitimate only if p2−m2 is large enough. With phys-ical particles, analyticity allows us to reach the peak straightforwardly. However, fakeonsjust obey regionwise analyticity, so we must be more careful. Indeed, the resummationmisses the contact terms δ(p2 −m2), δ′(p2 −m2), etc. In general, the sum of such contactterms plus (4.2) gives
σπZδ(p2 − m̄2) (4.3)for Γ± → 0±, where σ = 1, 0,−1 in the case of a physical particle, a fakeon and a ghost,respectively. Formula (4.3) tells us that if we try to detect the fakeons �on the �y�, wedo not see anything. With a physical particle, instead, what we obtain from the indirectobservation, given by formula (4.2), coincides with what we obtain from the direct obser-vation, given by formula (4.3). Finally, in the case of a ghost, we have the illusion of aparticle if we observe its decay products, but get an absurdity (a �minus one particle�),when we try and observe it on the �y.The properties just outlined appear to justify the name �fakeon�, or fake particle. Thefakeon can only be virtual, so the only way to reveal it is by means of the interactions itmediates.Since χµν is a fakeon minus, its width Γχ is negative. In the case of the GFF theory,we �nd [9]

Γχ = −C
m3

χ

M2
Pl

, C =
1

120
(Ns + 6Nf + 12Nv), (4.4)where Ns, Nf and Nv are the numbers of (physical) scalars, Dirac fermions (plus one halfthe number of Weyl fermions) and gauge vectors, respectively. We are assuming that themasses of the matter �elds are much smaller than mχ, otherwise we have to include mass-dependent corrections. Note that the graviton and the fakeons do not contribute to Γχ.In the GSF theory there is another contribution due to φ, which depends on mφ. Thenegative width is a sign that microcausality is violated. However, it is not the only waysuch a violation manifests itself, as we explain in the next section.5 Projection and classicizationThe generating functional Γ(gµν , φ, χµν ,Φ) of the one-particle irreducible correlation func-tions can be formally projected by integrating out the fakeons, using the fakeon prescrip-tion. This operation gives the physical Γ functional. In some sense, the fakeons can beviewed as auxiliary �elds with kinetic terms.10
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For simplicity, consider an unprojected Γ functional Γ(ϕ, χ), where ϕ denotes the phys-ical �elds and χ denotes the fakeons. Solve the fakeon �eld equations δΓ(ϕ, χ)/δχ = 0 bymeans of the fakeon prescription and denote the solutions by 〈χ〉. Then the physical, orprojected, Γ functional Γpr is
Γpr(ϕ) = Γ(ϕ, 〈χ〉).Since the fakeons are not asymptotic states, at the level of the functional integral it issu�cient to set their sources Jχ to zero:

Zpr(J) = ∫

[dϕdχ] exp

(

iS(ϕ, χ) + i

∫

Jϕ

)

= exp (iWpr(J)) ,so Γpr(ϕ) is the Legendre transform of Wpr(J). Indeed, the unprojected formulas
Γ(ϕ, χ) =−W (J, Jχ) +

∫

Jϕ +

∫

Jχχ,

ϕ=
δW (J, Jχ)

δJ
, χ =

δW (J, Jχ)

δJχ
, J =

δΓ(ϕ, χ)

δϕ
, Jχ =

δΓ(ϕ, χ)

δχ
,turn into the projected ones

Γpr(ϕ) = −Wpr(J) + ∫

Jϕ, ϕ =
δWpr(J)

δJ
, J =

δΓpr(ϕ)
δϕ

,when Jχ = 0.In the classical limit, the fakeon prescription and the fakeon projection simplify. Inparticular, the average continuation plays no role, because there is no loop integral, so wecan take (2.9) as it stands, which gives the Cauchy principal value:
p2 −m2

(p2 −m2)2 + E4
= P 1

p2 −m2
. (5.1)To illustrate the projection in a simple case, consider the higher-derivative Lagrangian

LHD =
m

2
(ẋ2 − τ 2ẍ2) + xFext(t), (5.2)where x is the coordinate,m is the mass and τ is a real constant. The unprojected equationof motion is

mKẍ = Fext, K = 1 + τ 2
d2

dt2
,while the projected equation reads [17]

mẍ = P 1

K
Fext = ∫ ∞

−∞

du
sin(|u|/τ)

2τ
Fext(t− u). (5.3)11
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We see that the external force is convoluted with an oscillating function, so the future(u < 0) contributes as well as the past. This is how the violation of microcausalitysurvives the classical limit.As for the classicization of quantum gravity in four dimensions, the unprojected �eldequations derived from (3.2) are
Rµν − 1

2
gµνR =

κ2

ζ

[

e3κφfT µν
m
(g̃eκφ,Φ) + fT µν

φ (g̃, φ) + T µν
χ (g, χ)

]

, (5.4)for the metric tensor, and
− 1√−g̃

∂µ

(

√

−g̃g̃µν∂νφ
)

−
m2

φ

κ

(

eκφ − 1
)

eκφ =
κe3κφ

3ζ
T µν
m
(g̃eκφ,Φ)g̃µν ,

1√−g

δSχ(g, χ)

δχµν

= e3κφfT µν
m
(g̃eκφ,Φ) + fT µν

φ (g̃, φ), (5.5)from the variations of φ and χµν , where T µν
A (g) = −(2/

√−g)(δSA(g)/δgµν) are the energy-momentum tensors (A = m, φ, χ) and f =
√

det g̃ρσ/ det gαβ.The fakeon projection of the GSF theory is obtained by solving the second line of (5.5)by means of the classical fakeon prescription, i.e. the Cauchy principal value, and insertingthe solution 〈χµν〉 into the other two equations. In the GFF theory, we have to solve bothequations (5.5) by means of the classical fakeon prescription and insert the solutions 〈φ〉,
〈χµν〉 into (5.4). The projected equations can also be obtained from the �nalized classicalactions

SGSFQG (g, φ,Φ)=SH(g) + Sχ(g, 〈χ〉) + Sφ(ḡ, φ) + Sm(ḡe
κφ,Φ),

SGFFQG (g,Φ)=SH(g) + Sχ(g, 〈χ〉) + Sφ(ḡ, 〈φ〉) + Sm(ḡe
κ〈φ〉,Φ), (5.6)respectively, where ḡµν = gµν + 2〈χµν〉.The interim, unprojected actions (3.1) and (3.2) are local, while the �nalized actions(5.6) are nonlocal. These properties remind us of the gauge-�xed actions, which are local,but unprojected, and become nonlocal (with most types of gauge-�xing conditions), oncethe Faddeev-Popov ghosts and the temporal and longitudinal components of the gauge�elds are projected away. However, there is an important di�erence between the fakeonprojection and the gauge projection, since the former acts on the initial, �nal and inter-mediate states [|a〉, |b〉 and |n〉 in formula (2.5), respectively], but not on the virtual legsinside the diagrams, while the latter also acts on the virtual legs. Thus, the gauge-trivialmodes completely disappear, while the fakeons leave an important remnant, which is theviolation of causality at energies larger than their masses.12
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The masses of the fakeons are free parameters. If their values are su�ciently smallerthat the Planck mass, we may be able to detect the violation of microcausality in theforeseeable future. Moreover, formulas (5.6) show that the violation of microcausalitysurvives the classical limit.As said, the fakeon prescription is not classical, but emerges from the loop corrections.The projected actions (5.6) must be understood perturbatively, since the parent quantum�eld theory that generates them is formulated perturbatively. Thus, the classicization isalso perturbative and shares many features with the quantum theory it comes from, likethe impossibility to write down �exact� �eld equations and the important roles played byasymptotic series and nonperturbative e�ects [18]. As far as we know, this backlash of thequantization on the classical limit is unprecedented.The nonrelativistic limit can be taken after the fakeon projection and, possibly, theclassicization. The fakeon propagator tends to the real part of the usual quantum me-chanical kernel. Note that both fakeons and antifakeons contribute. For an analysis ofnontrivial issues concerning the nonrelativistic limit of quantum �eld theory, see ref. [19].6 The upgraded correspondence principleIn this section we summarize the lessons learned from the previous ones in connection withthe correspondence principle and extend them to quantum �eld theories of particles andfakeons in arbitrary spacetime dimensions.Unitarity The unitarity requirement is unmodi�ed, but better understood, since itmakes room for both particles and fakeons.Locality The locality assumption must be upgraded, in the sense that it applies to theinterim classical action. The �nalized classical action is generically nonlocal, like the Smatrix and the generating functional Γ of the one-particle irreducible diagrams.Proper renormalizability The renormalizability requirement, applied to the interimclassical action, must be formulated more precisely, since the usual notions are too generic.We must demand proper renormalizability, which is a re�nement of strict renormalizability.It means that the gauge couplings (including the Newton constant) must be dimensionless(with respect to the power counting governing the ultraviolet behaviors of the correlationfunctions), while the other physical parameters must have nonnegative dimensions in units13
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of mass. The standard model does show that the gauge couplings have this particularstatus among the couplings, so quantum gravity should conform to that.We regard the three principles just listed as the cornerstones of the correspondenceprinciple of quantum �eld theory, and in particular quantum gravity. If we remove thelocality assumption, for example, we must guess the S matrix or the Γ functional directly,which are in�nitely arbitrary. So doing, we have no way to determine the theory exhaus-tively, since, as stressed in the introduction, when we explore the in�nitesimal world wecannot make in�nitely many observations in a �nite amount of time and/or without dis-turbing the system. If we remove unitarity, we open the way to the presence of ghosts,which leads to absurd behaviors. If we renounce renormalizability, then we can just besatis�ed with the nonrenormalizable, low-energy theory of quantum gravity, obtained fromthe Einstein-Hilbert Lagrangian plus the counterterms turned on by renormalization [20].In addition to the three basic requirements, we must include fundamental symmetries,like Lorentz invariance, general covariance and gauge invariance. Other properties areimportant, but not so much as to elevate them to fundamental principles. Among those, wemention causality and analyticity, which are downgraded to macrocausality and regionwiseanalyticity, respectively.6.1 UniquenessIs the resulting correspondence principle su�cient to point to a unique theory? Varioussignals, like the arbitrariness of the matter sector of the standard model, tell us that thismight be a utopian goal. However, we do have uniqueness in quantum gravity and a sortof uniqueness in form of the gauge interactions.Let us start from �at space. In every even spacetime dimensions d > 4 the correspon-dence principle made of unitarity, locality, proper renormalizability and Lorentz invariancedetermines the gauge transformations [21] and the form of the interim classical action,which reads
SdYM = −1

4

∫

ddx
√−g

[

F a
µνP(d−4)/2(D

2)F aµν +O(F 3)
] , (6.1)where F a

µν denotes the �eld strength, D is the covariant derivative, Pn(x) is a real polyno-mial of degree n in x and O(F 3) are the Lagrangian terms that have dimensions smallerthan or equal to d and are built with at least three �eld strengths and/or their covariantderivatives. The quadratic terms have been simpli�ed by means of Bianchi identities andpartial integrations. As per proper renormalizability, the gauge coupling is dimensionless.The coe�cients of the polynomial P(d−4)/2 must satisfy suitable restrictions. In particular,14
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after projecting away the gauge-trivial modes, the massless poles of the propagators musthave positive residues and must be quantized as physical particles. The other poles musthave squared masses with nonnegative real parts. The poles with negative or complexresidues, as well as those with positive residues but complex masses, must be quantizedas fakeons. Finally, the poles with positive residues and nonvanishing real masses can bequantized either as fakeons or physical particles.If we also demand microcausality, i.e. forbid the presence of fakeons, the set of require-ments implies that the spacetime dimension d must be equal to four. Then the action isthe Yang-Mills one,
SYM = −1

4

∫

d4x
√
−gF a

µνF
aµν . (6.2)Although the interim classical actions (6.1) are essentially unique, i.e. they contain�nite numbers of independent parameters, we emphasize that the gauge group remainsfree, as long as it is unitary and (together with the matter content) satis�es the anomalycancellation conditions (which are other consequences of unitarity). In other words, thecorrespondence principle fails to explain why the gauge group of the standard model is theproduct of the three simplest groups, U(1), SU(2) and SU(3), instead of anything else.For example, we cannot say why factors such as SU(13), SU(19), etc., are absent.It also fails to predict the matter content of the theory that describes nature. Indeed,we are allowed to enlarge the standard model at will, to include new massive particlesand/or massive fakeons, as long as they are heavy enough (to have no contradiction withexperimental data) and the anomaly cancellation conditions continue to hold. The ultimatetheory of nature could even contain in�nitely many matter �elds. In this respect, thecorrespondence principle is almost completely powerless. So far, every attempt (granduni�cation, supersymmetry, string theory and so on) to relate the matter content to thegauge interactions, beyond the anomaly cancellation conditions, has failed. Probably, thisis a sign of the fading correspondence.Nevertheless, quantum gravity turns out to be more unique than any other theory. In-deed, its local symmetry (invariance under di�eomorphisms times local Lorentz invariance)is unique and the requirements of unitarity, locality, proper renormalizability and generalcovariance lead to the unique interim classical actions (3.1)-(3.2) in four dimensions.We also have solutions in even dimensions d > 4. Their interim classical actions read

SdQG = − 1

2κ2

∫

ddx
√
−g

[

2ΛC + ζR+RµνP(d−4)/2(D
2)Rµν +RP ′

(d−4)/2(D
2)R +O(R3)

]

,(6.3)where Pn and P ′
n denote other real polynomials of degree n, whileO(R3) are the Lagrangianterms that have dimensions smaller than or equal to d, built with at least three curvature15
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tensors and/or their covariant derivatives. The free propagators must satisfy the samerequirements listed above and be quantized as explained.If we relax proper renormalizability into simple renormalizability, then we lose mostuniqueness properties, because there exist in�nitely many super-renormalizable theoriesof quantum gravity and gauge �elds with fakeons in every spacetime dimensions d, withinterim actions equal to (6.1) and (6.3), but polynomials Pn and P ′
n having degrees n >

(d− 4)/2.Summarizing, the upgraded correspondence principle is made ofunitaritylocalityproper renormalizability (6.4)together with fundamental symmetries and the requirements of having no massless fakeonsand �nitely many �elds and parameters. The combination (6.4) implies quantum gravitycoupled to gauge and matter �elds in four dimensions, with interim classical actions (3.1)-(3.2).With respect to the version of the correspondence principle that is successful in �atspace, the only upgrade required by quantum gravity amounts to better understand themeanings of the principles themselves, renounce analyticity in favor of regionwise analytic-ity and settle for macrocausality instead of full causality. As we wanted at the beginning,the �nal solution is as conservative as possible. The gravitational interactions are essen-tially unique, the Yang-Mills interactions are unique in form and the matter sector remainsbasically unrestricted.6.2 CausalityRenouncing causality in quantum �eld theory is not a big sacri�ce, because we do nothave a formulation that corresponds to the intuitive notion [22]. What we have are o�-shell formulations, such as Bogoliubov's de�nition [23], which also implies the Lehmann-Symanzik-Zimmermann requirement that �elds commute at spacelike separated points[24]. The crucial issue is that it is not possible to accurately localize spacetime pointsby working with relativistic wave packets that correspond to particles that are on shell.This is more or less the reason why microcausality has not been treated as a fundamentalprinciple in quantum �eld theory so far, maybe in anticipation that it was going to berenounced eventually. We could even say that the fate of causality was sealed from thebirth of quantum �eld theory: quantum gravity just delivered the killing blow. For a moredetailed discussion on these topics, see [25].16
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7 ConclusionsVarious signals suggest that the correspondence between the macroscopic environmentwhere we live, which shapes our thinking, and the microscopic world is doomed to becomeweaker and weaker as we explore smaller and smaller distances. The impossibility topredict the gauge group and the matter content of the theory of nature, as well as thefates of determinism and causality are signs that our predictive power is fading away. Wehave to cope with the fact that nature is not arranged to be understood or explained by ushumans to an arbitrary degree of precision. The ultimate theory of the universe may lookin�nitely arbitrary to us. At the same time, the success of quantum �eld theory and therecent progresses in quantum gravity give us reasons to believe that we might still have afew interesting things to say before declaring game over.In this paper we have studied the properties of quantum �eld theory of particles andfakeons in various dimensions. We have seen that the correspondence principle that workedsuccessfully for the standard model admits a natural upgraded version that accommodatesquantum gravity. It is encoded in the requirements of unitarity, locality of the interimclassical action and proper renormalizability. The upgraded principle actually leads to anessentially unique theory of quantum gravity in every even dimensions greater than 2. Infour dimensions, a fakeon of spin 2 and a scalar �eld are enough to have both unitarityand renormalizability. Causality breaks down at energies larger than the fakeon masses.The classical limit shares several features with the quantum theory it comes from, such asthe impossibility to write exact �eld equations.Our experience teaches us that determinism and causality dominate at large distances.On the other hand, when we explore smaller and smaller distances, we see a gradualemergence of �freedom�, �rst in the form of quantum uncertainty, then in the forms ofacausality and lack of time ordering. These facts suggest that the universe is radiallyirreversible, i.e. irreversible in the sense of the relative distances. When we move from thelarge to the small distances we see a pattern, pointing from the absolute lack of freedomto what we may call asymptotic anarchy.References[1] D. Anselmi, On the quantum �eld theory of the gravitational interac-tions, J. High Energy Phys. 06 (2017) 086, 17A3 Renormalization.com and arXiv:1704.07728 [hep-th]. 17
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