arXiv:hep-th/0005063 8 May 2000

KEK-TH-687 May, 2000

On The BRST Formulation of Diffeomorphism Invariant 4D Quantum Gravity

Ken-ji Hamada^1

Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan

Abstract In this note we give some remarks on the BRST formulation of a renormalizable and diffemorphism invariant 4D quantum gravity recently proposed by the author, which satisfies the integrability condition by Riegard, Fradkin and Tseytlin at the 2-loop level. Diffeomorphism invariance requires an addition of the Wess-Zumino action, from which the Weyl action can be induced by expanding around a vacuum expectation value of the conformal mode. This fact suggests the theory has in itself a mechanism to remove extra negative-metric states dynamically.

1E-mail address : hamada@post.kek.jp

Diffeomorphism invariance requires that 4D quantum gravity becomes 4th order derivative theory for gravity sector. We recently showed [1, 2] that 4th order actions, including the Wess-Zumino (WZ) action [3, 4], are uniquely determined by diffeomorphism invariance. Then, the theory also becomes renormalizable [1]. Especially, our model satisfies the integrability condition on the WZ action discussed by Riegard, Fradkin and Tseytlin [3], which is generalized by the author to the form that can be applied to higher loops. A problem in 4th-order theories is that there are extra negative-metric states. Thus, the unitarity becomes obscure [5]. In this paper we shall see that there is a posibility that diffeomorphism invariance also ensures the unitarity.

Here, we briefly explain how to realize diffeomorphism invariance. The details of the argument were discussed in our previous papers [1, 2]. Perturbation theory is defined by replacing the invariant measure with the measure defined on the background-metric. As a lesson from 2D quantum gravity [6]– [11], in order to preserve background-metric independence, or diffeomorphism invariance, we must add an action, S, which satisfies the WZ condition [12], as Z = ∫ [dϕ]_ĝ[e^{−h}de^h]_ĝ[df]_ḡ

vol(diff.) exp[−S(ϕ, ḡ) − I(f, g)] , (1) where f is a matter field and I is an invariant action. The metric is now decomposed as g_{μν} = e^{2ϕ}ḡ_{μν} and ḡ_{μν} = (ĝe^h)_{μν} , where tr(h) = 0 [11]. The measures of the metric fields are defined on the background-metric by the norms: < dϕ, dϕ >_ĝ= ∫ d^4x √ ĝ(dϕ)^2 , (2) < dh, dh >_ĝ= ∫ d^4x √ ĝ tr(e^{−h}de^h)^2 . (3)

The general coordinate transformation, δg_{μν} = g_{μλ}∇_ν ξ^λ + g_{νλ}∇_μξ^λ, is expressed in 4 dimensions as δϕ = 1 4 ^∇_λξ^λ + ξ^λ∂_λϕ ,

δḡ_{μν} = ḡ_{μλ} ¯∇_ν ξ^λ + ḡ_{νλ} ¯∇_μξ^λ − 1 2 ḡ_{μν} ^∇_λξ^λ , (4)

where ¯∇_λξ^λ = ^∇_λξ^λ is used. Under a general coordinate transformation, δI = 0, but the WZ action is not invariant. δS is proportional to the form of conformal anomaly [13]. Diffeomorphism invariance is realized such that δS cancels anomalous contributions, U, which originates from the fact that the measures defined above are no longer invariant under the transformation, as δZ = − < δS + U >= 0 . (5) More rigorously, consider the regularized 1PI effective action, Γ_{eff} , of the combined theory, I = S + I, and require δΓ_{eff} = 0, which determines S uniquely.

In 2 dimensions we can take the conformal gauge h^μ_ν = 0, and hence 2D quantum gravity coupled to conformal matter can be described as a free conformal field theory [7]. Of course, in 4 dimensions, the combined theory I = S + I can not be described as a free theory. We must take into account interactions between the conformal mode and the traceless mode in the WZ action as well as self-interactions of the traceless mode, which are ruled by the background-metric independence for the traceless mode [2, 1]. Thus, we must generalize the idea of 2D quantum gravity based on conformal field theories to one based on diffeomorphism invariance. The original idea on this matter is given in a study of 2D quantum dilaton gravity [9, 10],^2 and then developed to 4D quantum gravity [2].

The conformal-mode dynamics of the WZ action in 4 dimensions has been discussed in refs. [4] in analogy to 2D quantum gravity. But, in their model there is no interactions for the traceless mode, because they considered the WZ action as a full effective action given after the traceless mode as well as matter fields are integrated out. From the viewpoint of full diffeomorphism invariance, it is inaccurate in 4 dimensions.

In this note we give the BRST formulation [15, 16] of diffeomorphism invariant quantum gravity. We first review the BRST formulation of 2D quantum gravity [18, 19]. We here emphasize that the nilpotence of the BRST transformation, which is equivalent to diffeomorphism invariance, is realized dynamically. We then show that similar considerations can apply to diffeomorphism invariant 4D quantum gravity. At the end we discuss the

2 There is an analogy between the dilaton field φ defined in [9, 10] and the traceless mode in our 4D model. Unfortunately, this model is unrenormalizable in the perturbation of non-minimal coupling because φ is a dimensionless scalar in 2 dimensions so that there are many diffeomorphism invariant counterterms like φ^n∂^μφ∂_μ φ. On the other hand the dynamics of the traceless mode is ruled by the background-metric independence for the traceless mode, itself, so that the model has almost no ambiguity.

possibility of how to remove the negative-metric states in the 4D model from the viewpoint of diffeomorphism invariance. Preliminary discussions on this matter have already given in [1].

Our curvature conventions are R_{μν} = R^λ_{μλν} and R^λ_{μσν} = ∂_σΓ^λ_{μν} − · · ·.

2D quantum gravity

Firstly, we briefly review the BRST formulation of 2D quantum gravity. The WZ action in two dimensions, what is called the Liouville action, is given by integrating the 2D conformal anomaly as [14] S(ϕ, ḡ) = a 4π ∫ d^2x √ ĝ(ḡ^{μν} ∂_μϕ∂_ν ϕ + R̄ϕ) . (6) In 2 dimensions we can take the gauge condition h^μ_ν = 0 up to the zero mode. The gauge-fixed combined action then becomes I = 1 4π ∫ d^2x √ ĝ [ a ( ḡ^{μν} ∂_μϕ∂_ν ϕ + R̄ϕ ) + L_{GF +F P} + Λe^{αϕ} ] + I_M (f, g) , (7)

where I_M is an invariant matter action. The gauge-fixing term and the Faddeev-Popov (FP) ghost action are given by

L_{GF +F P} = −iB_{μν} (ḡ^{μν} − ĝ^{μν} ) + 2ḡ^{μν} b_{μλ} ¯∇_ν c^λ , (8)

where the reparametrization ghost c^μ is a contravariant vector. B_{μν} and the anti-ghost b_{μν} are covariant symmetric traceless tensors. In the following, I is considered as a ”classical” action.

Consider N massless scalars as matter fields. Then, diffeomorphism invariance requires that the coefficient, a, must be [7] a = 1 6 (25 − N) . (9)

The BRST transformation is given by δBḡμν = i(ḡμλ ¯∇ν c^λ + ḡνλ ¯∇μc^λ − ḡμν ^∇λc^λ) , δBϕ = ic^λ∂λϕ + i 1 2 ^∇_λc^λ , δBbμν = Bμν , δBBμν = 0 , (10) δBc^μ = ic^λ∂λc^μ ,

where c^λ ¯∇_λc^μ = c^λ∂_λc^μ due to the anti-commutativity of c^μ. Note that the h-dependence appears only in δ_Bḡ_{μν} . These transformations are nilpotent; δ^2_B(ḡ_{μν} , ϕ, b_{μν} , c^μ) = 0. Then, the gauge-fixing term and the FP ghost action can be written as L_{GF +F P} = −iδB{b_{μν} (ḡ^{μν} −ĝ^{μν} )} [17], where δ_Bḡ^{μν} = −ḡ^{μλ}ḡ^{νσ} δ_Bḡ_{λσ}. The well-known form of the BRST transformation in 2D quantum gravity is given by integrating out over the B_{μν} field. Hence, we obtain the following one: δBϕ = ic^λ∂λϕ + i 1 2 ^∇_λc^λ , δBbμν = 2iTμν , (11) δBc^μ = ic^λ∂λc^μ . Now, h^μ_ν becomes non-dynamical and we can set ḡ_{μν} = ĝ_{μν} in the expressions. To guarantee δ_Bh^μ_ν = 0, c^μ should satisfy the conformal Killing equation, ^∇^μc^ν + ^∇^ν c^μ − ĝ^{μν} ^∇_λc^λ = 0. T_{μν} is the modified energy-momentum tensor, which is determined by using the equation of motion for the traceless mode and tracelessness of b_{μν} , as^3 T_{μν} = T_{μν} − 1 2 ĝ_{μν} T^λ_λ = − a 2 { ∂_μϕ∂_ν ϕ − 1 2 ĝ_{μν} ∂^λϕ∂_λϕ − ( ^∇_μ ^∇_ν − 1 2 ĝ_{μν} ^2 ) ϕ }

+ ^∇_{(μ}c^λb_{ν)λ} + 1 2 c^λ ^∇_λb_{μν} − 1 2 ĝ_{μν} ^∇^λc^σ b_{λσ} + T^M_{μν} . (12)

Here, T_{μν} = −^{2π}√_ĝ^{δI}_{δĝ¯˚} is the energy-momentum tensor of the gauge-fixed

combined theory (7) with h^μ_ν = 0. T^M_{μν} is the energy-momentum tensor of N massless scalars. Since, in two dimensions, T^λ_λ = 0, 2D quantum gravity can be expressed by conformal field theory.

The transformation (11) is now no longer nilpotent ”classically”. Using expression (12) and the conformal Killing equation of c^μ, we can show that δ^2_Bb_{μν} produces a non-vanishing quantity, δ_BT_{μν} = i a 4 ( ^∇_μ ^∇_ν − 1 2 ĝ_{μν} ^2 ) ^∇_λc^λ , (13)

3 Because of the tracelessness of b_{μν} , there is an ambiguity γ, which is that one can add γb_{μν} ^∇_λc^λ to the energy-momentum tensor for the bc-system. It is now fixed by the condition δ_B I_{bc} = 0.

which implies that the energy-momentum tensor, T_{μν} , forms Virasoro algebra with central charges 6a classically [10]. It reflects that the action, I, is not BRST-invariant:^4 δ_BI = ia 8π ∫ d^2x √ ĝR̄ ^∇_λc^λ . (14)

The BRST invariance of 2D quantum gravity is realized dynamically as follows. Quantum effects, namely, conformal anomalies give contributions to the central charge, N − 25, so that the total of the central charge becomes c_{tot} = 6a + N − 25. Thus, the nilpotence of the BRST transformation is realized at the quantum level when a is given by equation (9).

Finally, we give brief comments on physical states in 2D quantum gravity. The presence of the^1_2 ^∇_λc^λ term in the BRST transformation of ϕ implies that the asymptotic state of the conformal mode, ϕ|0 >, is not physical [16]. On the other hand, the BRST invariant state, naively defined by e^{αϕ}|0 >, where α is a real value determined by the BRST invariance, is not normalizable [8]. Furthermore, in 2 dimensions, the normalizable Hamiltonian eigenstates are not BRST invariant because they clearly do not satisfy the Hamiltonian constraint, H = T^0_0 = 0. Thus, there is no gravitational degrees of freedom in 2D quantum gravity.

4D quantum gravity

In 4 dimensions the WZ action becomes 4th order, parametrized by three constants a, b and c in the form S(ϕ, ḡ) = 1 (4π)^2 ∫ d^4x [√ ĝ { aF̄ ϕ + 2bϕΔ̄_4ϕ + b ( Ḡ − 2 3 −2^¯R^)ϕ^} − 1 36 (2a + 2b + 3c) (√ gR^2 − √ ĝR̄^2 )] , (15)

where F is the square of the Weyl tensor and G is the Euler density defined by F = R_{μνλσ} R^{μνλσ} − 2R_{μν} R^{μν} + 1 3 R^2 , (16) G = R_{μνλσ} R^{μνλσ} − 4R_{μν} R^{μν} + R^2 . (17) 4 Eq. (14) can be derived either by applying (10) to the action (7) or by applying (11) to the action obtained by integrating the B_{μν} field out, where the conformal Killing equation of c^μ is not necessary even in the later case.

Δ_4 is the conformally covariant 4th order operator [3],

Δ_4 = 2^2 + 2R^{μν} ∇_μ∇_ν − 2 3 R2 +^1_3(∇^μR)∇μ . (18)

Why the number of the independent parameters is three is due to the fact that R^2 is not integrable w.r.t. conformal mode [3].

We consider the following invariant action including 4th order terms:

I(f, g) = I_4 + I_{LE} , (19)

where

I_4 = d (4π)^2 ∫ d^4x √ gR^2 , (20) I_{LE} = 1 (4π)^2 ∫ d^4x √ g(−m^2R + Λ) + I_M (f, g) . (21)

I_4 is the 4th order action with d > 0 which as well as the WZ action could be regarded as being a part of the measure. I_{LE} is the usual 2nd order action which describes low-energy physics. m^2 is the inverse of the gravitational constant and Λ is the cosmological constant. I_M is a matter action. Here, note that the presence of the ϕF̄ term in the WZ action implies that the Weyl term, √ gF (= √ ĝF̄ ), can be produced by expanding around a vacuum expectation value (VEV) of ϕ.

Let us define the perturbation around VEV of ϕ such that the Weyl term, 1 t2 F̄ , is produced, where we introduce the dimensionless coupling constant, t, for the traceless mode and the h^μ_ν field is replaced with th^μ_ν in the combined action [2, 1]. Then, the integral region of ϕ is effectively restricted within the region −^1_t < ϕ <^1_t . This perturbation theory seems to be well-defined; namely, it is expected that t is small enough [1] in comparison with recent numerical experiments [20].

Let us consider the regularized 1PI effective action, Γ_{eff} . As discussed in [1], diffeomorphism invariance, namely, δΓ_{eff} = 0 gives constraints on actions of gravitational fields as well as matter fields, which requires that 4D model must satisfy the following conditions:

• Matter fields must conformally couple to gravity.

• The coefficient, d, in 4th order action must be d = 1 36 (2a + 2b + 3c) . (22)

The second condition means that self-interactions of the conformal mode, namely the R^2 terms, cancel out in the combined action. Then, the three coefficients a, b and c, can be determined uniquely in the perturbation of the coupling, t, by requiring diffeomorphism invariance.^5

These conditions are more precisely represented as that, in the regularized 1PI effective action, there is no non-local correction to the WZ action like ϕ^−2^2 log(−^−2)ϕ and no non-local term, R̄ log(−^−2)R̄, which is associated to non-conformally invariant counterterm proportional to R̄^2. This is the generalized form of the integrability condition discussed in [3]. Here, there are two remarks. The first is that the two types of non-local corrections considered here are related to each other by the background-metric independence for the conformal mode. The second is that vanishing of the R̄ log(−^−2)R̄ term does not always imply vanishing of the R̄^2 divergences at higher loops.

The combined action, I = S + I, including the gauge-fixing term and the FP ghost action, now becomes I = 1 (4π)^2 ∫ d^4x [ 1 t^2

F̄ + aF̄ϕ + 2bϕΔ̄_4ϕ + b ( Ḡ − 2 3 −2^¯R^)ϕ + 1 36 (2a + 2b + 3c)R̄^2 + L_{GF +F P} ] + I_{LE} (f, g) . (23)

Here and below, we take the flat background ĝ_{μν} = δ_{μν} . The gauge-fixing term is given by [21]. L_{GF} = 2iB^μN_{μν} χ^ν − ζB^μN_{μν} B^ν , (24) where χ^ν = ∂^λh^ν_λ and N_{μν} is a symmetric 2nd order operator. The corresponding ghost action becomes 4th order:

L_{F P} = −2ic̄^μN_{μν} ∂^λδBh^ν_λ , (25)

5The coefficients depend on matter contents, but the sign of a (b) is negative-definite (positive-definite) at the zero-th order of t. c vanishes at this order. And also the sum of them, d, becomes positive.

where the BRST transformation of the traceless mode is given by δBh^μν = i [ ∂^μc_ν + ∂_ν c^μ − 1 2 δ^μ_ν ∂_λc^λ + tc^λ∂_λh^μ_ν + t 2 h^μ_λ ( ∂_ν c^λ − ∂^λc_ν ) + t 2 h^λ_ν ( ∂^μc_λ − ∂_λc^μ ) + · · · ] . (26)

This is given by replacing ξ^μ/t in the transformation with the contravariant vector ghost field, ic^μ. The kinetic term of the ghost action then becomes t-independent. The BRST transformations for other fields are given by δBϕ = itc^λ∂λϕ + i t 4 ∂_λc^λ , δBc̄^μ = B^μ , δBB^μ = 0 , (27) δBc^μ = itc^λ∂λc^μ . The transformations, (26) and (27), are nilpotent. Using the BRST transformation, the gauge-fixing term and the FP ghost action can be written as L_{GF +F P} = 2iδB{c̄^μN_{μν} (χ^ν +^i_2 ζB^ν )} [17].

As in 2D quantum gravity, the BRST transformation of the ”classical” action, I, is not BRST-invariant: δ_BI = it 4(4π)^2 ∫ d^4x∂_λc^λ [ a ( F̄ + 2 3 −2^¯R^) + b^¯G + c^−2^¯R^] . (28)

The BRST invariance is equivalent to diffeomorphism invariance, which is realized dynamically as mentioned before.

If the B^μ field is integrated out, this field is related to the energymomentum tensor through the field equation for the traceless mode. As in 2D quantum gravity, it means that the nilpotence of the BRST transformation requires that the BRST transformation of the energy-momentum tensor vanishes at the quantum level.

Let us consider the long-distance physics of this model. The theory is asymptotically free, namely, a < 0 for the coupling of the traceless mode, t. Thus, one can drop the Weyl term at the long distance. On the other hand, we leave the other three kinetic terms of gravitational fields: ϕΔ̄_4ϕ, R̄^2 and m^2R. Let us compute the degrees of freedom in this case. Since R̄^2 = −χ^μ∂_μ∂_ν χ^ν + o(h^3), the 2nd-order operator, N_{μν} , is proportional to

−∂_μ∂_ν + m^{′2}δ_{μν} ,^6 where m^{′2} comes from the Einstein-Hilbert term, which is proportional to m^2. The ghost determinant is now given by det^{1/2}(−∂_μ∂_ν + m^{′2}δ_{μν} ) det M^{GH}_{μν} , where M^{GH}_{μν} is the usual 2nd order ghost operator of diffeomorphism invariance given by applying the BRST transformation to χ^μ such that δ_Bχ_μ|_{h=0} = M^{GH}_{μλ} c^λ. Note that det(−∂_μ∂_ν + m^{′2}δ_{μν} ) = det(−2 + m^{′2})|_{a scalar}, so that the number of ghost degrees of freedom is 4 + 4 + 1 = 9. Hence, the total degrees of freedom becomes 2 × 1 + 9 − 9 = 2. Thus, the negative-metric state related to the conformal mode is removed by ghosts. Really, due to the form of the BRST transformation, the conformal mode can not be a BRST invariant asymptotic state [16].

This result is quite suggestive, because, if there is a mechanism to remove the Weyl term, it seems that the theory becomes unitary. Recall that an exact diffeomorphism invariance implies that the integral region of ϕ is unrestricted above and below, so that the Weyl term can be absorbed into the ϕF̄ term in the WZ action, which is just the original theory (19) with (22) adding the WZ action. Thus, we expect that diffeomorphism invariance ensures the unitarity non-perturbatively.

Acknowlegments

This work is supported in part by the Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan.

References

[1] K. Hamada, A Candidate for Renormalizable and Diffeomorphism Invariant 4D Quantum Theory of Gravity, hep-th/9912098.

[2] K. Hamada and F. Sugino, Nucl. Phys. B553 (1999) 283.

[3] R. Riegert, Phys. Lett. 134B (1984) 56;

E. Fradkin and A. Tseytlin, Phys. Lett. 134B (1984) 187.

6 Although there are the off-diagonal ϕ − h terms in the ϕ �2 R̄ term and the Einstein- Hilbert term, they can be diagonalized into a 4th-order kinetic term of ϕ and this form for h, provided that one set t = 1.

[4] I. Antoniadis and E. Mottola, Phys. Rev. D45 (1992) 2013;

I. Antoniadis, P. Mazur and E. Mottola, Nucl. Phys. B388 (1992) 627; Phys. Lett. B323 (1994) 284, B394 (1997) 49; S. Odintsov, Z. Phys. C54 (1992) 531;

I. Antoniadis and S. Odintsov, Phys. Lett. B343 (1995) 76.

[5] E. Tomboulis, Phys. Lett. 97B (1980) 77; Phys. Rev. Lett. 52 (1984) 1173;

B. Hasslacher and E. Mottola, Phys. Lett. 99B (1981) 221; E. Fradkin and A. Tseytlin, Nucl. Phys. B201 (1982) 469; Phys. Lett. 104B (1981) 377;

M. Kaku, Nucl. Phys. B203 (1982) 285;

D. Boulware, G. Horowitz and A. Strominger, Phys. Rev. Lett. 50 (1983) 1726.

[6] V. Knizhnik, A. Polyakov and A. Zamolodchikov, Mod. Phys. Lett. A3 (1988) 819.

[7] J. Distler and H. Kawai, Nucl. Phys. B321 (1989) 509;

F. David, Mod. Phys. Lett. A3 (1988) 1651.

[8] N. Seiberg, Prog. Theor. Phys. Suppl. 102 (1990) 319;

J. Polchinski, Proc. of String 1990 (Texas A& M, march 1990); Nucl. Phys. B346 (1990) 253;

K. Hamada, Phys. Lett. B324 (1994) 141; Nucl. Phys. B413 (1994) 278.

[9] K. Hamada, Phys. Lett. B300 (1993) 322.

[10] K. Hamada and A. Tsuchiya, Int. J. Mod. Phys. A8 (1993) 4897.

[11] H. Kawai, Y. Kitazawa and M. Ninomiya, Nucl. Phys. B393 (1993) 280.

[12] J. Wess and B. Zumino, Phys. Lett. 37B (1971) 95;

S. Treiman, R. Jackiw, B. Zumino and E. Witten, Current Algebra and Anomalies (World Scientific Publishing 1985).

[13] M. Duff, Nucl. Phys. B125 (1977) 334.

[14] A. Polyakov, Phys. Lett. 103B (1981) 207.

[15] C. Becchi, A. Rouet and R. Stora, Phys. Lett. 52B (1974) 344; Ann.

Phys. 98 (1976) 287;

I. Tyutin, Lebedev preprint FIAN No. 39 (1975).

[16] T. Kugo and I. Ojima, Prog. Theor. Phys. Suppl. 66 (1979) 1.

[17] T. Kugo and S. Uehara, Nucl. Phys. B197 (1982) 378.

[18] M. Kato and K. Ogawa, Nucl. Phys. B212 (1983) 443.

[19] K. Itoh, Nucl. Phys. B342 (1990) 449;

P. Bouwknegt, J. McCarthy and K. Pilch, Comm. Math. Phys. 145 (1992) 541.

[20] S. Bilke, Z. Burda, A. Krzywicki, B. Petersson, J. Tabaczek and G.

Thorleifsson, Phys. Lett. B418 (1998) 266; Phys. Lett. B432 (1998) 279;

H. Egawa, A. Fujitu, S. Horata, N. Tsuda and T. Yukawa, Nucl. Phys. B (Proc. Suppl.) 73 (1999) 795; Phase Transition of 4D Simplicial Quantum Gravity with U(1) Gauge Field, Proc. Lattice 99, Pisa (June- July 1999)/hep-lat/9908048;

S. Horata, H. Egawa, N. Tsuda and T. Yukawa, Phase Structure of Four-dimensional Simplicial Quantum Gravity with a U(1) Gauge Field, hep-lat/0004021.

[21] A. Bartoli, J. Julve and E. Sánchez, Class. Quant. Grav. 16 (1999) 2283.