arXiv:hep-th/0307096 v2 14 Jul 2003

hep-th/0307096

Generalized Virasoro anomaly for dilaton coupled theories

A. Fabbri^a,^∗ S. Farese^{b †} and J. Navarro-Salas^{b ‡}

a) Dipartimento di Fisica dell’Università di Bologna and INFN sezione di Bologna, Via Irnerio 46, 40126 Bologna, Italy b) Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia-CSIC. Facultad de Física, Universidad de Valencia, Burjassot-46100, Valencia, Spain.

Abstract

We derive the anomalous transformation law of the quantum stress tensor for a 2D massless scalar field coupled to an external dilaton. This provides a generalization of the Virasoro anomaly which turns out to be consistent with the trace anomaly. We apply these results to compute vacuum polarization of a spherical star based on the equivalence principle.

PACS: 11.25.Hf, 04.62.+v Keywords: Virasoro and Trace anomalies, Dilaton coupled theories, Vacuum Polarization

∗e-mail: fabbria@bo.infn.it †farese@ific.uv.es ‡jnavarro@ific.uv.es

Two-dimensional conformal invariance is a key ingredient to understand critical behaviour of certain planar statistical mechanical systems [1]. It also plays a pivotal role in the formulation of superstring theory [2] and in the quantum mechanics of black holes. The Bekenstein-Hawking area law is derived in many different ways by applying Cardy’s formula for conformal field theories living in the black hole horizon (see for instance [3] and references therein). The universal thermal character of black hole radiation is also related to the fact that matter fields exhibit two-dimensional conformal invariance in the vicinity of the horizon.

Many of the basic properties of 2d conformal field theories can be obtained by studying a simple model, namely a massless scalar field S = − 1 2 ∫ d^2x (∇f)^2 . (1) Standard canonical quantization and Wick theorem lead to the well-known operator product expansion of the quantum stress tensor T_{±±}(x^±)T_{±±}(x^{′±}) = 1 8π^2(x^± − x^{′±})^4 − 1 π(x^± − x^{′±})^2 T_{±±}(x^{′±}) − 1 2π(x^± − x^{′±}) ∂_±T_{±±}(x^{′±}) + ... , (2) where x^± = x^0 ± x^1 are null Minkowskian coordinates. The above expansion leads to the Lie algebra [ T_{±±}(x^±), T_{±±}(x^{′±}) ] = 1 2π ∂_x± δ(x^± − x^{′±})T_{±±}(x^{′±}) − 1 96π^2 ∂^3_x± δ(x^± − x^{′±}) − ( x^± ↔ x^{′±} ) . (3) Since T_{±±}(x^±), up to normalization, are the generators of infinitesimal conformal transformations x^± → x^± + ϵ^± (x^±), this implies the following infinitesimal transformation law for the stress tensor δ_ϵ± T_{±±} = ϵ^±∂_±T_{±±} + 2∂_±ϵ^±T_{±±} − 1 24π ∂^3_±ϵ^± . (4) Exponentiating the action (4) one gets, under the conformal transformation x^± → y^±(x^±), the following anomalous transformation law

T_{±±}(y^±) = ( dx^± dy^± )_2 T_{±±}(x^±) − 1 24π {x^±, y^±} , (5) where {x^±, y^±} =^{∂3x±}_{∂y±3} /^{∂x±}_{∂y±} −^3_2 (_{∂2x±} ∂y^{±2} / ∂x^± ∂y^± )_2 is the Schwarzian derivative. All these expressions can be regarded as different realizations of the so-called Virasoro anomaly. For a generic conformal field theory the above results are valid provided we multiply the c-number terms of the above equations by the central charge c characterizing the particular theory [1].

The aim of this work is to study the modification of the transformation law (5), when a dilaton field ϕ is present and (1) is replaced by S = − 1 2 ∫ d^2xe^{−2ϕ} (∇f)^2 . (6) A nice justification of the form of the dilaton coupling comes from General Relativity. If a scalar field f is minimally coupled to a 4D spherically symmetric metric ds^2_{(4)} = ds^2_{(2)} + e^{−2ϕ}dΩ^2 , (7) and we perform dimensional reduction from −^1_{8π} ∫ d^4x √ −g(∇f)^2, we obtain the above action (6) in case of flat 2d space.

Let us now consider a simple case, namely the one associated to the fourdimensional Minkowski space. In this situation it is ds^2_{(2)} = −dx^+dx^−, where x^± = t ± r, and e^{−2ϕ} = r^2. The mode expansion of the field f living in the t − r plane (with the condition f(r = 0) = 0) is f = ∫_∞ 0 dw √ 4πw [ a_w(e^{−iwx+} − e^{−iwx−} ) + a^†_w (e^{iwx+} − e^{iwx−} ) ] e^ϕ . (8) The null components of the stress tensor are given by T_{±±}(x^+, x^−) = e^{−2ϕ}(∂_±f)^2, (9) and the corresponding normal ordered operators can be defined, as usual, by point-splitting T_{±±}(x^+, x^−) = lim_{x±→x′±} e^{−(ϕ(x)+ϕ(x′))} ∂ ∂x^± ∂ ∂x^{′±} (f(x)f(x^′) − ⟨ f(x)f(x^′) ⟩ ), (10) where the two-point function is ⟨ f(x)f(x^′) ⟩ = − 1 4π e^{ϕ(x)+ϕ(x′)} ln (x^+ − x^{′+})(x^− − x^{′−}) (x^+ − x^{′−})(x^− − x^{′+})

. (11)

Under a conformal transformation x^± → y^±(x^±) normal ordering breaks covariance and the transformed stress tensor picks up the following anomalous non-tensorial contributions

T_{±±}(y^+, y^−) = ( dx^± dy^± )_2 T_{±±}(x^+, x^−) − 1 24π {x^±, y^±}

− 1 4π d^2x^± dy^{±2} ( dx^± dy^± )_{−1} ∂ϕ ∂y^± + ln ( dx^+ dy^+ dx^− dy^− ) ( ∂ϕ ∂y^± )_2 .(12)

This expression generalizes the Virasoro-type transformation law (5) by adding terms depending on the derivatives of ϕ. At this point we would like to remark that the above expression has been obtained for a particular form of ϕ in terms of the null coordinates x^±, namely

ϕ = − ln x^+ − x^− 2 . (13)

However we want to stress that the result has general validity, irrespective of the particular form of the external dilaton field. We shall prove this in two different ways:

i) the short-distance behaviour for the Hadamard function does not depend on the specific model;

ii) we shall show that eq. (12) is the only local expression which is consistent with the trace anomaly derived in the context of gravitational physics [4].

We point out that the conformal symmetry can be recovered in regions where ∂_±ϕ → 0. This happens typically when r approaches infinity and also, in the context of curved spacetime, at the black hole horizons.

The equation of motion for the field f, derived from the action (6), is

∂_+(e^{−2ϕ}∂_−f) + ∂_−(e^{−2ϕ}∂_+f) = 0. (14)

In general this can be solved only for particular forms of ϕ, for instance in the situation where it is given by (13) or ϕ = − 1 2 ln (x^+ − x^−) 2 . (15)

In the latter case the equation of motion for f (14) coincides with the equation

of a minimal scalar field in a three-dimensional spacetime, described by the

action S = − 1 4π ∫ d^3x √ −g(∇f)^2 , (16)

under the assumption of axi-symmetry for the field f and the metric ds^2_{(3)} =

ds^2_{(2)} + r^2dφ^2, where the radial function is given by r = e^{−2ϕ}. This equation

turns out to be equivalent to one equation of the Einstein-Rosen subsector of

pure General Relativity. The system is exactly solvable both classically and

quantum-mechanically (details can be found in [5], [6], [7], [8]) and, therefore,

it can provide a nontrivial test of the formula (12). The field f can be expanded

in modes as follows f = ∫_∞ 0 dw √ 2 J_0(rw) [ a_we^{−iwt} + a^†_we^{iwt} ] (17)

where J_0 is the zero order Bessel function. At the quantum level the coefficients

a_w and a^†_w are converted into annihilation and creation operators obeying the

commutation relation [a_w, a^†_w′ ] = δ(w−w^′). To work out the quantum behaviour

of the stress tensor we need to evaluate the Hadamard function G^{(1)}(x, x^′) ≡ 1 2 ⟨0|{f(x), f(x^′)}|0⟩. This turns out to be equal to [9], [7] i) for 0 < |t^′ − t| < |r^′ − r|

G^{(1)}(x, x^′) = 1 π √ [(r^′+r)^2 − (t^′ −t)^2] K (√ 4rr^′ (r^′ +r)^2 − (t^′ −t)^2 ) ;

ii) for |r^′ − r| < |t^′ − t| < r^′ + r

G^{(1)}(x, x^′) = 1 2π 1 √ rr^′ K √ (r^′ +r)^2 − (t^′ −t)^2 4rr^′ .

iii) for r + r^′ < |t^′ − t| it is G^{(1)}(x, x^′) = 0,

where K(k) = ∫_{π/2} 0 dθ/ √ 1 − k^2 sin^2(θ) is the complete elliptic integral. Using

the expansion [10]

K(k^′) = ln 4 k^′ + ( 1 2 )^2 ( ln 4 k^′ − 1 ) k^{′2} + O(k^{′4} ln 4 k^′ ), (18) where k^′ = √ 1 − k^2, we obtain

G^{(1)}(x, x^′) = − e^{ϕ(x)+ϕ(x′)} 4π [ln(x^+ − x^{′+})(x^− − x^{′−}) + const. + O ( (x^+ − x^{′+})(x^− − x^{′−}) ln(x^+ − x^{′+})(x^− − x^{′−}) ) ] . (19)

In the computation of the transformation law of the stress tensor, via point-

splitting, only the leading term in (19) produces a nontrivial contribution.

Therefore it is easy to see that the final result is (12). Moreover, the above ex-

pression agrees with the De Witt-Schwinger expansion of G^{(1)}(x, x^′), restricted

to flat space-time, given in [11], [12]

G^{(1)}(x, x^′) = e^{ϕ(x)+ϕ(x′)} 2π [ −(γ + 1 2 ln m^2σ 2 ) + O(σ ln σ) ] , (20)

where γ is the Euler constant, m^2 is an infrared cutoff and σ is one half the

square of the distance between the points x and x^′.

Due to presence of ϕ the classical conservation laws ∂_∓T_{±±} = 0 get modified

to (see [13], [14] for a higher-dimensional interpretation) ∂_∓T_{±±} + ∂_±ϕ δS δϕ = 0, (21)

where δS δϕ = −2e^{−2ϕ}∂_+f∂_−f . (22)

Let us analyze the quantum analogous of these equations. The transformation

law for ⟨T_{±±}⟩ is given by eq. (12) and the corresponding one for ⟨_{δS} δϕ ⟩ should

be, on general grounds, of the form ⟨ δS δϕ (y^±) ⟩ = dx^+ dy^+ dx^− dy^− ⟨ δS δϕ (x^±) ⟩ + Δ(ϕ; x^±, y^±). (23)

Let us suppose that ∂_∓ ⟨T_{±±}⟩ + ∂_±ϕ ⟨ δS δϕ ⟩ = 0. (24)

If we transform this relation according to (12) and (23) we get, by consistency, − 1 4π ∂^2x^± ∂y^{±2} ∂x^± ∂y^± ∂ ∂y^+ ∂ ∂y^− ϕ − 1 2π ln ( ∂x^+ ∂y^+ ∂x^− ∂y^− ) ( ∂ϕ ∂y^± ) ∂ ∂y^+ ∂ ∂y^− ϕ

− 1 4π ( ∂ϕ ∂y^± )_2 ∂^2x^∓_{∂y∓2} ∂x^∓ ∂y^∓ + ∂ϕ ∂y^± Δ(ϕ; x^±, y^±) = 0. (25)

These two equations are compatible with the uniqueness of Δ(ϕ; x^±, y^±) only if □ϕ = (∇ϕ)^2. (26) If ϕ does not obey (26) the quantum transformation law (24) must be modified. We find that the only possibility to maintain consistency with the transformation law (12) is by adding a nontrivial trace ⟨T_{+−}⟩ just of the form ⟨T_{+−}⟩ = − 1 4π (∂_+ϕ∂_−ϕ − ∂_+∂_−ϕ) . (27)

Finally, the quantum conservation law, invariant under conformal transformations, reads ∂_∓ ⟨T_{±±}⟩ + ∂_± ⟨T_{+−}⟩ + ∂_±ϕ ⟨ δS δϕ ⟩ = 0. (28) We have to point out that the anomalous trace derived in this approach agrees with the one derived in curved space-time ([4], see also [15]) . For the dilatoncoupled theory the trace anomaly, obtained in a covariant quantization scheme, is ⟨T ⟩ = 1 24π ( R − 6(∇ϕ)^2 + 6□ϕ ) . (29) If we restrict to flat space-time we obtain (27). So our derivation can be seen, as a by-product, as an alternative and simple way to get the dilaton contribution to the trace anomaly. Moreover, the argument can be applied the other way around: assuming (27), (28) and locality one gets the ϕ dependent terms of (12).

Finally, we want to explain briefly an application of our results to gravitational physics. We shall compute the vacuum polarization of a spherical star using the anomalous transformation law (12) and the help of the equivalence principle to deal with curved space. We consider the Schwarzschild spacetime, for which the 2d metric is

ds^2_{(2)} = −(1 − 2M/r)dudv , (30)

where u and v are the Eddington-Finkelstein null coordinates v = t + r^∗,u = t − r^∗, r^∗ = r + 2Mln(^r_{2M} − 1), and the dilaton is

e^{−2ϕ} = r(u, v)^2 . (31)

In a generic point X of the four-dimensional space-time one can always introduce locally inertial coordinates ξ^α_X . Restricting now our attention to the (t, r^∗)-sector we can then construct the corresponding null coordinates ξ^±_X and the local vacuum state |0_X >. We shall make the natural assumption that for the state |0_X > we have

< 0_X |T_{±±}(ξ^±_X (X))|0_X >= 0. (32)

Now we want to work out the same quantities with respect to the (global) vacuum state defined with respect to the modes which asymptotically behave as^{e−iωu}_r ,^{e−iωv}_r . This is the so-called Boulware state |B > [16]. We can obtain ⟨B|T_{±±}(X)|B⟩ by using the anomalous transformation law (12) between {ξ^±_X } and {x^+ = v, x^− = u}. Up to second order and Poincaré transformations these transformations are unambiguous and can be chosen to be conformal [17] ξ^±_X = b^± [ (x^± − x^±(X)) + Γ^±_± 2 (x^± − x^±(X))^2 + F_±(x^± − x^±(X))^3 + ... ] . (33) In a conformal frame ds^2 = −e^{2ρ}dx^+dx^− the constants b^± satisfy the constraint b^+b^− = e^{2ρ(X)} and Γ^±_± = 2∂_±ρ. Note that the Schwarzian derivative requires the third order as well, which is not determined by the requirement that ξ^±_X are locally inertial. We naturally fix it by imposing that, for a flat metric, ξ^±(X) are the global null minkowskian coordinates. This leads to

F_± = 1 3 ∂_±ρ(X) + 2 3 (∂_±ρ(X))^2 . (34)

The result is ⟨ B|T_{±±}(x^±(X))|B ⟩ = − 1 12π ( (∂_±ρ)^2 − ∂^2_±ρ ) (X) + 1 2π ∂_±ρ(X)∂_±ϕ(X) + 1 2π ρ(X)(∂_±ϕ(X))^2 . (35)

We remark that neglecting the terms containing the dilaton these are the null components of the stress tensor derived from the Polyakov effective action [18]. We finally obtain, for a generic point, ⟨B|T_{±±}|B⟩ = 1 24π ( − 4M r^3 + 15 2 M^2 r^4 ) + 1 16πr^2

(1 − 2M r )^2 ln(1 − 2M r ) . (36)

The +− component is state independent and fixed by the trace anomaly (29) ⟨B|T_{+−}|B⟩ = 1 12π (1 − 2M r ) M r^3

. (37)

Similar results, based on exact properties of the effective action under Weyl transformations, were derived in [19]. These expressions correctly vanish in the limit M → 0 as well as for r → ∞. Moreover, in the horizon limit they are in agreement with the results derived from canonical quantization [12].

To end the paper, we would like to remark that the fact that (12) is the exact transformation law of the quantum stress tensor for a generic dilaton field ϕ should not be a surprise at all. One of the main features of 2d conformal field theories is the existence of universal behaviours, irrespective of the particular model considered. Therefore one could be tempted to conjecture that (12) is also valid for an arbitrary conformal field theory coupled to a dilaton, up to numerical coefficients in the c-numer terms.

Acknowledgements

This research has been partially supported by the research grants BFM2002- 04031-C02-01 and BFM2002-03681 from the Ministerio de Ciencia y Tecnologia (Spain), EU FEDER funds and the INFN-CYCIT Collaborative Program. S.F. acknowledges the Ministerio de Educacion, Cultura y Deporte for a FPU fellowship. J. N-S would like to acknowledge the Department of Physics of the University of Bologna for hospitality A.F. and J. N-S thank R. Balbinot and S. Fagnocchi for useful discussions. Finally, we wish to thank the authors of [8] for assistance concerning the 2+1 model considered.

References

[1] A.A. Belavin, A.M. Polyakov and A.B, Zamolodchikov, Nucl. Phys. B241 (1984) 333

[2] J.Polchinski, String Theory, Cambridge University Press (1998)

[3] S. Carlip, Phys. Rel. Lett. 88 (2002) 241301 [4] V. Mukhanov, A. Wipf and A. Zelnikov, Phys. Lett. B332 (1994) 283. [5] K. Kuchar, Phys. Rev. D4 (1971) 955 [6] A. Ashtekar, Phys. Rev. Lett. 77 (1996) 4864; J. Cruz, A. Mikovic and J.

Navarro-Salas, Phys. Lett. B437 (1998) 273; M.E. Angullo and G.A. Mena Marugan, Int. J. Mod. Phys. D9 (2000) 669 [7] M. Niedermaier, Phys. Lett. B498 (2001) 83 [8] J.F. Barbero, G.A. Mena Marugan and E.J.S. Villaseñor, Phys. Rev. D67 (2003) 124006 [9] J.F. Barbero, private communication [10] I.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series and Products, Academic Press, London (1994) [11] T.S. Bunch, S.M. Chistensen and S.A. Fulling, Phys. Rev. D18 (1978) 4435 [12] R. Balbinot, A. Fabbri, P. Nicolini, V. Frolov, P. Sutton and A. Zelnikov, Phys. Rev. D63 (2001) 084029 [13] R. Balbinot and A. Fabbri, Phy. Rev. D59 (1999) 044031; Phys. Lett. B459 (1999) 112 [14] W. Kummer and D.V. Vassilevich, Phys. Rev. D60 (1999) 084021; Annalen Phys. 8 (1999) 801 [15] R. Bousso and S.W. Hawking, Phys. Rev. D56 (1997) 7788; T. Chiba and M. Siino, Mod. Phys. Lett. A12 (1997) 709; S. Nojiri and S.D. Odintsov, Mod. Phys. Lett. A12 (1997) 2083; A. Mikovic and V. Radovanovic, Class. Quant. Grav. 15 (1998) 827; W. Kummer, H. Liebl and D.V. Vassilevich, Mod. Phys. Lett. A12 (1997) 2683 [16] D.G. Boulware, Phys. Rev. D11 (1975) 1404

[17] S. Weinberg, Gravitation and Cosmology, J. Wiley and Sons , New York (1972) [18] A.M. Polyakov, Phys. Lett. B103 (1981) 207 [19] R. Balbinot and A. Fabbri, hep-th/0012140v2 (2003)