arXiv:1206.2828v1 [gr-qc] 13 Jun 2012

Remarks on the general solution for the flat Friedman universe with exponential scalar-field potential and dust

A A Andrianov^{1,2}, F Cannata^3 and A Yu Kamenshchik^{3,4,5}

1V.A. Fock Department of Theoretical Physics, Saint Petersburg State University, 198904, S.Petersburg, Russia 2Departament d’Estructura i Constituents de la Materia and Institut de Ciències del Cosmos (ICCUB) Universitat de Barcelona, 08028, Barcelona, Spain 3INFN, Sezione di Bologna, Via Irnerio 46, 40126 Bologna, Italy 4Dipartimento di Fisica, Via Irnerio 46, 40126 Bologna,Italy 5L.D. Landau Institute for Theoretical Physics of the Russian Academy of Sciences, Kosygin str. 2, 119334 Moscow, Russia

E-mail: andrianov@bo.infn.it, cannata@bo.infn.it and

kamenshchik@bo.infn.it

Abstract. We show that the simple extension of the method of obtaining the general exact solution for the cosmological model with the exponential scalar-field potential to the case when the dust is present fails and we discuss the reasons of this puzzling phenomenon.

Submitted to: CQG

1. Introduction

Exact solutions of the Einstein equations play a very important role in cosmology. During the last decades the cosmological models with scalar fields have acquired a great popularity. It is worth mentioning various scenarios of the inflationary expansion of the early universe [1] or the quintessence models of the dark energy [2] responsible for the phenomenon of cosmic acceleration [3]. However, the number of known exact solutions for cosmological models based on scalar fields is rather limited. One of such models is the flat Friedman universe filled with a minimally coupled scalar field with exponential potential. A particular solution for this model was known since the eighties and was studied in detail [4]–[12]. This solution describes a power-law expansion of the universe. More recently, the general solution of the Einstein equations for this model was constructed [13]–[26]. This general solution was used for the description of such effects as transient acceleration, and for the analysis of some models related to strings and branes. Besides, the solutions for the scalar fields with an exponential potential and with a non-canonical kinetic terms were studied as well [27]–[30]. In papers [31],[32] the solutions for the flat Friedman universe with an exponential scalar-field potential and dust were presented. We have made a direct check of these solutions and have found that they do not satisfy the initial Friedman equations. The reason is that the authors of above mentioned papers using the method of the time reparameterization have made such a change in the Lagrangian and not in the equations of motion. The equations of motion obtained from the modified Lagrangian describe a modified theory and not the original one. These two sets of equations of motion coincide in the case when the reparameterization invariance of the theory is explicit (see section 7) as it was in the case of the scalar field without dust. The addition of dust breaks this invariance. This issue seems to be rather interesting and instructive from the methodological point of view and has stimulated us to write this short comment. The structure of the paper is the following: in Sec. 2 we consider the model without dust and show that, generally the operations of time reparameterization and of the derivation of the equations of motion from the Lagrangian do not commute; in Sec. 3 we illustrate this point considering a simple mechanical toy model; in Sec. 4 we come back to cosmology and show that in the case of the Friedman model without dust the two sets of equations of motion coincide due to the reparameterization invariance; the Sections 5 and 6 present explicit calculations for a specific value of the coupling constant in the exponential potential in both the models without and with dust while in the Sec. 7 we discuss what happens to reparameterization invariance in the case with dust; the Section 8 is devoted to some concluding remarks.

2. The model without dust

Let us consider the possibility of the generalization of the general exact cosmological solution for the flat Friedman universe filled with the spatially homogeneous scalar field with an exponential potential for the case when the dust-like matter is present. The metric of the universe is ds^2 = N^2(t)dt^2 − a^2(t)dl^2, (1) where N(t) is the lapse function and a(t) is the cosmological radius. Let us suppose that the universe is filled with the spatially homogeneous scalar field ϕ(t) with the potential V (ϕ). One can show that the Hilbert-Einstein action for such a system can be reduced to the following Lagrangian, depending on N(t), a(t) and ϕ(t) (here we have chosen a convenient normalization of the Newton gravitational constant): L = ȧ^2a N − a^3ϕ̇^2 2N + Na^3V (ϕ), (2)

where “dot” signifies the derivatives with respect to the cosmic time parameter t. Making variation of this Lagrangian with respect to the lapse function N and putting after that the value of N equal to 1, we obtain the following first Friedman equation:

h^2 = ϕ̇2 2 + V, (3)

where the Hubble parameter h is h ≡ ȧ a . (4)

The variation with respect to a gives the second Friedman equation ḣ + 3 2 h^2 + 3 4 ϕ̇^2 − 3V = 0 (5)

and the variation with respect to the scalar field gives the Klein-Gordon equation ϕ̈ + 3hϕ̇ + dV dϕ = 0. (6)

The system of equations (3), (5) and (6) is not independent. One can consider the equations (5) and (6) as a system of two equations for two variables (a and ϕ) and Eq. (3) is a first integral (or, in other words, a conservation law) of this system.

Now let us consider a particular potential:

V (ϕ) = V_0 exp(λϕ). (7) Let us introduce a pair of new variables u and v such that: ϕ = √ 2 3 (v − u) (8) and a^3 = e^{v+u}. (9) Substituting these new variables into the Langrangian (2) (where N is chosen to be equal to 1) we obtain L = e^{v+u} ( 4 3 v̇u̇ + V_0e √ 2λ 3 (v−u) ) . (10)

Making the variation of this Lagrangian with respect to the new variables v and u, we obtain the following couple of the Euler-Lagrange equations

ü + u̇^2 − ( 9 4 + 3 √ 2λ 4 ) V_0e √ 2λ 3 (v−u) = 0, (11)

v̈ + v̇^2 + ( 3 √ 2λ 4 − 9 4 ) V_0e √ 2λ 3 (v−u) = 0. (12)

These equations naturally coincide with those which can be obtained from Eqs. (5) and (6) by the substitution of the formulae (8) and (9).

Now let us introduce a new time parameter τ = τ(t). In this case v̇ = v^′τ̇, v̈ = v^{′′}τ̇^2 + v^′τ̈, u̇ = u^′τ̇ , ü = u^{′′}τ̇^2 + u^′τ̈ , (13) where “prime” denotes the derivative with respect to τ. It is convenient to choose the new time parameter τ in such a way that

τ̇ = 3 2 √ V_0e √ 2λ(v−u) 6 . (14)

Now, substituting the formulae (13) and (14) into Eqs. (11) and (12) we obtain the following system of equations: u^{′′} + ( 1 − √ 2λ 6 ) u^{′2} + √ 2λ 6 u^′v^′ − (√ 2λ 3 + 1 ) = 0, (15)

v^{′′} + ( 1 + √ 2λ 6 ) v^{′2} − √ 2λ 6 u^′v^′ + (√ 2λ 3 − 1 ) = 0. (16)

Obviously, these two equations are not disentangled due to the presence of the terms, proportional to u^′v^′.

Let us change the strategy and in the action, corresponding to the Lagrangian (10), make a transition to another time variable τ. The new Lagrangian has the form

L_{new} = (v^′u^′ + 1)e^{(v+u)+} √ 2λ 6 (v−u). (17)

The Euler-Lagrange equations, obtained from the Lagrangian (17) by variation with respect to v and u are u^{′′} + ( 1 − √ 2λ 6 ) u^{′2} − (√ 2λ 6 + 1 ) = 0, (18)

v^{′′} + ( 1 + √ 2λ 6 ) v^{′2} + (√ 2λ 6 − 1 ) = 0. (19)

These two equations are disentangled and differ from Eqs. (15) and (16). It is not strange because the theories, described by the Lagrangians (10) and (17) are different. The change of the time variable changes the theory. In other words, the operations of the change of time variables and the variation of the action with respect to dynamical variables do not commute. To show this we shall consider a very simple toy model example in the following section.

3. A toy model and modification of Euler-Lagrange equations Let us consider first a one-dimensional free non-relativistic particle. The only dynamical variable is the coordinate x depending on the time t. The Lagrangian of the model is L = ẋ^2 2 , (20) the equation of motion is ẍ = 0, (21) and its general solution is x(t) = x_0 + vt, (22) where x_0 and v are arbitrary constants.

Let us introduce a new time parameter τ such that

τ̇ = x. (23) The new Lagrangian becomes L_{new} = x^{′2}x 2 . (24) The equation of motion is x^{′′}x + x^{′2} 2 = 0. (25) Its general solution is x(τ) = C(τ + τ_0)^{2/3}, (26) where C and τ_0 are arbitrary constants.

Now, let us try to come back to the old time variable t. Substituting the formula (26) into Eq. (23) we obtain the equation dτ dt = C(τ + τ_0)^{2/3}, (27) whose general solution is (τ + τ_0) = ( C(t + t_0) 3 )_3 . (28) Substituting this formula into Eq. (26) we obtain x(t) = C^3 9 (t + t_0)^2, (29) which has the functional dependence on t which differs from (22).

In a more general setting we proceed to the Lagrangian L(ẋ, x) and perform the time reparameterization, dτ dt = f(x, t). The corresponding change in the action reads, ∫ dtL(ẋ, x) =⇒ ∫ dτ 1 f L(x^′ · f, x), (30) which gives the modified Euler-Lagrange equations, ( ∂L ∂x − fd_τ ( ∂L ∂(ẋ) )) + f^′ f ( fx^′ ∂L ∂(ẋ) − L ) = 0. (31)

When going back to the initial time variable one finds that vanishing of the first term in parentheses leads to the Euler-Lagrange equation of the original theory whereas the second term accumulates the deviation from it and its vanishing guarantees the equivalence of modified and original theories. Thus the two theories give the same classical dynamics if: a) time reparameterization does not depend on dynamical variables, f^′ = 0; or b) reparameterization invariance holds, ẋ^{∂L}_{∂(ẋ)} − L = 0 . The latter case needs introduction of the lapse function to provide it.

4. Back to the cosmology

Now, one can notice that if we solve disentangled couple of equations (18) and (19), then, choosing some initial conditions, the solutions will satisfy the equations of the initial theory with the Lagrangian (2). Why does this happen ? The point is that the Lagrangian (10) does not describe the initial cosmological model. Indeed, in the initial Lagrangian (2) there is also another variable - the lapse function N. The variation with respect to this variable gives us the first Friedman equation (3). Now, if we rewrite this equation in terms of the new variables u and v and the new time parameter τ, we obtain u^′v^′ = 1. (32) Substituting the relation (32) into Eqs. (15) and (16) we see that these equations coincide with the disentangled equations (18) and (19). Hence, solving Eqs. (18) and (19) and choosing the constants in the general solutions in such a way that the relation (32) is satisfied we find the solutions which satisfy the original equations (15) and (16) and to the Friedman and Klein-Gordon equations of the original theory. We shall illustrate it in the next section, considering the simplest case when the coupling constant λ = √ 18. 5. The case λ = √ 18 without dust

In the case when λ = √ 18, Eqs. (18) and (19) have the form u^{′′} = 2, (33) v^{′′} + 2v^{′2} = 0. (34)

Their general solutions are u = τ^2 + u_1τ + u_0, (35)

v = v_0 + 1 2 ln(τ + v_1), (36)

where u_0, u_1, v_0, v_1 are arbitrary constants. Now, substituting these general solutions into the expressions for h, ϕ and ϕ̇ we find h = 1 2 √ V_0e^{v−u} ( 1 2(τ + v_1)

+ 2τ + u_1 ) , (37)

h^2 = 1 4 V_0e^{2(v−u)} ( 1 2(τ + v_1)

+ 2τ + u_1

)_2

, (38)

ϕ̇ = √ 2 2 √ V_0e^{v−u} ( 1 2(τ + v_1) − 2τ − u_1 ) , (39)

ϕ̇^2 = 1 2 V_0e^{2(v−u)} ( 1 2(τ + v_1) − 2τ − u_1 )_2

. (40)

Substituting these expressions into the Friedman equation we find

h^2 − 1 2 ϕ̇^2 − V (ϕ) = V_0e^{2(v−u)} ( u_1 − 2v_1 2(τ + v_1) ) . (41)

The right-hand side of Eq. (41) is equal to zero, and, hence, the first Friedman equation is satisfied if and only if u_1 = 2v_1. (42) It is easy to see that the condition (42) coincides with the condition (32) for the solutions (35)–(36).

6. The case λ = √ 18 with dust

In the case when the dust is present in the universe the first Friedman equation has the following form

h^2 − 1 2 ϕ̇^2 − V (ϕ) = ρ^0 a^3

, (43)

where ρ_0 is a constant, characterizing the quantity of the dust-like matter in the universe. That means that from Eq. (41) and Eq. (43) it follows V_0e^{2(v−u)} ( u_1 − 2v_1 2(τ + v_1) ) = ρ_0e^{−(v+u)}, (44)

or, in other terms, V_0e^{3v−u)} ( u_1 − 2v_1 2(τ + v_1) ) = ρ_0. (45)

Substituting into Eq. (45) the explicit expressions for u and v from Eqs. (35) and (36) we obtain V_0 √ τ + v_1 2 e^{3v0 −τ 2−u1τ −u0} = ρ_0. (46)

It is easy to see that the condition (46) cannot be satisfied by a proper choice of the constants. Thus, the solutions (35) and (36), which basically reproduce (up to a change of notations) those, presented in the section IV.B. of the paper [31] do not satisfy the first Friedman equation and the solution presented in [31]) for the flat Friedman universe filled with the scalar field with the exponential potential and the dust is wrong. We shall try to explain the origin of the discrepancy in the following section.

7. Reparameterization invariance and dust

It is not strange that the solution of the equations of motion (18) and (19) following from the Lagrangian (17) obtained by the reparameterization of the time parameter does not satisfy the original first Friedman equation with dust. As it was emphasized before, the reparameterization of time, carried out not at the level of equations of motion but at the level of Lagrangian (action) gives a different theory (see a simple toy model example in section 3). The question, however, arises: why in the case without dust one can obtain the correct solution, starting from the couple of equations of motion (18) and (19), derived from the modified Lagrangian ? The answer is based on the fact that the reparameterization of time does not change the Lagrangian of the theory if this theory possesses the invariance with respect to reparameterization. As is well known the gravity theory belongs to the class of the theories invariant with respect to reparameterization (see e.g. [33]). However, both the Lagrangians (10) and (17) are not invariant with respect to the reparameterization, because in both these Lagrangians the specific gauge is chosen - namely the lapse function N is chosen to be equal to 1. Nevertheless, we can restore this gauge (reparameterization) invariance adding to the set of equations of motion the first Friedman equation which is nothing but the constraint, corresponding to this invariance. In our case this constraint amounts to the condition (42) which makes the system of disentangled equations (18) and (19) identical to the original system of equations (15) and (16).

Why this does not work in the presence of dust ? In the presence of dust the constraint, providing the reparameterization invariance of the theory (i.e. the first Friedman equation) includes the dust term, proportional to e^{v+u} that means that the product u^′v^′ is not equal to 1, but represents some function of u and v and its substitution into the original couple of equations (15) and (16) does not transform into the disentangled couple of equations (18) and (19).

8. Concluding remarks

We have seen that the simple extension of the method of obtaining the general solution for the cosmological model with the exponential potential scalar field to the case when the dust is present fails and we have tried to explain the reasons. In paper [32] the more general model was considered, where not only the scalar field and dust, but also a third barotropic fluid was present. To disentangle the corresponding equations of motion the authors of [32] have used not only the change of the variables and the time reparameterization of the Lagrangian, similar to that used in papers, studying the models with the exponential potential, but also an additional change of variables, reducing these equations to the equations of the Ermakov-Pinney type [34]. We have tried to use this second change of variables in the model with the scalar field and dust at the level of the equations of motion (and not at the level of the Lagrangian). We have seen, that in such a case the decoupling of the correct equations of motion does not occur. Thus, the question about the generalization of the solution of the cosmological equations in the model with an exponential potential scalar field for the case with dust, remains open.

Acknowledgments

The work of A.K. was partially supported by the RFBR grant No 11-02-00643. The work of A.A. is supported by SPbSU grant 11.0.64.2010 and also by projects FPA2010-20807, 2009SGR502, CPAN (Consolider CSD2007-00042).

References

[1] Starobinsky A A 1986 Stochastic de Sitter (inflationary stage in the early universe In *De Vega, H.j. ( Ed.), Sanchez, N. ( Ed.): Field Theory, Quantum Gravity and Strings*, 107-126; Linde A D 1990 Particle Physics and Inflationary Cosmology (Harwood, Chur, Switzerland).

[2] Sahni V and Starobinsky A A 2000 The Case for a Positive Cosmological Lambda-term Int. J.

Mod. Phys. D 9 373 (astro-ph/9904398);

Sahni V and Starobinsky A A 2006 Reconstructing dark energy Int. J. Mod. Phys. D 15 2105 (astro-ph/0610026);

Padmanabhan T 2003 Cosmological constant: The weight of the vacuum Phys. Rept. 380 235 (hep-th/0212290);

Peebles P J E and Ratra B 2003 The cosmological constant and dark energy Rev. Mod. Phys. 75 559 (astro-ph/0207347);

Copeland E J, Sami M and Tsujikawa S 2006 Dynamics of dark energy Int. J. Mod. Phys. D 15 1753 (hep-th/0603057).

[3] Riess A G et al. [Supernova Search Team Collaboration] 1998 Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant Astron. J. 116 1009 (astro-ph/9805201);

Perlmutter S et al. [Supernova Cosmology Project Collaboration] 1999 Measurements of Omega and Lambda from 42 High-Redshift Supernovae Astrophys. J. 517 565 (astro-ph/9812133).

[4] Lucchin F and Matarrese S 1985 Power Law Inflation Phys. Rev. D 32 1316.

Flat Friedman universe with exponential potential scalar field and dust 10

[5] Halliwell J J 1987 Scalar Fields In Cosmology With An Exponential Potential Phys. Lett. B 185 341.

[6] Barrow J D 1987 Cosmic No Hair Theorems and Inflation Phys. Lett. B 187 12. [7] Burd A B and Barrow J D 1988 Inflationary Models with Exponential Potentials Nucl. Phys. B 308 929;

[8] de Ritis R, Marmo G, Platania G, Rubano C, Scudellaro P and Stornaiolo C 1990 New approach to find exact solutions for cosmological models with a scalar field Phys. Rev. D 42 1091.

[9] Muller V, Schmidt H J and Starobinsky A A 1990 Power law inflation as an attractor solution for inhomogeneous cosmological models Class. Quant. Grav. 7 1163.

[10] Ellis G F R and M. S. Madsen M S 1991 Exact scalar field cosmologies Class. Quant. Grav. 8 667. [11] Liddle A R and Scherrer R J 1999 A classification of scalar field potentials with cosmological scaling solutions Phys. Rev. D 59 023509 (astro-ph/9809272).

[12] Gorini V, Kamenshchik A Y, Moschella U and Pasquier V 2004 Tachyons, scalar fields and cosmology Phys. Rev. D 69 123512 (hep-th/0311111).

[13] Aguirregabiria J M and Chimento L P 1996 Exact Bianchi type I models for an exponentialpotential scalar field Class. Quant. Grav. 13 3197.

[14] Chimento L P 1998 General solution to two-scalar field cosmologies with exponential potentials Class. Quant. Grav. 15 965.

[15] Rubano C and Scudellaro P 2002 On some exponential potentials for a cosmological scalar field as quintessence Gen. Rel. Grav 34 307 (astro-ph/0103335).

[16] Rubano C and Barrow J D 2001 Scaling solutions and reconstruction of scalar field potentials Phys. Rev. D 64 127301 (arXiv:gr-qc/0105037).

[17] Townsend P K 2003 Cosmic acceleration and M-theory arXiv:hep-th/0308149. [18] Chimento L P, Cossarini A E and Zuccala N A 1998 Isotropic and anisotropic N-dimensional cosmologies with exponential potentials Class. Quant. Grav. 15 57.

[19] Townsend P K and Wohlfarth M N R 2003 Accelerating cosmologies from compactification Phys.

Rev. Lett. 91 061302 (hep-th/0303097).

[20] Emparan R and Garriga J 2003 A note on accelerating cosmologies from compactifications and S-branes JHEP 0305 028 (hep-th/0304124).

[21] Neupane I P 2004 Accelerating cosmologies from exponential potentials Class. Quant. Grav. 21 4383 (hep-th/0311071).

[22] Russo J G 2004 Exact solution of scalar-tensor cosmology with exponential potentials and transient acceleration Phys. Lett. B 600 185 (hep-th/0403010).

[23] Elizalde E, Nojiri S and Odintsov S D 2004 Large-time cosmology in a (phantom) scalar-tensor theory: Dark energy and cosmic speed-up Phys. Rev. D 70 043539 ([hep-th/0405034]).

[24] Dudas E, Kitazawa N and Sagnotti A 2010 On Climbing Scalars in String Theory Phys. Lett. B 694 80 (arXiv:1009.0874 [hep-th]).

[25] Andrianov A A, Cannata F and Kamenshchik A Y 2011 General solution of scalar field cosmology with a (piecewise) exponential potential JCAP 1110 004 (arXiv:1105.4515 [gr-qc]).

[26] Piedipalumbo E, Scudellaro P, Esposito G and Rubano C 2011 On exact solutions for quintessential (inflationary) cosmological models with exponential potentials (arXiv:1112.0502 [astro-ph.CO]).

[27] Chimento L P 2004 Extended tachyon field, Chaplygin gas and solvable k-essence cosmologies Phys. Rev. D 69 123517 (arXiv:astro-ph/0311613).

[28] Chimento L P and Forte M I 2006 Anisotropic k-essence cosmologies Phys. Rev. D 73 063502 (arXiv:astro-ph/0510726).

[29] Chimento L P, Forte M I, Lazkoz R and Richarte M G 2009 Internal space structure generalization of the quintom cosmological scenario Phys. Rev. D 79 043502 (arXiv:0811.3643).

[30] Chimento L P, Lazkoz R and Richarte M G 2011 Enhanced Inflation in the Dirac-Born-Infeld framework Phys. Rev. D 83 063505 (arXiv:1011.2345).

[31] Basilakos S, Tsamparlis M. and Paliathanasis A 2011 Using the Noether symmetry approach to probe the nature of dark energy Phys. Rev. D 83 103512 (arXiv:1104.2980 [astro-ph.CO]).

Flat Friedman universe with exponential potential scalar field and dust 11

[32] Tsamparlis M and Paliathanasis A 2012 Three fluid cosmological model using Lie and Noether symmetries Class. Quant. Grav. 29 015006 (arXiv:1111.5567 [astro-ph.CO]).

[33] Sundermeyer K 1982 CONSTRAINED DYNAMICS WITH APPLICATIONS TO YANG-MILLS THEORY, GENERAL RELATIVITY, CLASSICAL SPIN, DUAL STRING MODEL Lect. Notes Phys. 169 1 (Springer-Verlag).

[34] Haas F and Goedert J 2001 Dynamical symmetries and the Ermakov invariant Phys. Lett. A 279 181; Karasu A and Yildirim H 2002 On the Lie symmetries of Kepler-Ermakov systems J. Nonlin. Math. Phys. 9 475.