Published by Institute of Physics Publishing for SISSA/ISAS Received: January 16, 2003 Revised: February 19, 2003 Accepted: February 27, 2003

Gauge fields and scalars in rolling tachyon backgrounds

Thomas Mehen

Department of Physics, Duke University Durham NC 27708, USA, and Jefferson Laboratory 12000 Jefferson Ave. Newport News VA 23606, USA E-mail: mehen@phy.duke.edu

Brian Wecht

Department of Physics UC San Diego, La Jolla, CA 92093, USA E-mail: bwecht@physics.ucsd.edu

Abstract: We investigate the dynamics of gauge and scalar fields on unstable D-branes with rolling tachyons. Assuming an FRW metric on the brane, we find a solution of the tachyon equation of motion which is valid for arbitrary tachyon potentials and scale factors. The equations of motion for a U(1) gauge field and a scalar field in this background are derived. These fields see an effective metric which differs from the original FRW metric. The field equations receive large corrections due to the curvature of the effective metric as well as the time variation of the gauge coupling. The equations of state for these fields resemble those of nonrelativistic matter rather than those of massless particles.

Keywords: D-branes, Tachyon Condensation, Cosmology of Theories beyond the SM.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep022003058 /jhep022003058 .pdf

Contents

1. Introduction 1

2. Solution of the tachyon equation of motion 3

3. Dynamics of gauge fields and scalars 5

4. Conclusions 9

A. Properties of the effective metric 10

1. Introduction

Tachyons arise generically in string theory whenever there is no space-time supersymmetry. In the bosonic theory all branes have tachyons, and in superstring theory they appear as modes on non-BPS branes or brane-antibrane pairs. The universe is non-supersymmetric and non-static; this has prompted speculation that it may be described by a non-BPS configuration that is evolving in time, possibly toward a supersymmetric vacuum. Recently, Sen [1] has proposed studying the cosmological implications of tachyons whose action is given by S = − ∫ d^{p+1}x V (T ) √ − det (g_{μν} + ∂_μT ∂_ν T ), (1.1)

where T is the tachyon field, g_{μν} is the metric, and the tachyon potential V (T ) has an unstable maximum at T = 0 and a minimum at T = ∞. This form of the action for tachyons on bosonic or non-BPS branes has been verified by explicit calculations [2]–[5].

String theory tachyons have several unusual features which distinguish them from ordinary scalar fields. The tachyon field equations do not have plane wave solutions [6]. (When eq. (1.1) is extended to include gauge fields there are no plane wave solutions for these fields [7] either.) Furthermore, a rolling tachyon cannot oscillate about the minimum of its potential like a scalar whose potential minimum lies at some finite value of the field. The endpoint of the tachyon’s evolution corresponds to the decay of the unstable brane, or the annihilation of the brane-antibrane pair. The open string degrees of freedom should disappear as T rolls to the minimum of V (T ). The absence of oscillations around the minimum of the potential is consistent with this expectation. The energy-momentum tensor of a homogeneous tachyon field is that of a perfect fluid with energy density ρ = V (T ) √ 1 − Ṫ^2

(1.2)

– 1 – and pressure p = −V (T ) √ 1 − Ṫ^2 , (1.3)

implying that the equation of state for the tachyon fluid is

p = −(1 − Ṫ^2)ρ . (1.4)

For Ṫ = 0, the equation of state is that of vacuum energy, and for Ṫ = 1, it is the equation of state of nonrelativistic matter. As the tachyon rolls, the equation of state will interpolate between these two extremes. For this reason the tachyon has been investigated as a candidate for the inflaton, dark matter, and quintessence [8]–[28].

Problems with identifying the tachyon as the inflaton are discussed in ref. [11], where it is argued that there is no obvious mechanism for reheating the universe after tachyon driven inflation because of the absence of oscillations about the minimum of the potential. Therefore, one expects the tachyon to dominate the energy density of the universe after inflation, and since in this phase the tachyon energy density falls off as a^{−3}, tachyon energy density would dominate over radiation. On the other hand, it is known that the early universe went through a radiation dominated phase. This argument does not exclude the possibility of tachyon driven inflation followed by an inflationary era driven by another field [11]. The tachyon could contribute to dark matter, though it requires fine-tuning of initial conditions to ensure that the present tachyon energy density is not so large as to exceed current bounds on dark matter or too small to make a significant contribution [20].

It is worthwhile to point out that the above conclusions are based on classical solutions of Eq. (1.1). These solutions correctly mimic the late time behavior of solutions of open string field theory found in ref. [22]. These solutions were obtained by deforming the CFT of an unstable D-brane by an exactly marginal operator and therefore are exact classical solutions of weakly coupled open string theory. However, the actual behavior of an unstable D-brane in string theory could be drastically different due to quantum effects. In particular, ref. [44] has shown that the coupling of unstable D-branes to massive closed string states grows expontentially as the brane decays. The non-decoupling of massive string states would invalidate eq. (1.1) as a low energy effective field theory for late time behavior of an unstable D-brane in string theory. Most of the recent work on cosmology of tachyonic matter has ignored possible non-decoupling effects of massive closed string states and instead taken the action of eq. (1.1) as a starting point of the analysis.

In scenarios in which an open string theory tachyon contributes to dark matter or plays the role of an inflaton, it is natural to ask what happens to the gauge fields and other massless fields on the decaying brane as the tachyon rolls to its minimum. For these scenarios, it is important to know whether the massless fields on the brane could be identified with those of the Standard Model. The late time behavior of gauge and scalar fields living on an unstable brane is also interesting in its own right. In this paper, we find a solution for a homogeneous tachyon field in Friedman-Robertson-Walker (FRW) cosmological backgrounds for arbitrary V (T ). This solution is valid for Ṫ ≈ 1, i.e. when the tachyon equation of state is like that of nonrelativistic matter. We then add scalar and

– 2 – gauge fields to the action in eq. (1.1) in the following manner, S = − ∫ d^{p+1}x V (T ) √ − det [g_{μν} + ∂_μT ∂_ν T + 2πl^2_s (F_{μν} + ∂_μϕ∂_ν ϕ)] , (1.5)

where l_s is the string length (for the remainder of this paper, we will set 2πl^2_s = 1). This form of the action for a non-BPS brane of string theory has been checked by explicit calculations of S-matrix elements [2] and is consistent with T-duality [3]. From the action in eq. (1.5), we derive equations of motion for the gauge and scalar fields which are valid for small fluctuations and do not include the backreaction of the tachyon and the metric. The scalar and gauge fields see an effective metric different from the metric seen by gravity. Furthermore, the equations of state of scalar and gauge fields differ from the ordinary equations of state. In both cases the pressure is suppressed by factors of 1 − Ṫ^2, so their contribution to the energy-momentum tensor is like that of cold dark matter rather than ordinary massless fields. Finally, the gauge coupling grows rapidly with time in these models. Therefore, it is extremely difficult to identify gauge fields living on a non-BPS brane with Standard Model fields.

The results of this paper should be of relevance for string theory studies of tachyon condensation. Most studies focus on D-branes decaying in flat space-time. Our analysis considers a brane decaying in a time dependent gravitational background. Many authors [29]–[33] have argued that the gauge theory living on a D-brane becomes strongly coupled as the brane decays and that the gauge fields are confined at the endpoint of tachyon condensation. In our solutions the gauge coupling is indeed seen to grow with time. Ref. [1] found time dependent solutions for tachyons in string field theory and showed that the decaying D-brane evolves into a pressureless gas at late time. This analysis considered only the behavior of the tachyon; our analysis shows that contributions to the pressure from gauge fields and scalars also vanish at late times. It would be interesting to confirm this in a full string field theory calculation. In addition, the equations of motion for the gauge fields and scalars show that these fields see an effective metric whose curvature is growing rapidly with time. This introduces large curvature corrections to the equations of motion for these fields. It is important to emphasize that these corrections are absent unless both the tachyon and the metric are evolving with time. These large curvature corrections are a novel feature of tachyon condensation which have not been discussed previously in the literature.

2. Solution of the tachyon equation of motion

In an FRW universe with metric

ds^2 = −dt^2 + a^2(t) ( dr^2 1 − kr^2 + r^2dΩ^2 ) , (2.1)

the equation of motion for a spatially homogeneous tachyon is T̈ 1 − Ṫ^2 + 3 ȧ a Ṫ + V^′(T ) V (T ) = 0 , (2.2)

– 3 – where^′ denotes differentiation with respect to T . The scale factor obeys the equation ( ȧ a )_2 = 8πG 3 ρ − k a^2

, (2.3)

where ρ includes all contributions to the energy density. We will solve eq. (2.2) directly in terms of a(t), so the solution will be valid for arbitrary matter content and curvature. Solutions with finite energy density must have Ṫ → 1 as V (T ) → 0. Therefore, we look for a solution of the form T (t) = t + f(t) , (2.4)

where f(t) is assumed to be a small correction. Solutions of this form for the specific case of V (T ) ∝ e^{−T} are known for flat space [6] and for the FRW metric [19]. We generalize these solutions to any V (T ). Using the approximations f(t) ≪ t and ḟ(t) ≪ 1, the equation for f is − f̈ 2ḟ + 3 ȧ a + V̇ V = 0 . (2.5)

This equation is easily solved since every term is a total time derivative, yielding

Ṫ (t) = 1 − 1

2ρ^2_T a^6(t)V^2(t) ,

T (t) = t − t_i + T (t_i) − 1 2ρ^2_T ∫_t t_i dt^′a^6(t^′)V^2(t^′) . (2.6)

The solution in eq. (2.6) has two constants of integration, one of which is expressed in terms of ρ_T , the tachyon energy density when a(t) = 1, the other in terms of the value of the tachyon field at some initial time t_i. In most cosmological applications, it is assumed that the tachyon starts rolling at some early time t_R with T = 0 and Ṫ = 0. The solution in eq. (2.6) is not valid all the way back to t_R. Therefore, we must take t_i > t_R, though for a physically sensible solution one expects that the condition Ṫ ≈ 1 should be satisfied shortly after the tachyon begins its descent. The energy density and pressure of the tachyon fluid as a function of time are ρ(t) = ρ_T a^3(t) , p(t) = − V^2a^3(t) ρ_T = − V^2(t)a^6(t) ρ^2_T ρ(t) . (2.7)

The approximations f(t) ≪ t and ḟ(t) ≪ 1 are valid at late times if a^3(t)V (t) → 0 as t → ∞. Though the functional form of V (T ) is not known, it is expected to decay exponentially as a function of T . Two functional forms which satisfy the requirements that the potential have an unstable maximum at T = 0 and a minimum at T = ∞ are

V (T ) = T_p ( 1 + T T_0 ) e^{−T /T0} bosonic ,

= T_p e^{−T 2/T 20} superstring . (2.8)

– 4 –

T_p is the p-brane tension, which has mass dimension 4 for p = 3. These potentials are similar to tachyon potentials found in bosonic [34]–[36] and supersymmetric [36, 37] string theory calculations. The actions appearing in these calculations are of a slightly different form than eq. (1.1); in particular, the tachyon kinetic terms do not appear inside a square root. If one expands the action of eq. (1.1) in powers of ∂T , the result is very similar to the actions in [34]–[37]. Recently, Sen has proposed V (T ) = T_p exp(−|T |/T_0) [6] for V (T ). For these potentials, the pressure vanishes exponentially at late times.

3. Dynamics of gauge fields and scalars

In this section, we study the dynamics of gauge fields and scalars in a rolling tachyon background using the action of eq. (1.5). The (abelian) field strength is included in a manner consistent with T-duality, and the inclusion of scalar fields (which describe the transverse motion of the brane) arises naturally from considering the transverse components of the induced metric. There is one such scalar field for each direction normal to the brane. We have included only one scalar field here for simplicity; our analysis is easily extended to any number of these scalars. The form of the action for a non-BPS D-brane has been a subject of intense study. It has been checked by explicit calculations of S matrix elements and is consistent with T duality [2]–[5].

Although we are primarily interested in small scalar and gauge field fluctuations in the time-dependent background, it is not difficult to find the exact equations of motion. The action of eq. (1.5) can be written as S = − ∫ d^{p+1}xV (T ) √ − det A , (3.1)

where A_{μν} = g_{μν} + ∂_μT ∂_ν T + ∂_μϕ∂_ν ϕ + F_{μν} . One finds ∂_μ [ 1 2 V (T ) √ − det A [ (A^{−1})^{μν} − (A^{−1})^{νμ} ] ] = 0 (3.2)

for the equation of motion of the gauge field and ∂_μ [ 1 2 V (T ) √ − det A [ (A^{−1})^{μν} + (A^{−1})^{νμ} ] ∂_ν ϕ ] = 0 (3.3)

for the equation of motion of the scalar field. Similarly, the exact equation of motion for the tachyon is

V^′(T ) √ − det A = ∂_μ [ V (T ) 2 √ − det A [ (A^{−1})^{νμ} + (A^{−1})^{μν} ] ∂_ν T ] . (3.4)

For completeness, we also include here the equation for conservation of the stress tensor, ∇_μ [ − 1 2 V (T ) √ A g [ (A^{−1})^{μν} + (A^{−1})^{νμ} ] ] = 0. (3.5)

We now specialize to the case of a 3+1 dimensional brane and study the dynamics of small scalar and gauge field fluctuations. For this purpose, we expand the action of

– 5 – eq. (1.5) to quadratic order in the fields F_{μν} and ϕ. For related investigations of Born- Infeld dynamics, see [38]–[40]. First, we set ∂_μϕ = 0 and find the form of the action for the U(1) gauge field. We can simplify the analysis by introducing the effective metric

ḡ_{μν} = g_{μν} + ∂_μT ∂_ν T , (3.6)

and using the identity (valid in four dimensions)

− det(ḡ_{μν} + F_{μν} ) = ḡ ( 1 + 1 2 ḡ^{αβ}ḡ^{γδ} F_{αγ} F_{βδ} ) det(F_{μν} ) , (3.7)

where ḡ = det(ḡ_{μν} ) and ḡ^{μν} is defined by ḡ^{αμ}ḡ_{μβ} = δ^α_β . ḡ_{μν} is the metric seen by gauge fields, i.e. the open string metric. The fact that this is different from the closed string metric is widely appreciated; see for example [39]. In this paper, we explore the effect of a rolling tachyon on the open string metric. As is well known, there is a critical value E_{cr} for an electric field on a D-brane. For E ≡ |F_{0i}| > E_{cr} the Dirac-Born-Infeld action no longer makes sense; this corresponds to the D-brane being destroyed by the strong electric field. When magnetic fields are vanishing, F_{ij} = 0, E_{cr} = a √ 1 − Ṫ^2.

We now derive the equations of motion for small field fluctuations satisfying E ≪ E_{cr}. Therefore, we can expand the lagrangian to lowest order in F^2. This yields L = −V (T ) √ −ḡ − V (T ) 1 4 √ −ḡ ḡ^{αβ}ḡ^{γδ} F_{αγ} F_{βδ} . (3.8) The form of the lagrangian for a scalar field is similar; expanding to lowest order in (∂ϕ)^2 gives L_ϕ = −V (T ) 1 2 √ −ḡḡ^{μν} ∂_μϕ∂_ν ϕ . (3.9) Since we have assumed both ∂ϕ and F_{μν} are small we have ignored all coupling terms between the two fields, which would be order (∂ϕ)^2F^2 or higher.

Deriving the equations of motion is straightforward. For the scalar field, one finds [ ∇_μ + (∂_μ ln V ) ] (ḡ^{μν} ∂_ν ϕ) = 0 , (3.10)

where ∇_μ is the covariant derivative with respect to the metric ḡ_{μν} . The Christoffel symbols and curvature tensors for the metric ḡ_{μν} for a spatially homogeneous T in an FRW background with k = 0 are calculated in the appendix. We can simplify this equation further by defining g^′_{μν} = V (T )ḡ_{μν} , which yields

∇^′_μ∇^{′μ}ϕ = 0 , (3.11)

where the covariant derivative is defined with respect to the metric g^′_{μν} . This result could have been derived by first rescaling the metric in the lagrangian, which becomes L_ϕ = −^1_2 √ −g^′g^{′μν} ∂_μϕ∂_ν ϕ. If we consider the case of a flat universe (k=0) we can use the formulae in the appendix to rewrite eq. (3.10) as ḡ^{μν} ∂_μ∂_ν ϕ − 3 ȧ a ϕ̇ = 0 . (3.12)

– 6 –

The second term is suppressed by M_{pl} since ȧ/a ∼ √ Gρ ∼ √ ρ/M_{pl}. Dropping this term, we see that ϕ has solutions which propagate along null geodesics of the metric ḡ_{μν} instead of g_{μν} . Note that null geodesics of g^′_{μν} are the same as null geodesics of ḡ_{μν} since the metrics differ only by a conformal factor. Thus, the scalar fields see an effective metric g^′_{μν} = V (T )(g_{μν} + ∂_μT ∂_ν T ) which is not the metric seen by gravity, g_{μν} .

The source-free Maxwell equation derived from the lagrangian in eq. (3.8) is [ ∇_α + (∂_α ln V ) ] F^{αμ} = 0 , (3.13)

where F^{αμ} ≡ ḡ^{αβ}ḡ^{μν} F_{βν} . We can write this in the form of a wave equation for the gauge field by choosing the gauge ∇_αA^α = 0,

∇_α∇^αA^μ − R^μ_β A^β + (∂_αlnV )(∂^αA^μ − ∂^μA^α) = 0 . (3.14)

It is also possible to derive a wave equation for the field strengths by combining eq. (3.13) with the Bianchi identity:

∇_α∇^αF^{βγ} + 2R^{β γ}_{αμ} F^{μα} + R^γ_μ F^{μβ} − R^β_μ F^{μγ} + ∇^β((∂_α ln V )F^{αγ} ) − ∇^γ ((∂_α ln V )F^{αβ} ) = 0 . (3.15) The bars over the covariant derivatives and curvature tensors indicate that they are defined with respect to the metric ḡ_{μν} . These equations describe an electromagnetic field propagating in a space-time with metric ḡ_{μν} and a time-varying coupling constant g^2 ∼ 1/V (t). This can also be seen directly from the lagrangian in eq. (3.8). The corrections from the curvature and time dependent coupling are large. For V (T ) ∼ e^{−T /T0} , |∂_0 ln V | ∼ 1/T_0 ∼ M_{pl}. Here we assume all dimensional quantities in the lagrangian have their scale set by M_{pl}. Curvature corrections are suppressed by M_{pl} when Ṫ ≈ 0 but are large at later times because all nonzero components of the Ricci tensor R^ν_μ have a prefactor of 1/(1 − Ṫ^2), which grows exponentially as the tachyon rolls to its minimum. Unlike the case of scalars, we have not attempted to rewrite the equations for electromagnetic waves in the form of a simple wave equation like eq. (3.12). Therefore, it is not clear whether electromagnetic waves will propagate along null geodesics of the metric ḡ_{μν} .

As a simple example, we can solve eq. (3.13) for a spatially homogeneous electric field E ≡ F_{0i}. Using the results in the appendix it is straightforward to show that Ė = − [ Ṫ T̈ 1 − Ṫ^2 + ȧ a + V^′ V Ṫ ] E . (3.16)

The solution of eq. (3.16) is given by

E = E_0 [√ 1 − Ṫ^2 aV ] = E_0 ρ_T a^2 , (3.17)

where E_0 is a constant. One expects the scale factor to grow with time, so our solution will break down when E ∼ E_{cr}. Since E_{cr} = a √ 1 − Ṫ^2, our solution will be valid until a^2V ∼ E_0. To understand what happens in this regime, one would have to take into

– 7 – account the corrections from terms that are O(F^4) and higher as well as corrections to the equations of motion of the tachyon and metric from the electric field. It is easy to see that the growth of the electric field in excess of E_{cr} is an artifact of truncating the action to O(F^2). The exact energy density of a brane with a uniform electric field is given by ρ = V (T ) √ 1 − Ṫ^2 − (E^2/a^2)

. (3.18)

We can rewrite this equation in terms of the critical field E_{cr} as

E^2_{cr} − E^2 =

V^2a^2 ρ^2

. (3.19)

Since the right hand side is positive definite, E ≤ E_{cr}.

Next, we compute the O(F^2) and O(ϕ^2) corrections to the energy-momentum tensor. It is of the form T_{μν} = T^T_{μν} + T^F_{μν} + T^ϕ_{μν} , (3.20)

where the contribution from tachyons is [19]

T^T_{μν} = V (T ) ( ∂_μT ∂_ν T √ 1 + ∂_βT ∂^β T − g_{μν} √ 1 + ∂_βT ∂^β T ) , (3.21)

the O(F^2) term is

T^F_{μν} = 1 4 T^T_{μν} ḡ^{αβ}ḡ^{γδ} F_{αγ} F_{βδ} + V (T )(ḡg)^α_μ(ḡg)^β_νḡ^{γδ} F_{αγ} F_{βδ} √ 1 + ∂_σT ∂^σT , (3.22)

and the O(ϕ^2) term is

T^ϕ_{μν} = 1 2 T^T_{μν} ḡ^{αβ} ∂_αϕ∂_β ϕ + V (T )(ḡg)^α_μ(ḡg)^β_ν ∂_αϕ∂_β ϕ √ 1 + ∂_σT ∂^σT . (3.23)

Here (ḡg)^α_μ = ḡ^{αβ} g_{βμ} and ∂_β T ∂^βT ≡ g^{αβ} ∂_αT ∂_βT . The O(F^2) piece contains contributions from both the tachyon and gauge fields and is not of the conventional form for gauge fields. In particular g^{μν} T^F_{μν} ≠ 0, so the contribution of T^F_{μν} to the equation of state differs from conventional radiation. It is possible to put T^F_{μν} in perfect fluid form by assuming the radiation is isotropic; we then find

p_F = 1 3 (1 − Ṫ^2)ρ_F . (3.24)

Again the pressure of the radiation is vanishing as Ṫ → 1 so gauge fields on the brane behave like nonrelativistic matter rather than conventional radiation. For a spatially homogeneous scalar field, the equation of state is

p_ϕ = (1 − Ṫ^2)ρ_ϕ , (3.25)

which also has a pressure that vanishes as Ṫ → 1.

– 8 –

4. Conclusions

Gauge fields and scalars living on a D-brane with a rolling tachyon have very different physics from Standard Model fields in conventional cosmological scenarios. The massless fields on a decaying D-brane see different metrics than the one seen by gravity. There are large corrections to the classical equations of motion from the curvature of this effective metric as well as the time variation of the gauge coupling. The equations of state for both the gauge field and the scalar are also non-standard, with a pressure that vanishes as the tachyon rolls to the minimum of its potential. These significant departures from the physics of normal gauge and scalar fields make it impossible to identify Standard Model fields with the fields living on a non-BPS brane whose action is of the form in eq. (1.5).

This analysis reveals interesting features of the process of brane decay. Our calculations confirm that the gauge fields become strongly coupled as the tachyon rolls to its minimum. Furthermore, we showed that the contribution of gauge fields and scalars to the pressure vanishes at late times. We also found large corrections to the equations of motion for massless fields on the brane because the curvature of the effective metric is growing rapidly with time. These corrections are only seen if one allows both the metric and the tachyon to evolve with time, and cannot be seen if one studies the brane decay process assuming a flat space-time background. This is easy to see from the form of the effective metric. If the scale factor a is constant, the open string metric becomes (after a trivial rescaling of the spatial coordinates) ḡ_{00} = −1 + Ṫ^2 ḡ_{ij} = δ_{ij} . (4.1)

This metric is clearly flat because the coordinate transformation

t^′(t) = ∫_t ds √ 1 − Ṫ^2(s) (4.2)

will put the metric in the form ḡ_{μν} = η_{μν} . The flatness of the effective metric can also be seen from our expressions for the curvature tensor in eq. (A.3), which vanishes if ȧ = ä = 0. Thus, one would not expect to see the large curvature corrections to the equations of motion in a flat spacetime background. However, the equation of state still becomes pressureless and the gauge coupling becomes exponentially large at late times even if the background space-time is flat.

Recently, several authors have studied the decay of tachyonic branes in the presence of electric fields using Boundary String Field Theory [41, 42] as well as effective field theory [41, 42, 43] techniques. These studies have found solutions in which the electric field is constant in time. It would be interesting to revisit this problem allowing for a dynamical background spacetime. Our study shows that in these backgrounds the electric field can evolve in time, though our approximations break down not long after the brane begins to decay. Corrections to the solution come from nonlinear terms in the tachyonic Born- Infeld action, and eq. (3.19) shows that these nonlinearities should tame the unbounded growth seen in our solution, eq. (3.17). Another source of corrections to our results are higher derivative corrections to the Born-Infeld action. Second and higher derivatives of the tachyon field are exponentially suppressed at late times and so are under control.

– 9 –

However, this is not true of higher derivatives of E in the solution of eq. (3.17). However, the nonlinearities in the Born-Infeld action cut off the growth of E so one may expect that terms involving derivatives of the field strength can be systematically neglected for solutions to the exact gauge field and tachyon field equations. Finding explicit solutions to these equations would help to address this issue but is beyond the scope of the paper. A more serious problem with using a classical field theory based on the action in eq. (1.5) is that as the D-brane decays as it becomes strongly coupled to massive string modes [44]. A recent study [42] shows that the presence of an electric field enhances the couplings of the decaying D-brane to massive closed string states. These results show that the low energy effective action describing the decaying tachyon should break down shortly after the brane begins to decay. Studying the behavior of decaying D-branes with electric fields in a background space-time is clearly of interest. However, to obtain a reliable description one must go beyond the effective field theory approach employed in this paper.

Acknowledgments

We thank N. Dalal, J. Gomis, B. Grinstein, K. Intriligator and J. Kumar for useful discussions. B.W. is supported in part by DOE grant DE-FG03-97ER40546. T.M. is supported in part by DOE grants DE-FG02-96ER40945 and DE-AC05-84ER40150. T.M. also acknowledges the hospitality of the University of California at San Diego Theory Group.

A. Properties of the effective metric

For reference, we note the following properties of the metric ḡ_{μν} : The explicit form for the

inverse effective metric ḡ^{μν} is ḡ^{μν} = g^{μν} − ∂^μT ∂^ν T 1 + ∂_σ T ∂^σT

. (A.1)

In the following we will take g_{μν} to be of FRW form with k = 0 and consider time dependent, spatially homogeneous tachyon fields. The Christoffel symbols for the metric ḡ_{μν} are

Γ^i_{0j} = ȧ a δ^i_j ; Γ^0_{ij} = 1 1 − Ṫ^2 ȧ a ḡ_{ij} ; Γ^0_0 = −Ṫ T̈ 1 − Ṫ^2

. (A.2)

Using the convention [ ∇_μ, ∇_ν ] V^α = R^α_{βμν} V^β, the nonzero components of the Riemann curvature tensor are

R^0_{i0j} = 1 1 − Ṫ^2 [ ä a + ȧṪ T̈ a(1 − Ṫ^2) ] ḡ_{ij} ; R^i_{jkl} = ȧ^2 a^2(1 − Ṫ^2) ( ḡ_{jl}δ^i_k − ḡ_{jk}δ^i_l ) . (A.3)

The nonzero components of the Ricci tensor are thus

R_{00} = −3 [ ä a + ( ȧ a )˙ T T̈ 1 − Ṫ^2 ] ; R_{ij} = 1 1 − Ṫ^2 [ ä a + 2 ( ȧ a )_2 + ( ȧ a )˙ T T̈ 1 − Ṫ^2 ] ḡ_{ij} (A.4)

– 10 – and the Ricci scalar is R = 6 1 − Ṫ^2 [ ä a + ( ȧ a )_2 + ( ȧ a )˙ T T̈ 1 − Ṫ^2 ] . (A.5)

In deriving the energy-momentum tensor T_{μν} =^{−2√}_{−g}^{δL}_{δgμν} , the following identities are useful: δ √ −ḡ δg^{μν} = − 1 2 √ −ḡḡ^{λρ}g_{λμ}g_{ρν} = 1 2 √ −g √ 1 + ∂_β T ∂^βT ( ∂_μT ∂_ν T 1 + ∂_β T ∂^βT − g_{μν} ) (A.6) and δḡ^{αβ} δg^{μν} = ḡ^{αλ}g_{λμ}ḡ^{βρ}g_{ρν} . (A.7) References

[1] A. Sen, Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265].

[2] M.R. Garousi, Tachyon couplings on non-BPS D-branes and Dirac-Born-Infeld action, Nucl.

Phys. B 584 (2000) 284 [hep-th/0003122].

[3] E.A. Bergshoeff, M. de Roo, T.C. de Wit, E. Eyras and S. Panda, T-duality and actions for non-BPS D-branes, J. High Energy Phys. 05 (2000) 009 [hep-th/0003221].

[4] J. Klusoň, Proposal for non-BPS D-brane action, Phys. Rev. D 62 (2000) 126003 [hep-th/0004106].

[5] G. Arutyunov, S. Frolov, S. Theisen and A.A. Tseytlin, Tachyon condensation and universality of dbi action, J. High Energy Phys. 02 (2001) 002 [hep-th/0012080].

[6] A. Sen, Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[7] A. Ishida and S. Uehara, Gauge fields on tachyon matter, Phys. Lett. B 544 (2002) 353 [hep-th/0206102].

[8] M. Fairbairn and M.H.G. Tytgat, Inflation from a tachyon fluid?, Phys. Lett. B 546 (2002) 1 [hep-th/0204070].

[9] S. Mukohyama, Brane cosmology driven by the rolling tachyon, Phys. Rev. D 66 (2002) 024009 [hep-th/0204084].

[10] D. Choudhury, D. Ghoshal, D.P. Jatkar and S. Panda, On the cosmological relevance of the tachyon, Phys. Lett. B 544 (2002) 231 [hep-th/0204204].

[11] L. Kofman and A. Linde, Problems with tachyon inflation, J. High Energy Phys. 07 (2002) 004 [hep-th/0205121].

[12] A. Feinstein, Power-law inflation from the rolling tachyon, Phys. Rev. D 66 (2002) 063511 [hep-th/0204140].

[13] M. Sami, Implementing power law inflation with rolling tachyon on the brane, Mod. Phys.

Lett. A 18 (2003) 691 [hep-th/0205146].

[14] M. Sami, P. Chingangbam and T. Qureshi, Aspects of tachyonic inflation with exponential potential, Phys. Rev. D 66 (2002) 043530 [hep-th/0205179].

– 11 –

[15] J.A. Minahan, Rolling the tachyon in super BSFT, J. High Energy Phys. 07 (2002) 030 [hep-th/0205098].

[16] L. Cornalba, M.S. Costa and C. Kounnas, A resolution of the cosmological singularity with orientifolds, Nucl. Phys. B 637 (2002) 378 [hep-th/0204261].

[17] K. Hashimoto, Dynamical decay of brane-antibrane and dielectric brane, J. High Energy Phys. 07 (2002) 035 [hep-th/0204203].

[18] H.-S. Kim, Supergravity approach to tachyon potential in brane-antibrane systems, J. High Energy Phys. 01 (2003) 080 [hep-th/0204191].

[19] A.V. Frolov, L. Kofman and A.A. Starobinsky, Prospects and problems of tachyon matter cosmology, Phys. Lett. B 545 (2002) 8 [hep-th/0204187].

[20] G. Shiu and I. Wasserman, Cosmological constraints on tachyon matter, Phys. Lett. B 541 (2002) 6 [hep-th/0205003].

[21] T. Padmanabhan and T.R. Choudhury, Can the clustered dark matter and the smooth dark energy arise from the same scalar field?, Phys. Rev. D 66 (2002) 081301 [hep-th/0205055].

[22] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]. [23] G.W. Gibbons, Cosmological evolution of the rolling tachyon, Phys. Lett. B 537 (2002) 1 [hep-th/0204008].

[24] T. Padmanabhan, Accelerated expansion of the universe driven by tachyonic matter, Phys.

Rev. D 66 (2002) 021301 [hep-th/0204150].

[25] X.-Z. Li, J.-G. Hao and D.-J. Liu, Can quintessence be the rolling tachyon?, Chin. Phys. Lett.

19 (2002) 1584 [hep-th/0204252].

[26] S. Sugimoto and S. Terashima, Tachyon matter in boundary string field theory, J. High Energy Phys. 07 (2002) 025 [hep-th/0205085].

[27] H.B. Benaoum, Accelerated universe from modified Chaplygin gas and tachyonic fluid,

hep-th/0205140.

[28] J.-C. Hwang and H. Noh, Cosmological perturbations in a generalized gravity including tachyonic condensation, Phys. Rev. D 66 (2002) 084009 [hep-th/0206100].

[29] P. Yi, Membranes from five-branes and fundamental strings from Dp-branes, Nucl. Phys. B 550 (1999) 214 [hep-th/9901159].

[30] O. Bergman, K. Hori and P. Yi, Confinement on the brane, Nucl. Phys. B 580 (2000) 289 [hep-th/0002223].

[31] M. Kleban, A.E. Lawrence and S.H. Shenker, Closed strings from nothing, Phys. Rev. D 64 (2001) 066002 [hep-th/0012081].

[32] A. Sen, Supersymmetric world-volume action for non-BPS D-branes, J. High Energy Phys.

10 (1999) 008 [hep-th/9909062].

[33] G.W. Gibbons, K. Hori and P. Yi, String fluid from unstable D-branes, Nucl. Phys. B 596 (2001) 136 [hep-th/0009061].

[34] D. Kutasov, M. Marino and G.W. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148].

– 12 –

[35] A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103].

[36] A.A. Tseytlin, Sigma model approach to string theory effective actions with tachyons, J.

Math. Phys. 42 (2001) 2854 [hep-th/0011033].

[37] D. Kutasov, M. Marino and G.W. Moore, Remarks on tachyon condensation in superstring field theory, hep-th/0010108.

[38] G.W. Gibbons and K. Hashimoto, Non-linear electrodynamics in curved backgrounds, J. High Energy Phys. 09 (2000) 013 [hep-th/0007019].

[39] G.W. Gibbons and C.A.R. Herdeiro, Born-Infeld theory and stringy causality, Phys. Rev. D 63 (2001) 064006 [hep-th/0008052].

[40] G.W. Gibbons, Pulse propagation in Born-Infeld theory, the world-volume equivalence principle and the Hagedorn-like equation of state of the Chaplygin gas, Grav. Cosmol. 8 (2002) 2 [hep-th/0104015].

[41] P. Mukhopadhyay and A. Sen, Decay of unstable D-branes with electric field, J. High Energy Phys. 11 (2002) 047 [hep-th/0208142].

[42] S.-J. Rey and S. Sugimoto, Rolling tachyon with electric and magnetic fields: T-duality approach, hep-th/0301049.

[43] C.-J. Kim, H.B. Kim, Y.-B. Kim and O.-K. Kwon, Electromagnetic string fluid in rolling tachyon, hep-th/0301076.

[44] T. Okuda and S. Sugimoto, Coupling of rolling tachyon to closed strings, Nucl. Phys. B 647 (2002) 101 [hep-th/0208196].

– 13 –