Published by Institute of Physics Publishing for SISSA/ISAS Received: February 7, 2003 Revised: March 5, 2003 Accepted: March 5, 2003

Electromagnetic string fluid in rolling tachyon

Chanju Kim

Department of Physics, Ewha Womans University Seoul 120-750, Korea E-mail: cjkim@ewha.ac.kr

Hang Bae Kim

Institute of Theoretical Physics, University of Lausanne CH-1015 Lausanne, Switzerland E-mail: HangBae.Kim@ipt.unil.ch

Yoonbai Kim^{ab} and O-Kab Kwon^a

aBK21 Physics Research Division and Institute of Basic Science Sungkyunkwan University Suwon 440-746, Korea bSchool of Physics, Korea Institute for Advanced Study 207-43, Cheongryangri-Dong, Dongdaemun-Gu, Seoul 130-012, Korea E-mail: yoonbai@skku.ac.kr okwon@newton.skku.ac.kr

Abstract: We study Born-Infeld type effective action for unstable D3-brane system including a tachyon and an abelian gauge field, and find the rolling tachyon with constant electric and magnetic fields as the most general homogeneous solution. Tachyonic vacua are characterized by magnitudes of the electric and magnetic fields and the angle between them. Analysis of small fluctuations in this background shows that the obtained configuration may be interpreted as a fluid consisting of string-like objects carrying electric and magnetic fields. They are stretched along one direction and the rolling tachyon move in a perpendicular direction to the strings. Direction of the propagating waves coincides with that of strings with velocity equal to electric field.

Keywords: Brane Dynamics in Gauge Theories, Tachyon Condensation.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep032003008 /jhep032003008 .pdf

Contents

1. Introduction 1

2. Homogeneous configuration 2

3. Small fluctuations and electromagnetic string fluid 6

4. Conclusion and discussion 10

A. Electromagnetism in the pure tachyon background 11

1. Introduction

Instability of an unstable D-brane or a pair of D-brane-anti-D-brane is manifested by a tachyonic mode and, in the context of effective field theory, decay of the unstable brane is depicted by condensation of tachyon [1]. As the tachyon approaches its true vacuum where brane tension is dissipated away, open string degrees of freedom disappear and correspondingly perturbative plane-wave type excitations are completely absent in the effective field theory. The classical decay process is described by the so-called rolling tachyons which are constructed as a family of spatially-homogeneous but time-dependent classical solutions in open string theory [2, 3].

This rolling tachyon has been mainly applied to various topics in cosmology in the very early universe, e.g., inflation, dark matter, and reheating [4]–[7]. In tachyon cosmology or other applications, inclusion of bosonic string degrees looks indispensable, e.g., gauge field, graviton, dilaton, antisymmetric tensor field, or RR-field. In relation with string dynamics, U(1) gauge field on the brane has played an important role [8], of which dynamics is given by Born-Infeld type gauge kinetic term in the effective action on the brane [9, 10] since one of two U(1) gauge symmetries remains unbroken in the decaying DD̄-system despite of tachyon condensation [11]. In pure rolling tachyon background, perturbative electromagnetic waves stop propagating around the tachyon vacuum as expected [12]. In the presence of both the rolling tachyon and a uniform electric field, there exists a critical value of the uniform electric field and perturbative waves on it propagate along electric flux lines, of which speed is given by magnitude of the background electric field [13, 14]. Though final remnants after decaying may be composed of uniformly stretched fundamental strings (F1’s) and tachyon matter, dynamical process including confinement is not understood yet.

An intriguing question worth asking at the present stage is to look for general homogeneous configuration of the effective field theory of the tachyon with a runaway potential and Born-Infeld type U(1) gauge field, and to study properties of perturbative excitations on such background. For the system of unstable D3-brane, we showed that the most general homogeneous solution is the time-dependent rolling tachyon with constant electric and magnetic fields. Under a reasonable shape of the runaway tachyon potential, we find an

– 1 – exact form of the classical rolling tachyon solution, which may make further study more tractable in the scheme of effective field theory. A family of tachyonic vacua constructed at infinite vacuum expectation value of the tachyon is characterized by magnitude of the constant background electric and magnetic fields (|E_0|, |B_0|) and the angle θ between them. The configuration has nonvanishing momentum along the direction perpendicular to E_0 and B_0. By an appropriate Lorentz boost and a rotation we show that it is a pressureless fluid of fundamental strings made by turning on electric and magnetic fields and stretched along one direction in the rolling tachyon background, which will be called string fluid with electric and magnetic fields.

There is however a subtle point. Since the momentum density is nonvanishing in the frame that fields are homogeneous, it is not the rest frame of the whole configuration. In the rest frame obtained by a suitable Lorentz boost, the tachyon field is no longer homogeneous in the sense that ∂_iT is not zero. In other words, the rest frame of the system and the frame where the tachyon field is homogeneous are different. This fact makes the configuration rather nontrivial and in general the electric field and the magnetic field are not completely (anti-)parallel though they form fluid of strings stretched along one direction. The angle θ between them may then be interpreted as encoding the relative motion between stretched strings along one direction and the rolling tachyon flowing in the perpendicular direction to the strings.

In order to reach the above interpretation we investigate the small fluctuations around the homogeneous configuration of the rolling tachyon and the electromagnetic fields (|E_0|, |B_0|, θ). After a Lorentz boost and a rotation, the fluctuations are shown to propagate along the direction of the electric field with the propagation velocity equal to the electric field. Roughly, the whole situation in this frame is then as follows. The tachyon has a nonzero momentum since it is Lorentz boosted; the electric field and the magnetic field still make a nonzero angle and have their own momentum. Then these two contributions cancel each other, making the total momentum zero. This interpretation is also supported by the fact that the only nonzero components of the energy-momentum tensor are T_{00} and the diagonal component along the direction of the electric field.

This paper is organized as follows. In section 2, the most general homogeneous solution of rolling tachyon with constant electric and magnetic field is obtained. In section 3, propagation of small fluctuations on the obtained configuration is analyzed. Then via a suitable Lorentz boost and a rotation, we identify the background configuration as a fluid of strings with electric and magnetic fields stretched along the direction of electric field and rolling tachyon. In section 4, we conclude with discussion. Finally in appendix, detailed description of perturbative electromagnetic waves is given in the pure tachyon background.

2. Homogeneous configuration

In this section we introduce the system of tachyon coupled to an abelian gauge field and find the most general homogeneous solution which turns out to be constant electric and magnetic fields together with rolling tachyon configuration.

– 2 –

When we turn off antisymmetric tensor field of second rank in bosonic sector of effective action, the unstable D3-brane system is described by the following Born-Infeld type action [9, 10] S = −T_3 ∫ d^4x V (T ) √ − det(η_{μν} + ∂_μT ∂_ν T + F_{μν} ) , (2.1)

where T is tachyon and F_{μν} is field strength tensor of abelian gauge field A_μ on the D3- brane.

Since tachyon potential V (T ) measures varying tension, it should satisfy two boundary values such that V (T = 0) = 1 and V (T = ∞) = 0. Specific computation based on (boundary) string field theory [20, 10] gives V (T ) ∼ e^{−T 2} and ref. [2] suggests V (T ) ∼ e^{−T} for large T . Here we adopt a shape of the potential for the sake of convenient analysis

V (T ) = 1 cosh (T/T_0)

, (2.2)

where T_0 is determined by string theory of our interest.

To proceed, we introduce a few notations. We first define

X_{μν} ≡ η_{μν} + ∂_μT ∂_ν T + F_{μν} , (2.3) X ≡ det(X_{μν} ) . (2.4)

In X_{μν} , we separate barred metric η̄_{μν} and barred field strength tensor F̄_{μν}

η̄_{μν} = η_{μν} + ∂_μT ∂_ν T , (2.5) F̄_{μν} = F_{μν} . (2.6)

Then we have determinant of barred metric η̄ and inverse metric η̄^{μν}

η̄ = −(1 + ∂_μT ∂^μT ) , η̄^{μν} = η^{μν} − ∂^μT ∂^ν T 1 + ∂_ρT ∂^ρT

, (2.7)

and contravariant barred field strength tensor F̄^{μν} and its dual field strength F̄^∗_{μν} F̄^{μν} = η̄^{μα}η̄^{νβ} F_{αβ} , F̄^∗_{μν} = ϵ̄^{μναβ} 2 F̄^{αβ} = ϵ̄^{μναβ} 2 η̄^{αγ}η̄^{βδ}F_{γδ} , (2.8)

where ϵ̄_{μναβ} = √ −η̄ ϵ_{μναβ} with ϵ_{0123} = 1.

In terms of barred quantities eq. (2.4) is computed as X = η̄ [ 1 + 1 2 F̄_{μν}F̄^{μν} − 1 16 (¯ F^∗_{μν}F̄^{μν} )_2 ] . (2.9)

Then equations of motion for the tachyon T and the gauge field A_μ are ∂_μ ( V √ −X C^{μν}_S ∂_ν T ) + √ −X dV dT = 0 , (2.10) ∂_μ ( V √ −X C^{μν}_A ) = 0 . (2.11)

– 3 –

Here C^{μν}_S and C^{μν}_A are symmetric and asymmetric part, respectively, of the cofactor, C^{μν} = η̄ ( η̄^{μν} + F̄^{μν} + η̄^{μα}η̄^{βγ}η̄^{δν}F̄^∗_{αβ}F̄^∗_{γδ} + η̄^{μα}η̄^{βγ}F̄^∗_{αβ}F̄^∗_{γδ}F̄^{δν} ) , (2.12)

namely,

C^{μν}_S = η̄(η̄^{μν} + η̄^{μα}η̄^{βγ}η̄^{δν}F̄^∗_{αβ}F̄^∗_{γδ} ) , C^{μν}_A = η̄(F̄^{μν} + η̄^{μα}η̄^{βγ}F̄^∗_{αβ}F̄^∗_{γδ}F̄^{δν} ) . (2.13)

Energy-momentum tensor T_{μν} in a symmetric form is given by T_{μν} = − T_3V (T ) √ −X [ −η_{μν} X + 1 2 ( C_{μρ}(∂_ν T ∂^ρT + F^ρ_ν ) + C_{νρ}(∂_μT ∂^ρT + F^ρ_μ ) ) ] , (2.14)

where C_{μν} ≡ η_{μα}η_{νβ}C^{αβ}. Diagonal components can be identified as density ρ and averaged pressure p, ρ = − T_3V (T ) √ −X [ X + C_{0μ}(Ṫ ∂^μT + F^μ_0 ) ] , (2.15) p = − T_3V (T ) 3 √ −X [ −3X + C_{0μ}(Ṫ ∂^μT + F^μ_0 ) + C^{μν} (∂_μT ∂_ν T + F_{μν} ) ] . (2.16)

From the equation of state p = wρ, we read w = 1 3 − 4X − C^{μν} (∂_μT ∂_ν T + F_{μν} ) 3 [ X + C_{0μ}(Ṫ ∂^μT + F^μ_0 )

]. (2.17)

Thus trace of the energy-momentum tensor (2.14) is given by

T^μ_μ = −

T_3V (T ) √ −X [ (4 + 3∂_ρT ∂^ρT ) + (( 1 + 1 2 ∂_ρT ∂^ρT ) δ^μ_σ − ∂^μT ∂_σT ) F_{μν} F^{σν} ] . (2.18)

Let us consider homogeneous configurations of T (t), E(t), and B(t) defined by E^i = F_{i0} and B^i = ϵ_{0ijk}F_{jk}/2. Then Faraday’s law

∇ × E + ∂B ∂t = 0 (2.19)

allows only constant magnetic field B = B_0. The equations of motion (2.10) and (2.11) become

∂_0 ( V √ −X Ṫ ) + √ −X 1 + B^2_0 dV dT = 0 , (2.20) ( δ_{ij} + B^i_0B^j_0 ) ∂_0 ( V √ −X E^j ) = 0 , (2.21)

where X = −(1 − Ṫ^2)(1 + B^2) + E^2 + (E · B)^2 . (2.22)

– 4 –

The energy density ρ (2.15) reduces to

ρ = T_3 V √ −X (1 + B^2_0) , (2.23)

and is a constant, which can be seen from the equations (2.20)–(2.21) as it should be. Eq. (2.21) then becomes (δ^{ij} + B^i_0B^j_0)Ė^j = 0 . (2.24)

Since the matrix δ^{ij} + B^i_0B^j_0 is positive definite, eq. (2.24) allows only constant electric field E^i = E^i_0. Therefore, the most general homogeneous solution of eqs. (2.20)–(2.21) is E = E_0 = constant, B = B_0 = constant, and V/ √ −X = constant. When E_0 and B_0 are not parallel or anti-parallel to each other, this configuration has nonvanishing linear momentum density P_i = T^{0i} = T_3 V √ −X ϵ_{ijk}E^j_0B^k_0 , (2.25)

so does angular momentum density.

Since ρ is a constant, X must vanish at the minimum of the tachyon potential V (T → ∞) = 0, and it determines Ṫ_∞ = Ṫ (T → ∞)

Ṫ^2_∞ = 1 − E^{20} + (E^0 · B^0)^2 1 + B^2_0

. (2.26)

Thus, the solution is specified by three parameters, namely, the magnitudes of E_0 and B_0, and the angle θ between them. When B_0 = 0, eq. (2.26) coincides trivially with the result of pure electric case in ref. [13, 14]. If E_0 = 0, the presence of B_0 ≠ 0 plays no role in the equation of motion (2.20) except for a constant overall scale. When E_0 ≠ 0 and B_0 ≠ 0, we consider the set of allowed values of (|E_0|, |B_0|, θ) for given initial values T_i and Ṫ_i of T and Ṫ , satisfying −X > 0. Then, the energy density (2.23) has maximum for both parallel (θ = 0) and anti-parallel (θ = π) cases, and minimum for orthogonal case (θ = π/2). For a given angle θ, the energy density ρ is monotonically-increasing function of both |E_0| and |B_0| as expected. When E_0 is parallel or anti-parallel to B_0, |E_0| has upper bound √ 1 − Ṫ^2_i irrespective of |B_0|. When E_0 is orthogonal to B_0, upper limit of |E_0| is increased as |B_0| increases so that a configuration of infinite |E_0| and |B_0| satisfying E^2_0 − B^2_0 = −F^0_{μν} F^{μν}_0 /2 ≤ 1 is available.

One may wonder whether the solutions (|E_0|, |B_0|, θ) are not all independent but related by some Lorentz transformations which could change the angle θ, for example. However this is not the case since, under a Lorentz boost, the tachyon field T is no longer homogeneous in space. Therefore in general they describe physically distinct configurations. To be more explicit, let us work in the coordinate where the electric field is directed in the x-direction and the magnetic field lies on the xy-plane,

E_0 = E_0x̂ , B_0 = B_1x̂ + B_2ŷ , (2.27)

where B_1 = |B_0| cos θ and B_2 = |B_0| sin θ. This configuration has the momentum density P_3 in the z-direction as seen in eq. (2.25). Other nonvanishing components of the energy-

– 5 – momentum tensor (2.14) are

T_{11} = −T_3 V √ −X (1 − Ṫ^2)(1 + B^2_1 ) ,

T_{22} = −T_3 V √ −X [ (1 − Ṫ^2)(1 + B^2 ) − E^2_0 ] , T_{33} = −T_3 V √ −X (1 − Ṫ^2 − E^2_0 ) ,

T_{12} = −T_3 V √ −X (1 − Ṫ^2)B_1B_2 . (2.28)

We will discuss more about this homogeneous configuration in section 3 when small fluctuations around it are considered.

Let us turn to rolling of the tachyon condensate in the presence of uniform electric and magnetic fields. For the tachyon potential (2.2), from constancy of the energy density, we have a solution T (t) = T_0 sinh^{−1} ( a_+e^{(Ṫ∞/T0) t} − a_−e^{−(Ṫ∞/T0) t} ) , (2.29)

where a_± =^1_2 [ (Ṫ_i/Ṫ_∞) cosh(T_i/T_0) ± sinh(T_i/T_0) ] . Compared to the case of no electromagnetic field for which Ṫ_∞ = 1, the solution (2.29) has rescalings of the energy density ρ → ρ [ (1 + B^2_0)(1 − Ṫ^2_i )/(Ṫ^2_∞ − Ṫ^2_i ) ]_{1/2} and T_0 → T_0/Ṫ_∞ in the exponents of eq. (2.29).

As the value of [E^2_0 + (E_0 · B_0)^2]/(1 + B^2_0) approaches unity, Ṫ_∞ almost vanishes from eq. (2.26) and not only the energy density (2.23) becomes larger, but also the time scale of remaining on top of the tachyon potential becomes longer. This may be a nice feature for various aspects in cosmology, e.g., the rolling tachyon as a source of sufficient inflation [4]– [7] and [15]. In trials to use pure tachyon rolling as a source of inflation, sufficient inflation could not be obtained with the potential derived from string theory and ad hoc potentials had to be introduced. With the tachyon in the gauge field background, sufficient inflation may be obtained near the top of the tachyon potential. However, a difficulty in applying unstable D-branes with electric and magnetic flux to cosmology is that the constant electric and magnetic field background is homogeneous, but not isotropic. Therefore, the electric and magnetic fields must disappear at the end of inflation.

3. Small fluctuations and electromagnetic string fluid

In this section, we investigate the propagation of small fluctuations in the homogeneous background field discussed in the previous section. Through the analysis we will argue that the homogeneous configuration is identified as a fluid consisting of strings carrying electric and magnetic fields stretched along one direction and the rolling tachyon flowing in a perpendicular direction to the strings. The relative velocity between strings and the rolling tachyon is essentially encoded in the angle θ between the electric field and the magnetic field.

– 6 –

In the pure rolling tachyon background, propagation of small fluctuations is completely suppressed [12], meaning the absence of perturbative degrees of freedom. In ref. [13, 14], it was shown that with the electric field turned on 1+1 dimensional propagation of small fluctuations is allowed along the electric flux lines. Here we first extend this analysis including the magnetic field in unstable D3-branes.

In the rolling tachyon limit Ṫ → Ṫ_∞, with the constant electric and magnetic field background, the equations of motion of the gauge fields and the tachyon are combined into^1

(η + F )^{−1 (AB)}∂_AF_{BC} = 0 , (3.1)

where indices A, B, . . . = 0, . . . , 3, T with F_{μT} = −F_{T μ} = ∂_μT and (AB) means the symmetric part of (η + F )^{−1}. The fields are divided into the background F^0_{AB} and the small fluctuations f_{AB} F_{AB} = F^0_{AB} + f_{AB} . (3.2)

We choose the frame where the background fields are homogeneous and work in the background (2.27) considered in section 2. Then the background F^0 takes the form

F^0 =

0 −E_0 0 0 Ṫ E_0 0 0 −B_2 0 0 0 0 B_1 0 0 B_2 −B_1 0 0 −Ṫ 0 0 0 0

. (3.3)

In the rolling tachyon limit, Ṫ = Ṫ_∞ = √ 1 − E^2_0 (1 + B^2_1 )/(1 + B^2_0). The fluctuations f_{AB} can be written in terms of the gauge potential a_μ and the tachyon fluctuation t̂ as f_{μν} = ∂_μa_ν − ∂_ν a_μ and f_{μT} = ∂_μt̂. We will work in Weyl gauge a_0 = 0 and define

∂^′_0 =

(1 + B^2_0)∂_0 + E_0B_2∂_3 √ (1 + B^2_0)^2 − E^2_0 B^2 , ∂^′_1 =

(1 + B^2_1 )∂_1 + B_1B_2∂_2 √ (1 + B^2_1 )^2 + B^2_1 B^2 , v^{′2} =

E^2_0 [ (1 + B^2_1 )^2 + B^2_1 B^2 ] (1 + B^2_0)^2 − E^2_0 B^2

≤ 1 , (3.4)

where the inequality in the last line comes from eq. (2.26). Then the equations of motion of the fluctuations derived from eq. (3.1) are

E_0∂_0G = 0 , (3.5)

∂^{′2}_0 a_i − v^{′2}∂^{′2}_1 a_i −

E_0 (1 + B^2_0)^2 − E^2_0 B^2

∂_iG = 0 , (3.6)

∂^{′2}_0 t̂ − v^{′2}∂^{′2}_1 t̂ = 0 , (3.7)

1We neglected the potential part since we are mainly interested in the causal behavior [14].

– 7 – where G = √ (1 + B^2_1 )^2 + B^2_1 B^2 ∂^′_1 [√ (1 + B^2_0)^2 − E^2_0 (1 + B^2_0)(1 + B^2_1 )t̂ −

− E_0 ( (1 + B^2_1 )a_1 + B_1B_2a_2 ) ] + + √ (1 + B^2_0)^2 − E^2_0 B^2 B_2∂^′_0a_3 . (3.8)

The first equation (3.5) implies G = G(x). Choice of the a_0 = 0 gauge leaves us the spacedependent gauge transformation Λ(x) and under this gauge transformation G(x) transforms to G(x) − E_0[((1 + B^2_1 )∂_1 + B_1B_2∂_2)^2 − B^2 ∂^2_3 ]Λ(x). Thus G(x) is not a propagating mode and we can set G(x) = 0 as a gauge choice. Now there remain three propagating modes which are mixtures of a_i and t̂, and obey the wave equation of the form

∂^{′2}_0 a − v^{′2}∂^{′2}_1 a = 0 . (3.9)

Therefore, the fluctuations propagate along only one direction, x-direction in the primed frame, and v^′ is the propagating speed in that frame. The Lorentz transformation connecting the homogeneous frame to the primed frame is composed of a rotation in the xy-plane by

φ = tan^{−1} ( B_1B_2 1 + B^2_1 ) = tan^{−1} ( B^2_0 cos θ sin θ 1 + B^2_0 cos^2 θ ) (3.10)

and a boost along z-direction by β = E_0B_2/(1 + B^2_0). Propagation velocity v in the homogeneous frame is given by

v = ( √ 1 − β^2 v^′ cos φ, √ 1 − β^2 v^′ sin φ, β) , (3.11)

and the speed is

v^2 = β^2 + (1 − β^2) v^{′2} =

E^2_0 + (E_0 · B_0)^2

1 + B^2_0

= 1 − Ṫ^2_∞ . (3.12)

Note that it is nothing but an expression in the vacuum condition (2.26). For fixed E_0 and B_0, the velocity v has the maximum value E_0 when E_0 and B_0 are parallel or antiparallel, and the minimum value E_0/ √ 1 + B^2_0 when they are orthogonal. The propagation direction angle φ in the xy-plane increases as the angle θ between the electric and magnetic fields increases from zero, reaching a maximum value φ_{max} = tan^{−1}(B^2_0/2 √ 1 + B^2_0) at θ = cos^{−1}(1/ √ 2 + B^2_0), then decreases back to zero at θ = π/2. For any value of |B_0|, we have φ < θ for 0 < θ ≤ π/2. For π/2 < θ < π, φ takes a negative value −φ(π − θ) which keeps |φ| < θ − π/2. The direction of propagation coincides with that of |B_0| in the limit |B_0| cos θ → ∞.

Since the wave equation of the fluctuations has the standard form (3.9) in the primed frame, it would be illuminating to reconsider the configuration in the primed frame. After

– 8 – the Lorentz boost and the rotation considered above, background gauge fields are transformed to

E^′_0 ≡ E^′_0x̂^′ = v^′x̂^′ , B^′_0 ≡ B^′_1x̂^′ + B^′_2ŷ^′ = E_0 v^′ [ B_1x̂^′ +

Ṫ 2_∞(1 + B2_0) (1 + B^2_0)^2 − E^2_0 B^2

B_2ŷ^′ ] . (3.13)

Also the energy-momentum tensor in the primed frame can be obtained from eq. (2.28),

T^′_{00} = T_3 V √ −X [ (1 + B^2_0)^2 − E^2_0 B^2 1 + B^2_0 − E^2_0 B^2 (1 + B^2_0)^2 − E^2_0 B^2

(Ṫ^2_∞ − Ṫ^2) ] , T^′_{11} = −v^{′2}T^′_{00} − T_3 V √ −X (1 + B^2_1 )^3 + B^2_1 B^2 (2B^2_1 + B^2 + 3) (1 + B^2_1 )^2 + B^2_1 B^2

(Ṫ^2_∞ − Ṫ^2) ,

T^′_{03} = −T_3 V √ −X E_0B_2(1 + B^2_0) (1 + B^2_0)^2 − E^2_0 B^2

(Ṫ^2_∞ − Ṫ^2) ,

T^′_{22} = −T_3 V √ −X (1 + B^2_1 )(1 + B^2_0) (1 + B^2_1 )^2 + B^2_1 B^2

(Ṫ^2_∞ − Ṫ^2) ,

T^′_{33} = −T_3 V √ −X (1 + B^2_0)^2 (1 + B^2_0)^2 − E^2_0 B^2

(Ṫ^2_∞ − Ṫ^2) ,

T^′_{12} = −T_3 V √ −X B_1B_2(1 + B^2_0) (1 + B^2_1 )^2 + B^2_1 B^2

(Ṫ^2_∞ − Ṫ^2) . (3.14)

Then, in the limit Ṫ → Ṫ_∞, the only nonvanishing components are T^′_{00} and T^′_{11}.

Interpretation of the configuration is now more clear in the primed frame. Note that T^′_{22} and T^′_{33} vanish and hence there is no pressure in y^′ and z directions; the final configuration of the rolling tachyon limit may then be considered as a pressureless fluid of one-dimensional objects stretched along x^′-direction. Also, the momentum density T^{′0i} vanishes in this frame, meaning that this frame corresponds to the rest frame of the string fluid background which consists of the homogeneous gauge fields and the rolling tachyon. Of course this is consistent with the fact that the equations for small fluctuations have the standard form (3.9) in the primed frame. Moreover, the propagation velocity v^′ is nothing but the same as the electric field E^′_0 in the rest frame of the fluid.

When there is no magnetic field B_0 = 0, such a one-dimensional object is often identified as the fundamental string [16, 8, 13, 14]. In the present case that B_0 ≠ 0, one may also interpret the object as a sort of string with electric and magnetic fields though more detailed string-theory analysis including confinement mechanism is needed to draw any definite conclusion. Note, however, that E^′_0 and B^′_0 are not in general (anti-)parallel in eq. (3.13). This can be understood roughly in the following way. In the Lorentz-boosted primed frame, the tachyon field is no longer homogeneous in the sense that ∂_iT is not zero but it has linear momentum in z-direction, T = T ((t^′ − βz)/ √ 1 − β^2). Then the contribution of the gauge field should cancel the momentum of the tachyon since total momentum density is zero.

– 9 –

This is possible if the electric and the magnetic field make a nonzero angle, which is realized by boosting parallel electric and magnetic field configurations. This interpretation is also consistent with the facts that B^′_2 vanishes when Ṫ_∞ goes to zero in eq. (3.13).

Now the whole picture of the rolling tachyon in electromagnetic background is as follows. Initially the unstable D3-brane has constant electric and magnetic fields with an arbitrary angle. As brane decays the electric field and the magnetic field form a pressureless fluid of strings. Also, when they are not parallel, part of the energy is used to boosts the strings relative to the homogeneous rolling tachyon field, rather than the entire energy is exhausted in the formation of string-like object or lower dimensional D-branes. Though the brane-decaying process would occur rather violently instead of occurring through homogeneous tachyon rolling, one might still think of the expression of the energy-momentum tensor in eq. (3.14) as roughly representing how the formation and boost of the string fluid is realized as Ṫ approaches Ṫ_∞.

The final configuration is then a fluid consisting of string with electric and magnetic fields stretched along x^′-directions and the rolling tachyon moving in z-direction relative to the strings. The rest frame of the whole configuration is the primed frame defined above in which small fluctuations propagate along the x^′-direction with speed v^′ = |E^′_0|. Note however that the fluid is not a noninteracting sum of strings and the rolling tachyon; it is rather a nontrivial composite, since the gauge fluctuations and the tachyon fluctuation do not separate but are mixed together as seen above. Since this is due to the effect of inhomogeneous configuration of the tachyon field in the rest frame of the fluid, it would be interesting to study the consequence of more nontrivial inhomogeneous rolling tachyon configurations [17].

4. Conclusion and discussion

We have seen that effective field theory of unstable D3-brane system, composed of a tachyon field and an abelian gauge field, supports time-dependent rolling tachyon configuration with constant electric and magnetic fields as the most general homogeneous solution. Tachyonic vacua are labeled by magnitudes of electric and magnetic fields and the angle between them. Through the analysis of small fluctuations in this background we find that the final configuration in the rolling tachyon limit is interpreted as a fluid consisting of strings with electric and magnetic fields stretched along one direction and the rolling tachyon moving in a perpendicular direction to the strings. The fluctuations propagate along the direction of strings with velocity equal to the electric field.

Though we considered the case of unstable D3-brane, it would be interesting to understand Dp-branes of arbitrary dimensions. For higher dimensional Dp-branes, further study is needed because determinant in the Born-Infeld type action contains higher-order terms and magnetic components of the field strength tensor become more complicated such as B_{i1i2···ip−2} = ϵ_{0i1i2···ip} F_{ip−1ip} /2. However, once the objects are generated, then they are likely to be higher dimensional analogue of the strings with electric and magnetic fields. When p = 2, magnetic field has single component B = ϵ_{012}F_{12} and the determinant in the

– 10 –

Born-Infeld type action is quadratic, and hence only the orthogonal case is realized. This kind of analysis should also be addressed in the scheme of string field theory [2, 13, 17, 19].

It would be interesting if the following points are also understood. Though our analysis has been accomplished by adopting the specific action from ref. [9, 2, 20], vacuum structure and propagation of electromagnetic field probably share universal behavior even in general BSFT type action [10] due to the simple limiting property of kinetic term of the BSFT actions as argued in ref. [12, 14]. In section 3 and appendix, we utilized quadratic expansion for fluctuations of the tachyon and the gauge field to identify mainly stringy objects and their propagating velocity, however description of mutual interaction between fluctuating degrees requires at least quartic expansion or some nonperturbative approaches.

Addition of other bosonic degrees are also worth tackling. Inclusion of gravity may let us ask what the gravitating version of the stretched strings in the rolling tachyon background is. If we take into account the rolling tachyon as a viable source of inflationary universe, then photons of Born-Infeld type action on the unstable branes can also be testified as a component of materializing radiation dominated era. In such sense existence of constant electromagnetic background field seems beneficial for boosting generation of the photons even in late time, but direct application is difficult due to the lack of isotropy. Taking into account gravitational radiation is also intriguing to understand the fate of tachyon matter [21]. When we can deal with constant background antisymmetric tensor field B_{μν} which is the same as constant background electromagnetic field (E_0, B_0) in the action on the brane, distinction between them can easily be tested by pattern of propagating small fluctuations in the given background.

Note added. After completion of this work, ref. [23] appeared on the archive, which considered the case that electric and magnetic fields are orthogonal in the context of both string and effective theories.

Acknowledgments

We would like to thank Piljin Yi, Hyeonjoon Shin, and Jeong-Hyuck Park for helpful discussions. H.B. Kim would like to acknowledge the hospitality of Korea Institute for Advanced Study where a part of this work has been done. Y. Kim would like to thank E-Ken of Nagoya University for its hospitality, where a part of this manuscript was written. This work was supported by Korea Research Foundation Grant KRF-2002-070-C00025(C.K.) and the Swiss Science Foundation, grant 21-58947.99(H.B.K.), and is the result of research activities (Astrophysical Research Center for the Structure and Evolution of the Cosmos (ARCSEC) and the Basic Research Program, R01-2000-000-00021-0) supported by Korea Science & Engineering Foundation(Y.K. and O.K.).

A. Electromagnetism in the pure tachyon background

In this appendix we will discuss in detail the fluctuations around rolling tachyon background (2.29) without electric or magnetic field, E_0 = B_0 = 0.

– 11 –

The fluctuation δT (t, X) of tachyon satisfies the linearized equation

∂_0 ( δṪ 1 − Ṫ^2 ) − ∇^2δT + d^2 ln V dT^2 δT = 0 , (A.1)

and it decouples from the electromagnetic fluctuations. Near the top of the potential it reduces to the Klein-Gordon equation with negative mass and diverges exponentially as it should. At late time, Ṫ → 1, the first term dominates and the fluctuation stops propagating [2]. As we will see shortly, the fluctuation of the gauge field also shows the same behavior. Actually this is a consequence of carrollian limit of vanishing light speed at late time of rolling tachyon without background electromagnetic field [12, 13, 14].

Now we consider the propagation of the gauge field A_μ in the rolling tachyon background (2.29) by linearizing the equation of motion (2.11) in this background. Written in terms of electric and magnetic fields, it becomes a modified Ampére’s law

∇ × B = ϵ^2_0 V (t)^2 ∂E ∂t , (A.2)

where we have used the fact that V (T )/ √ 1 − Ṫ^2 ≡ ϵ_0 is a constant. Then one may identify the tachyon potential V (t)/ϵ_0 as the varying speed of electromagnetic waves. In particular, the late time behavior V (t) → 0 corresponds to the carrollian limit. This seems to suggest a dictionary ‘velocity of electromagnetic waves and tachyon potential’ like ‘time and tachyon’ in ref. [22]. However, it should be confirmed by careful analysis.

Combined with the Faraday’s law (2.19), the wave equations of the electric field E and the magnetic field B can be written as

ϵ^2_0 V^2

∂^2B ∂t^2 − ∇^2B = 0 , (A.3) ∂ ∂t ( ϵ^2_0 V^2 ∂E ∂t ) − ∇^2E = 0 . (A.4)

Note that these equations are not symmetrical since the Ampére’s law (A.2) is modified but Faraday’s law (2.19) is left unchanged. More specifically, eq. (A.4) has a kind of damping term which is the first order in time derivative and the propagation of electric field shows rather different behavior from that of magnetic field as demonstrated below.

To investigate in detail the propagation of electromagnetic wave in the rolling tachyon background, let us try to find a plane-wave solution of Eqs. (A.3) and (A.4). Without loss of generality we consider the plane-wave propagating along the x-axis, k = kx̂, and make an ansatz B = B_z(t, x)ẑ with B_z(t, x) = B(t)e^{ik[x−WB (t)]} , (A.5) where B(t) and W_B(t) are real. We assume that V (0) ≈ 1 and Ẇ_B (0) ≈ 1 so that the ansatz (A.5) gives the normal plane-wave initially. Since E and B are related through the Ampére’s law (A.2) and Faraday’s law (2.19), E = E_y(t, x)ŷ is then given by E_y(t, x) = E(t)e^{ik[x−WE (t)]} , (A.6)

– 12 – with E = √ Ẇ 2_B B2 + k−2Ḃ2 , (A.7)

W_E = W_B − k^{−1} tan^{−1} ( Ḃ kẆ_B B ) . (A.8)

With this ansatz, eq. (A.3) reduces to B̈ − k^2 ( Ẇ^2_B − ϵ^{−2}_0 V^2 ) B = 0 , (A.9)

2ḂẆ_B + BẄ_B = 0 . (A.10)

Eq. (A.10) implies Ẇ_B = 1 ϵ_0 ( B_0 B )_2 , (A.11)

where B_0 is a constant. From eq. (A.8) we also find

Ẇ_E = V^2 ϵ^3_0 ( B_0 E )_2 . (A.12)

Inserting eq. (A.11) into eq. (A.9), we obtain a second-order nonlinear equation for amplitude of the magnetic field B̈ − k^2 ϵ^2_0 [( B_0 B )_4

− V^2 ] B = 0 . (A.13)

On the top of the potential V = 1, we get a normal plane-wave solution Ẇ_B = Ẇ_E = 1/ϵ_0 with amplitudes of B = B_0 and E = B_0/ϵ_0 as expected from the original wave equations (A.3)–(A.4).

To find more detailed behavior of the solution, we need to know the explicit form of V (T (t)). With the tachyon potential (2.2) and the tachyon background (2.29), it becomes

V (T (t)) = 1 √ 1 + ( a_+e^{t/T0} − a_−e^{−t/T0} )_2 . (A.14)

In this case we solved eq. (A.13) numerically and the result is shown in figure 1. Note that the electric field goes to a constant value, while the magnetic field linearly diverges. Also both Ẇ_E and Ẇ_B vanish after some time, which means that electromagnetic wave freezes and does not propagate after the tachyon rolling. In addition, one can see from the last figure of figure 1 that waves with short wavelengths are frozen earlier than those with long wavelengths. Finally Ẇ_E tends to vanish faster than Ẇ_B , i.e., the electric field is frozen more quickly than the magnetic field. This is because Ẇ_E in (A.12) contains extra V^2 compared with Ẇ_B in eq. (A.11).

For the onset behavior, one can also obtain analytical expressions. Once the tachyon rolls from the top of the potential, the fluctuations of the gauge fields start deviating from

– 13 –

Figure 1: (Top) tachyon potential as a function of time, eq. (A.14) for a_+ = 0.1 and a_− = 0 (ϵ_0 = 1). (Middle) amplitudes and (bottom) propagation speeds of magnetic field (upper three lines) and electric field (lower three lines) for kT_0 = 0.1 (dashed line), kT_0 = 1 (solid line), and kT_0 = 10 (dotted line).

the normal plane-wave solution. With the initial condition V (t = 0) = 1, that is T_i = 0, V (T (t)) reduces to

V (T (t)) = 1 √ 1 + Ṫ_i sinh^2(t/T_0)

. (A.15)

Assuming that Ṫ_i is small, which means the tachyon rolls slowly initially, we can solve

– 14 –

Eqs. (A.13) and (A.11) to the first-order in Ṫ^2_i :

B(t) = B_0 [ 1 + Ṫ 2_i k2T 2_0 4(1 + k^2T^2_0 ) sinh^2 ( t T_0 )] ,

W_B (t) = t −

Ṫ 2_i 4 [ t + k^2T^3_0 2(1 + k^2T^2_0 ) sinh ( 2t T_0 )] , (A.16)

where we have rescaled B_0 so that B(0) = B_0. This solution is valid as long as Ṫ^2_i e^{t/T0} ≪ 1. Thus the amplitude initially grows quadratically as the tachyon starts rolling. On the other hand, electric field can be calculated from eqs. (A.7) and (A.12),

E(t) = B_0 [ 1 − Ṫ 2_i 4(1 + k^2T^2_0 ) ( 1 + 2k^2T^2_0 + k^2T^2_0 sinh^2 ( t T_0 ))] ,

W_E(t) = t − Ṫ 2_i 8(1 + k^2T^2_0 ) [ (4 + 6k^2T^2_0 )t + (2 + k^2T^2_0 ) sinh ( 2t T_0 )] . (A.17)

Note that E(t) decreases in contrast with the behavior of magnetic field and Ẇ_E decreases faster than Ẇ_B . This can be confirmed in figure 1.

At late time, the value of the potential (A.14) decays exponentially to zero V (T (t)) ≈ 1 a_+e^{t/T0} , (A.18)

so that eq. (A.13) becomes, up to O(e^{−2t/T0} ),

B̈ − k^2B^{40} ϵ^2_0 1 B^3

= 0 , (A.19)

The solution of this equation is given by

B(t) = [( k^2B^4_0 ϵ^2_0b^2_0

+ ḃ^2_0 ) t^2 + 2b_0ḃ_0t + b^2_0 ]_{1/2} + O(e^{−t/T0} ) , (A.20)

where b_0 and ḃ_0 are constants. Therefore B(t) increases linearly in time and then the propagation speed decreases according to eq. (A.11) (See also figure 1). Since B linearly increases, our linear approximation of the equation of motion is not valid as t becomes large. However, one may still extract some relevant physics as the tachyon rolls to the vacuum, V → 0. The electromagnetic waves become frozen and stop propagating. For the electric field in this limit, we find that it approaches a constant value given by eq. (A.7). Of course, this is an expected behavior since one may interpret the infinite time limit of the rolling tachyon as the carrollian limit. That is, the effective covariant metric tensors η̄_{μν} = diag(−1 + Ṫ^2, 1, 1, 1) (2.5) goes to diag(0, 1, 1, 1), and light cone defined from η̄_{μν} collapses down to a timelike half line [14].

– 15 –

References

[1] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170];

For reviews see A. Sen, Non-BPS states and branes in string theory, hep-th/9904207; A. Lerda and R. Russo, Stable non-BPS states in string theory: a pedagogical review, Int. J. Mod. Phys. A 15 (2000) 771 [hep-th/9905006];

J.H. Schwarz, Tasi lectures on non-BPS D-brane systems, hep-th/9908144.

[2] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]; Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265]; Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[3] N. Moeller and B. Zwiebach, Dynamics with infinitely many time derivatives and rolling tachyons, J. High Energy Phys. 10 (2002) 034 [hep-th/0207107].

[4] G.W. Gibbons, Cosmological evolution of the rolling tachyon, Phys. Lett. B 537 (2002) 1 [hep-th/0204008].

[5] 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];

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

G.N. Felder, L. Kofman and A. Starobinsky, Caustics in tachyon matter and other Born-Infeld scalars, J. High Energy Phys. 09 (2002) 026 [hep-th/0208019].

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

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

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

T. Padmanabhan, Accelerated expansion of the universe driven by tachyonic matter, Phys. Rev. D 66 (2002) 021301 [hep-th/0204150];

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];

X. Li, J. Hao and D. Liu, Can quintessence be the rolling tachyon?, Chin. Phys. Lett. 19 (2002) 1584 [hep-th/0204252];

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

H.B. Benaoum, Accelerated universe from modified chaplygin gas and tachyonic fluid,

hep-th/0205140;

M. Sami, Implementing power law inflation with rolling tachyon on the brane,

hep-th/0205146;

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

J. Hwang and H. Noh, Cosmological perturbations in a generalized gravity including tachyonic condensation, Phys. Rev. D 66 (2002) 084009 [hep-th/0206100]; Y.-S. Piao, R.-G. Cai, X. Zhang and Y.-Z. Zhang, Assisted tachyonic inflation, Phys. Rev. D 66 (2002) 121301 [hep-ph/0207143];

G. Shiu, S.H.H. Tye and I. Wasserman, Rolling tachyon in brane world cosmology from superstring field theory, hep-th/0207119;

– 16 –

X. Li, D. Liu and J. Hao, On the tachyon inflation, hep-th/0207146; J.M. Cline, H. Firouzjahi and P. Martineau, Reheating from tachyon condensation, J. High Energy Phys. 11 (2002) 041 [hep-th/0207156];

S. Mukohyama, Inhomogeneous tachyon decay, light-cone structure and D-brane network problem in tachyon cosmology, Phys. Rev. D 66 (2002) 123512 [hep-th/0208094]; M.C. Bento, O. Bertolami and A.A. Sen, Tachyonic inflation in the braneworld scenario,

hep-th/0208124;

J. Hao and X. Li, Reconstructing the equation of state of tachyon, Phys. Rev. D 66 (2002) 087301 [hep-th/0209041];

J.S. Bagla, H.K. Jassal and T. Padmanabhan, Cosmology with tachyon field as dark energy,

astro-ph/0212198.

[7] C. Kim, H.B. Kim and Y. Kim, Rolling tachyons in string cosmology, Phys. Lett. B 552 (2003) 111 [hep-th/0210101].

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

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

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

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

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

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

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

[10] For the boundary string field theory(BSFT), form of the action is different from the choice in this paper, which is also allowed due to scheme dependence. See D. Kutasov, M. Marino and G.W. Moore, Remarks on tachyon condensation in superstring field theory,

hep-th/0010108.

[11] E. Witten, D-branes and k-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188].

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

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

[14] G. Gibbons, K. Hashimoto and P. Yi, Tachyon condensates, carrollian contraction of Lorentz group and fundamental strings, J. High Energy Phys. 09 (2002) 061 [hep-th/0209034].

[15] T. Mehen and B. Wecht, Gauge fields and scalars in rolling tachyon backgrounds,

hep-th/0206212.

[16] A. Dabholkar, G.W. Gibbons, J.A. Harvey and F. Ruiz Ruiz, Superstrings and solitons, Nucl. Phys. B 340 (1990) 33.

– 17 –

[17] A. Sen, Time evolution in open string theory, J. High Energy Phys. 10 (2002) 003 [hep-th/0207105].

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

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

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

F. Larsen, A. Naqvi and S. Terashima, Rolling tachyons and decaying branes, J. High Energy Phys. 02 (2003) 039 [hep-th/0212248].

[20] 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];

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].

[21] B. Chen, M. Li and F.-L. Lin, Gravitational radiation of rolling tachyon, J. High Energy Phys. 11 (2002) 050 [hep-th/0209222].

[22] A. Sen, Time and tachyon, hep-th/0209122.

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

– 18 –