arXiv:hep-th/0509173 v3 3 Oct 2005

OU-HET 542 YITP-05-57

Time-dependent Solutions with Null Killing Spinor in M-theory and Superstrings

Takayuki Ishino,^{a,1} Hideo Kodama^{b,2} and Nobuyoshi Ohta^{a,3}

aDepartment of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan bYukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

Abstract

Imposing the condition that there should be a null Killing spinor with all the metrics and background field strengths being functions of the light-cone coordinates, we find general 1/2 BPS solutions in D = 11 supergravity, and discuss several examples. In particular we show that the linear dilaton background is the most general supersymmetric solution without background under the additional requirement of flatness in the string frame. We also give the most general solutions for flat spacetime in the string frame with RR or NS-NS backgrounds, and they are characterized by a single function.

1e-mail address: ishino@het.phys.sci.osaka-u.ac.jp 2e-mail address: kodama@yukawa.kyoto-u.ac.jp 3e-mail address: ohta@phys.sci.osaka-u.ac.jp

Study of time-dependent solutions in string theories is an important subject for its application to cosmology and understanding our spacetime [1, 2]. Among these, the solutions with partial supersymmetry (BPS solutions) are important because these allow us to discuss nonperturbative regions of our spacetime. It is known that the requirement of unbroken partial supersymmetry restricts the solutions to those with null or time-like Killing spinors [3]. In this paper, we focus on those solutions with null Killing spinors.

Recently such time-dependent solutions have been studied in the linear dilaton background in the null direction with^1_2 supersymmetry [4, 5]. (Related solutions of null branes are considered in Ref. [6].) This is interesting not only in its BPS property but also in the possibility of realization in Matrix theory, which allows nonperturbative study of the solution. It has been suggested that the problem of singularity in the spacetime is under control in this setting.

The solution studied in [4] does not involve any background in the forms which are present in the string theories. This is certainly a simplification but the question then arises if the results are restricted to only this very special solution or they are valid for other related solutions with possible backgrounds. To answer this question, we have to know how a large class of solutions of this type are allowed in string theories. The purpose of this paper is to give more general class of solutions with nontrivial backgrounds.

Let us start with the general action for gravity coupled to a dilaton ϕ and an n-form field strength: I = 1 16πG_D ∫ d^Dx √ −g [ R − 1 2 (∂ϕ)^2 − 1 2n! e^{aϕ}F^2_n ] . (1)

This action describes the bosonic part of D = 11 or D = 10 supergravities; we simply drop ϕ and put a = 0 and n = 4 for D = 11, whereas we set a = −1 for the NS-NS 3-form and a =^1_2 (5 − n) for the form coming from the R-R sector. To describe more general supergravities in lower dimensions, we should include several scalars and forms, but for simplicity we disregard this complication in this paper.

We are interested in the metric ds^2 = −2e^{2u0} dudv + D−1∑ i=2 e^{2ui} (dx^i)^2, (2)

where all metrics are assumed to be functions of u = (t − x^1)/ √ 2 and v = (t + x^1)/ √ 2.

Though we could consider more general metric in the (u, v) part, we can always put the metric in the above form without loss of generality since the two-dimensional metric is (locally) conformally flat. The components of the Ricci tensor are R_{uu} = − D−1∑ i=2 ∂^2_uu_i + 2∂_uu_0 D−1∑ i=2 ∂_uu_i − D−1∑ i=2 (∂_uu_i)^2,

R_{uv} = −∂_u∂_v ( 2u_0 + D−1∑ i=2 u_i ) − D−1∑ i=2 ∂_uu_i∂_vu_i,

R_{vv} = − D−1∑ i=2 ∂^2_v u_i + 2∂_v u_0 D−1∑ i=2 ∂_vu_i − D−1∑ i=2 (∂_vu_i)^2,

R_{ij} = δ_{ij} e^{2(ui−u0 )} [ 2∂_u∂_vu_i + ∂_vu_i D−1∑ k=2 ∂_uu_k + ∂_uu_i D−1∑ k=2 ∂_vu_k ] . (3)

We consider mainly the D = 11 supergravity and so there is only an n = 4 form. We take the background F = (∂_uEdu + ∂_vEdv) ∧ dx^2 ∧ dx^3 ∧ dx^4, (4) leading to

F^2 = −4! · 2(∂_uE∂_vE)e^{−2(u0+U )}, (5)

where U = u_2 +u_3+u_4. This is an electric background and we could also consider magnetic background, but that is basically the same as the electric case with the replacement g_{μν} → g_{μν} , F_n → e^{aϕ} ∗F_n, ϕ → −ϕ. (6) This is due to the S-duality symmetry of the original system (1). So we do not have to consider it separately.

The field equations following from the general action (1) are as follows:

0 = ∂_{μ1} ( √ −ge^{aϕ}F^{μ1234}) = −∂_u { e^{aϕ−U +∑D−1i=5 ui} ∂_vE } − ∂_v ( e^{aϕ−U +∑D−1i=5 ui} ∂_uE ) , (7) 1 √ −g ∂_u [ e^{∑D−1i=2 ui} ∂_vϕ ] + 1 √ −g ∂_v [ e^{∑D−1i=2 ui} ∂_uϕ ] = ae^{aϕ−2u0−2U} ∂_v E∂_uE, (8) − D−1∑ i=2 ∂^2_uu_i + 2∂_uu_0 D−1∑ i=2 ∂_uu_i − D−1∑ i=2 (∂_uu_i)^2 = 1 2 (∂_uϕ)^2 + 1 2 e^{aϕ−2U} (∂_uE)^2, (9)

−∂_u∂_v(2u_0 + D−1∑ i=2 u_i) − D−1∑ i=2 ∂_uu_i∂_vu_i = 1 2 ∂_uϕ∂_vϕ + D − 8 2(D − 2) e^{aϕ−2U} ∂_uE∂_vE, (10)

− D−1∑ i=2 ∂^2_v u_i + 2∂_vu_0 D−1∑ i=2 ∂_v u_i − D−1∑ i=2 (∂_vu_i)^2 = 1 2 (∂_vϕ)^2 + 1 2 e^{aϕ−2U} (∂_vE)^2, (11)

e^{2(ui−u0 )} [ 2∂_u∂_vu_i + ∂_vu_i D−1∑ k=2 ∂_uu_k + ∂_uu_i D−1∑ k=2 ∂_vu_k ] = − D − 5 D − 2 e^{aϕ+2(−u0+ui −U )}∂_uE∂_v E, i = 2, 3, 4, (12) e^{2(ui−u0 )} [ 2∂_u∂_vu_i + ∂_vu_i D−1∑ k=2 ∂_uu_k + ∂_uu_i D−1∑ i=2 ∂_vu_k ] = 3 D − 2 e^{aϕ+2(−u0 +ui −U )}∂_uE∂_vE, i = 5, · · · , D − 1. (13) From now on, we restrict our discussions to D = 11 supergravity for simplicity, but it is straightforward to repeat our analysis for other theories given our field equations. The supersymmetry transformation for D = 11 supergravity without dilaton is δψ_μ = [ ∂_μ + 1 4 ω^{ab}_μ Γ_{ab} + 1 288 (Γ_μ^{νρστ} − 8δ_μ^ν Γ^{ρστ} )F_{νρστ} ] ζ, (14)

where Γ_{ab} are antisymmetrized gamma matrices and ω_{μab} ≡ 1 2 e^ν_a(∂_μe_{bν} − ∂_ν e_{bμ}) − 1 2 e^ν_b (∂_μe_{aν} − ∂_ν e_{aμ}) − 1 2 e^ρ_ae^σ_b e^c_μ(∂_ρe_{cσ} − ∂_σ e_{cρ}), (15)

is the spin connection. The Killing spinor equations are obtained by setting these to zero: δψ_u = [ ∂_u − 1 6 γ_{234}e^{−U} ∂_uE + γ_{−+} (1 2 ∂_uu_0 + 1 12 γ_{234}e^{−U} ∂_uE )] ζ, (16) δψ_v = [ ∂_v − 1 6 γ_{234}e^{−U} ∂_vE − γ_{−+} (1 2 ∂_vu_0 + 1 12 γ_{234}e^{−U} ∂_vE )] ζ, (17) δψ_i = [ ∂_i + γ_{−i}e^{ui−u0} (1 2 ∂_uu_i − 1 6 γ_{234}e^{−U} ∂_uE )

+γ_{+i}e^{ui−u0} (1 2 ∂_vu_i − 1 6 γ_{234}e^{−U} ∂_vE )] ζ, i = 2, 3, 4, (18) δψ_i = [ ∂_i + γ_{−i}e^{ui−u0} (1 2 ∂_uu_i + 1 12 γ_{234}e^{−U} ∂_uE )

+γ_{+i}e^{ui−u0} (1 2 ∂_vu_i + 1 12 γ_{234}e^{−U} ∂_vE )] ζ, i = 5, . . . , 10, (19) where γ_{−+} =^1_2 (γ_−γ_+ − γ_+γ_−) and γ_± =^{1√}_2 (γ_0 ± γ_1).

We look for supersymmetric solutions for which eqs. (16)–(19) all vanish. We assume that ζ can depend only on u and v. It then follows from eq. (19) that

[γ_−(6∂_uu_i + γ_{234}e^{−U} ∂_uE) + γ_+(6∂_v u_i + γ_{234}e^{−U} ∂_vE)]ζ = 0. (20)

Multiplying γ_− or γ_+, we find that nontrivial solutions can be obtained only if either γ_−ζ = 0 or γ_+ζ = 0, unless all u_i and E are constant. We choose

γ_−ζ = 0. (21)

Then we have

∂_vE = ∂_v u_i = 0, (i = 2, . . . , 10), (22)

where the last condition for i = 2, 3, 4 follows from eq. (18). The uv component of the Einstein eq. (10) then requires that

∂_u∂_vu_0 = 0. (23)

This means that u_0 = P (u) + Q(v). We could then set u_0 = 0 by a gauge choice, but we find it more instructive to keep the u-dependence; we take u_0 = u_0(u) in what follows.

Note that eq. (21) means that γ_{−+}ζ = −ζ. Eqs. (16) and (17) now reduce to δψ_u = [ ∂_u − 1 4 γ_{234}e^{−U} ∂_uE − 1 2 ∂_uu_0 ] ζ = 0, δψ_v = ∂_v ζ = 0. (24)

Let us define

ζ = exp [ γ_{234}h + 1 2 u_0(u) ] ζ_0, (25)

where ∂_uh = 1 4 e^{−U} ∂_uE, ∂_v h = 0. (26)

Note that the Majorana spinor condition ζ = C(ζ̄)^T is satisfied if ζ_0 is a Majorana spinor. Namely for ζ = e^{γ234 h}ζ_1 with a Majorana spinor ζ_1, we have Cζ̄^T = C(ζ^†_1e^{γ432 h}iγ_0)^T = Ciγ^T_0 e^{γT2 γT3 γT4 h}ζ^∗_1 = −iγ_0e^{−γ2 γ3γ4 h}Cζ^∗_1 = −e^{γ234 h}iγ_0Cζ^∗_1 = e^{γ234 h}ζ_1 = ζ where we have used the Majorana property of ζ_1: ζ_1 = Ciγ^T_0 ζ^∗_1 = −iγ_0Cζ^∗_1 . We also note that the integrability condition (∂_u∂_v − ∂_v ∂_u)h = 0 is satisfied due to (22). Then, eq. (24) is equivalent to

∂_uζ_0 = ∂_v ζ_0 = 0. (27)

Hence, eq. (21) is the only relevant condition on the Killing spinor and the number of remaining supersymmetry is^1_2 .

The uu component of the Einstein eq. (9) reduces to^4 10∑ i=2 ∂^2_uu_i + 10∑ i=2 (∂_uu_i)^2 + 1 2 e^{−2U} (∂_uE)^2 = 2∂_uu_0 10∑ i=2 ∂_uu_i, (28)

and others are trivial after using the conditions (22). Because these are all functions of u only, this equation is an ordinary differential equation for 11 functions u_i (i = 0, 2, · · · , 10) and E. We can regard eq. (28) as determining E for given metrics. This in fact gives a very large class of solutions in D = 11 supergravity, generalizing those given in Refs. [4, 5].

Given a solution to eq. (28), the metric for our spacetime is given in eq. (2). Upon dimensional reduction to 10 dimensions, we get the string frame metric by

ds^2_{11} = e^{−2ϕ/3}ds^2_{st} + e^{4ϕ/3}(dx^{10})^2, (29)

where

ds^2_{st} = e^{u10} [ − 2e^{2u0} dudv + 9∑ i=2 e^{2ui} (dx^i)^2 ] , ϕ = 3 2 u_{10}. (30)

The Einstein frame metric is then obtained as ds^2_E = e^{−ϕ/2}ds^2_{st} = e^{u10/4} [ − 2e^{2u0} dudv + 9∑ i=2 e^{2ui} (dx^i)^2 ] . (31)

This is our main result. The solutions we have obtained appear slightly different from those in Ref. [3] though ours are more explicit. It can be checked that the apparent difference is due to the different basis. We have confirmed that they are consistent if we make a Lorentz transformation.

Now in order for the theory to be solvable, the metric in the string frame should be of that type. The simplest case is when it is flat.

Let us now discuss some interesting cases.

4The dilaton is absent for D = 11 supergravity.

Case (i): Flat metric in the string frame. To have a flat metric in the string frame, we find from eq. (30)

u_0 = u_i = − u_{10} 2 ≡ f. (32) Substituting this into eq. (28), we get f^{′′} = − 1 12 e^{−6f} (E^′)^2. (33)

If we do not introduce the background, this yields f = cu, (34) where we have dropped one integration constant which can be absorbed into the rescaling of coordinates. This is the linear dilaton, and most general solution which gives the flat space in the string frame without any background. Note that this is by no means trivial theory in the Einstein frame as long as the dilaton is nontrivial.

If we introduce background, any function f satisfying (33) is allowed. For instance, the next simplest case is a constant field strength:

E^′ = 6a. (35)

We get from eq. (33)

e^{3f} = a 2c ( 1 b e^{3cu} − be^{−3cu} ) . (36)

Setting b = a/(2c), we reproduce the solution (34) in the a → 0 limit. If we put b = ±1 and take the c → 0 limit, we get another simple solution f = 1 3 ln(3a|u|). (37) Study of string theory in this background may not be difficult because it has flat metric in the string frame.

Case (ii): Linear dilaton in the light-like direction.

As a generalization of the simple linear dilaton background obtained above, we can consider ϕ = −Qu, u_{10} = − 2 3 Qu. (38)

If we also assume u_0 and u_i are all linear in u,

u_i = c_iu, (i = 0, 2, · · · 9), (39)

(28) gives 9∑ i=2 c^2_i + 4 9 Q^2 − 2c_0

(^9∑ i=2 c_i − 2 3 Q ) = − 1 2 (E^′)^2e^{−2(c2+c3 +c4 )u}. (40)

If we do not introduce the background and take all c_i equal, (40) leads to

c_i = 1 3 Q, − 1 6 Q. (41)

The first one coincides with the linear dilaton in the flat metric in the string frame obtained above for c =^1_3 Q, and is the linear dilaton background considered in Ref. [4]. However, the metric in the string frame is not trivial. The second one, also considered in Ref. [5], has nontrivial background in the string frame, but we might study the string theory in this background by Matrix theory counterpart. For general c, we still have a solution with background

E^′ = ± 2 3 √ 2(3c − Q)(6c + Q) e^{3cu}. (42)

Here we comment on the general but formal solutions of (33). Since both E and f are functions of u, we could consider E as an implicit function of f. The general solution is then given as u = ∫ df exp [ 1 12 ∫ dfe^{−6f} ( dE df )_2 ] . (43)

Case (iii): Solutions with 2 functions. If we set

u_0 = u_2 = · · · = u_{10−d} = f, u_{11−d} = · · · = u_{10} = g, (44)

eq. (28) gives

(9 − d)(f^{′2} − f^{′′}) + d(2f^′g^′ − g^{′2} − g^{′′}) = 1 2 e^{−6f} (E^′)^2, (45)

where we have assumed d ≤ 6. For g = E^′ = 0, we get f^{′′} − f^{′2} = 0 and f = − ln u (the integration constants can be absorbed to the shift of u and rescaling of the coordinates) [5].

After a change of variable, this yields the nontrivial background similar to the orbifold discussed in Ref. [1].

If we do not consider orbifold, this solution f = − ln u corresponds to flat space. We can have more general solutions of this type interpolating two asymptotically flat spaces. If we set

u_0 = 0, u_2 = u_3 = u_4 = f, u_5 = · · · = u_{10−d} = g, u_{11−d} = · · · = u_{10} = 0, (46)

eq. (28) gives 3e^{−f} (e^f )^{′′} + (6 − d)e^{−g} (e^g)^{′′} = − 1 2 e^{−6f} (E^′)^2. (47) Note that for d ≥ 1, the metrics in the string frame and in the Einstein frame are identical.

In particular, for f = g, this reduces to

e^{−f} (e^f )^{′′} = − 1 2(9 − d) e^{−6f} (E^′)^2. (48)

Because a spacetime with e^f , e^g ∝ u or constant is (locally) flat in the gauge u_0 = 0, any solution to this equation yields a spacetime that is asymptotically flat at u → ±∞, provided E^′ does not vanish except in a finite range with respect to u or falls off sufficiently rapidly as u → ±∞. Such solutions can be regarded as representing a decompactification transition, so they may deserve further investigations.

For example, the solution

e^f = 1 + u − (1 + u^4)^{1/4}, (u > 0), (49)

is obtained for E^′ = √ 6(9 − d)u (1 + u^4)^{7/8}

{1 + u − (1 + u^4)^{1/4}}^{5/2}, (50) which behaves as E^′ ∝ u^{−5/2} for u → ∞, u^{7/2} for u → 0.

(51)

The Riemann curvature components with respect to the normalized null basis are proportional to f^{′′} + (f^′)^2 = −

3u^2 (1 + u^4)^{7/4}[1 + u − (1 + u^4)^{1/4}]

, (52) which behaves for u → ∞ and u ∼ 0 as

f^{′′} + (f^′)^2 ≃ −3u^{−5} for u → ∞, −3u for u → 0. (53)

Hence, the solution is flat for u → ∞ and u = 0, and as a consequence it can be smoothly extended to the completely flat region in u ≤ 0.

Case (iv): Solutions with NS-NS backgrounds.

The solutions we discussed up to this point except for those without backgrounds involve RR backgrounds, which are not easy to deal with. If we compactify in the 4-th direction, however, we can get solutions with NS-NS 2-form B:

ds^2_{st} = e^{u4} [ − 2e^{2u0} dudv + 10∑ i=2(≠4)

e^{2ui} (dx^i)^2 ] , ϕ = 3 2 u_4, B = Edx^2 ∧ dx^3. (54)

To have flat metric in the string frame, we find from eq. (54)

u_0 = u_i = − u_4 2 ≡ f. (55) Substituting this into eq. (28), we get f^{′′} = − 1 12 (E^′)^2. (56)

This yields further interesting class of solutions whose spectrum can be investigated with string actions with these backgrounds. In fact we could also get similar results for linear dilaton and solutions with 2 functions easily. In particular we can have constant NS-NS 2-form background together with linear dilatons. It is known that such a constant NS- NS background yields noncommutative theory [7]. It is extremely interesting to examine what implications these backgrounds may have on the singular behavior in the spacetime.

It would be also interesting to explore the possible application of our solutions to cosmological models. Whether our general solutions have interesting applications to these problems remains to be seen.

In summary, imposing the condition that there should be a null Killing spinor with all the metrics and background field strengths being functions of the light-cone coordinates, we have found general 1/2 BPS solutions in D = 11 supergravity, and discussed several examples. In particular we have shown that the linear dilaton background is the most general supersymmetric solution without background with the additional requirement of flatness in the string frame. We have also given the most general solutions for flat spacetime in the string frame with RR or NS-NS backgrounds, and they are characterized by a single function f or E related as (33) or (56). The fact that the solutions are flat in the string frame suggests that they could be put in the Matrix theory, which allows nonperturbative study. Considering the difficulty in the study of string theories in timedependent backgrounds, it should be very interesting to study these problems. We hope to report on these issues in the near future.

Acknowledgement

The work of HK and NO was supported in part by the Grant-in-Aid for Scientific Research Fund of the JSPS No. 15540267 and No. 16540250.

References

[1] H. Liu, G. W. Moore and N. Seiberg, JHEP 0206 (2002) 045 [arXiv:hep-th/0204168];

JHEP 0210 (2002) 031 [arXiv:hep-th/0206182].

[2] A. Hashimoto and S. Sethi, Phys. Rev. Lett. 89 (2002) 261601 [arXiv:hepth/0208126];

J. Simon, JHEP 0210 (2002) 036 [arXiv:hep-th/0208165];

R. G. Cai, J. X. Lu and N. Ohta, Phys. Lett. B 551 (2003) 178 [arXiv:hepth/0210206].

[3] J. P. Gauntlett and S. Pakis, JHEP 0304 (2003) 039 [arXiv:hep-th/0212008];

J. P. Gauntlett, J. B. Gutowski and S. Pakis, JHEP 0312 (2003) 049 [arXiv:hepth/0311112]. For a related discussion, see N. Ohta and M. Sakaguchi, Phys. Rev. D 69 (2004) 066006 [arXiv:hep-th/0305215].

[4] B. Craps, S. Sethi and E. P. Verlinde, arXiv:hep-th/0506180.

[5] M. Li, arXiv:hep-th/0506260;

K. Sfetsos, Nucl. Phys. B 726, 1 (2005) [arXiv:hep-th/0507134]; M. Li and W. Song, arXiv:hep-th/0507185; B. Chen, arXiv:hep-th/0508191; J. H. She, arXiv:hep-th/0509067;

B. Chen, Y. l. He and P. Zhang, arXiv:hep-th/0509113. [6] N. Ohta, Phys. Lett. B 559 (2003) 270 [arXiv:hep-th/0302140]. [7] M. R. Douglas and C. M. Hull, JHEP 9802 (1998) 008 [arXiv:hep-th/9711165];

N. Seiberg and E. Witten, JHEP 9909 (1999) 032 [arXiv:hep-th/9908142].