arXiv:1307.2128v1 [hep-th] 8 Jul 2013

Almost-BPS solutions in multi-center Taub-NUT

C. Rugina^{a, b, c}

a. Department of Physics, University of Bucharest, Bucharest, Romania b. IFIN-HH, Department of Theoretical Physics, Magurele, Romania c. Department of Physics, Imperial College, London, SW7 2AZ, UK

July 9, 2013

Abstract

Microstates of colinear black holes embedded in a multi-center Taub-NUT spacetime are sought in 4 dimensions. A set of coupled ordinary partial differential equations are obtained and solved for almost-BPS states, where some supersymmetry is preserved in the context of N=2 supergravity in 4 dimensions. The regularity of solutions is being carefully considered and we ensure that no CTC (closed time-like curves) are present. The larger framework is that of 11-dimensional N=2 supergravity and the current theory is obtained by compactifying down to 4 dimensions.

Email: cristina.rugina11@imperial.ac.uk

I. Introduction

There is a vast literature for BPS solutions for multi-center black holes in 4 dimensions or more[1,2,3,4,5,6,7, 8, 9,10] and also for 5 dimensional black rings [10,11,12,13,14,15 ]. While the 4 dimensional black holes solutions are very constrained by uniqueness theorems, that is not the case for 5-dimensional black rings and we exploit this fact here. We place ourselves with this work in a relatively newer context of finding and classifying non-BPS black holes solutions for two- and three-charge black holes[16,17,18,19,20]. The non-BPS extremal solutions are found as generalizations of the BPS solutions as it was shown for instance in [20]. In the almost-BPS case some supersymmetry survives locally and the equations of the microstates in the supergravity context are found by similarity with the BPS ones. It is well known that introducing supersymmetry makes the complicated Einstein equations tractable and here we, too, are going to separate coupled differential systems of equations and solve them, finding extremal almost-BPS solutions. To be noted though the fact that it seems that extremality is more the key than supersymmetry in solving the differential equations and a lot of the instrinsic features of the solutions are more related to extremality than supersymmetry indeed. To be also noted that the almost-BPS system of differential equations is exactly solvable for generic extremal systems [20] and we shall use this property in this work, too.

Note that an ensamble of microstates can characterize just like in statistical mechanics the physics of black holes and finding them in a supergravity context can lead to the determinination of the black hole’s entropy to an acceptable degree of accuracy. The area entropy was derived in the past [21] for classes of 5 and 4 dimensional extremal black holes in string theory by counting the degeneracy of BPS soliton bound states. One can view black holes as BPS soliton solutions which interpolate between maximally symmetric vacua asymptotically and at the horizon. Classically, the entropy of the black hole behaves like a thermodynamic entropy, but the more challenging thing is to give a precise statistical mechanical interpretation of the black hole entropy. There is a proposal that every black hole microstate should be corrected from a black hole geometry only at the Planck scale and would still have a horizon [22]. Another view is the ’fuzzball’ proposal [23] that states that the microstates have strong stringy effects, are smooth solutions, horizonless and that the quantum gravity effects occur at the Schwarzschild radius scale. In this proposal the microstates do not carry entropy and should have the same mass and charges asymptotically as the classical black hole that they describe. Even if the stringy effects are important generic ’fuzzball’ microstates can also be described in supergravity and you do get the leading order entropy of the black hole by counting the microstates. One can use though the ’entropy enhancement mechanism’ to account for missing black hole entropy in the fuzzball proposal using supertubes (D-brane configurations)[24,25,26]. In magnetically charged backgrounds supertubes see their entropy enhanced by the dipole-dipole interactions with the background[27,28,29,30].

There are a number of papers published already that deal with almost-BPS solutions[16,18,19 ]. The term was actually coined in 2008 [31]and it was used to describe solutions that preserve 1/2 of the supersymmetry locally, but not globally. The most general rotating black hole in 4 dimensions in N=8 supergravity was found in[18] and also a non-BPS black ring in Taub-NUT, which descends into 4 dimensions as a two-centered solution: a D̄ 6- D2 black hole and the other one is a D4-D2-D0 black hole. In our case we shall study two non-BPS centers (two D̄ 6- D2 rotating black holes at the centers of Taub-NUT) - to be noted that in a certain sense this is equivalent to a 5-dimensional non-BPS black ringand we place a series of collinear BPS D4-D2-D0 black holes, which preserve 1/4 of the supersymmetry in this spacetime. This is now an almost-BPS system. To be noted that there is an interaction ⃗EX ⃗B between the BPS black holes that is taken into account by our solution.

In this context we are going to start with an N=2 11-dimensional supergravity with three families of M2 and M5 M-branes and we are going to postulate a certain ansatz for the metric and the three-form gauge field. We are then going to compactify down to a 4-dimensional multi-center Taub-NUT (on a 6-torus, comapctification on Calabi-Yau is also possible, but leads to more complicated solutions, although the idea is the same) and we are going to solve the supergravity equations in this context. The solutions are described in terms of harmonic functions, in which instrumental are three anti-self-dual 2-forms describing magnetic fluxes on a hyper-Kähler 4-dimensional base. The warp factors and the angular momentum are the other unknowns that result naturally from the compactification. We solve the system of equations in which the fact that the magnetic 2-forms are anti-self -dual are instrumental in making the solutions almost-BPS. In the BPS case the magnetic two-forms are self-dual, just like the Riemann tensor. The extra minus sign makes the transition from BPS to almost-BPS solutions, generalizing the first. The solutions are going to be checked for regularity and the absence of CTCs, the ’bubble’ equations fix the positions of the black holes and the ’moduli’ of the solutions. They are going to be part of almost-BPS microstates solutions classification and the entropy of the multi-center black holes is going to be determined (calculating the area of the BPS black hole). More recently [19], generalizations of this type of work have been published in the context of N=8 supergravity and a specific case of almost-BPS solutions with one BPS center and many non-BPS centers was treated in detail, in a similar, but more concise and elegant form than that presented here. This same paper recovers the well-known families of almost-BPS solutions derived elsewhere as solutions of differential equations, as nilpotent orbits in simple Lie algebras. They obtain a large class of interacting non-BPS black holes in N=8 supergravity (of which N=2 is a subcase) with the help of 44 harmonic functions.

II. Multi-center almost-BPS solutions in multicenter Taub-NUT

II.i The almost-BPS equations

To find the almost-BPS solutions as well as the BPS solutions studied elsewhere we strat with a 11-dimensional metric carrying M2 and M5 charges and the three-form gauge field sourced by the three families of M2 branes following the ansatz:

ds^2_{11} = −(Z_1Z_2Z_3)^{−2/3}(dt + k) + (Z_1Z_2Z_3)^{1/3}ds^2_4 + (

Z_2Z_3 Z^2_1

)^{1/3}(dx^2_1 + dx^2)

+ ( Z_1Z_3 Z^2_2

)^{1/3}(dx^2_3 + dx^2_4) + (

Z_1Z_2 Z^2_3

)^{1/3}(dx^2_5 + dx^2_6) (1)

C^{(3)} = (a^1− dt + k Z_1

)∧dx_1∧dx_2+(a^2− dt + k Z_2

)∧dx_3∧dx_4+(a^3− dt + k Z_3 )∧dx_5∧dx_6 (2) where ds^2_4 is hyper-Kähler, four-dimensional metric whose curvature we take to be self-dual. Here Z_I are the warp factors, Θ^{(I)} = da^I are the anti-self-dual dipole field strengths and k is the angular momentum one-form. The almost- BPS solutions are found by analogy with the BPS solutions by changing the sign in the field strenghts equation. The almost-BPS equations are:

Θ^{(I)} = − ∗_4 Θ^{(I)} (3)

d ∗_4 dZ_I = C_{IJK} 2 Θ^{(I)} ∧ Θ^{(I)} (4)

dk − ∗_4dk = Z_I Θ^{(I)} (5)

The approach of solving this coupled system of equations is to solve first the equations in the angular momentum variable as we shall see in what follows.

II.ii Solutions with a multi-center Taub-NUT base

We start with a multi-center Taub-NUT base:

d^2s_4 = (V^m)^{−1}(dψ + A) + V^mds^2_3 (6)

with a Gibbons-Hawking potential

V^m = h + q r + q^′ r^′ , A = qcosθdϕ, d^2s_3 = dr^2 + r^2dθ^2 + r^2sin^2θdϕ^2 (7)

Also a_i, i = 1, · · · , N are the multiple coliniar centers distinct from the Taub- NUT origin with a black hole (5-dimensional black ring) at that point i, placed at the distance a_i on the z axis. We introduce the following notations:

Σ_i = √ r^2 + a^2_i − 2ra_icosθ (8)

and the polar angle of the point i is: cosθ_i = rcosθ − a_i Σ_i (9) The magnetic charges (M5) are determined by the harmonic functions K^{(I)}:

K^{(I)} = N∑ i=1 d^{(I)}_i Σ_i

(10)

where d^{(I)}_i are the magnetic dipoles and I = 1, 2,3. The electric charges (M2) on the other hand are determined by the harmonic functions L^{(I)}:

L^{(I)} = l_I + N∑ i=0 Q^{(I)}_i Σ_i

(11)

and Q^{(I)}_i are electric charges.

II.iii Dipole field strengths and warp factors

With the notations introduced in the previous section the two-form field strengths Θ^{(I)} which are closed and anti-self-dual in the multi-center Taub-NUT spacetime can be written as:

Θ^{(I)} = d[K^{(I)}(dψ + A) + b^{(I)}] (12)

where b^{(I)} obeys the following equation:

∗_3 db^{(I)} = V^mdK^{(I)} − K^{(I)}dV^m (13)

and so

b^{(I)} = ∑ i d^{(I)}_i Σ_i (h(rcosθ − a_i) + q (r − a_icosθ) a_i )dϕ (14)

The warp factors Z_i which also encode the electric charges (M2) obey the equation:

□_3Z_I = V^m |ϵ_{IJK} | 2 □_3(K^{(J)}K^{(K)}) = (h + q r + q^′ r^′ ) ∑ j,k |ϵ_{IJK} | 2 □_3( d^{(J)}_j d^{(K)}_k Σ_j Σ_k

) (15)

Note that:

□_3[( qr a_ia_j + q^′r^′ a_ia_j ) 1 Σ_iΣ_j

] = ( q r + q^′ r^′ )□_3( 1 Σ_iΣ_j

) (16)

Consequently the complete solution for Z_I is:

Z_I = L_I + |ϵ_{IJK} | 2 ∑ j,k (h + qr a_j a_k + q^′r^′ a_j a_k ) d^{(J)}_j d^{(K)}_k Σ_j Σ_k

(17)

II.iv The angular-momentum one-form

We start from the following expression for the angular momentum one-form:

k = μ(dψ + A) + ω (18)

where μ is a scalar function and ω is a one-form. Then the equation for the angular momentum with the previously introduced notations and functions becomes:

d(V^mμ) + ∗_3dω = V^mZ_I dK^{(I)} = V^m ∑ i l_I d^{(I)}_i d 1 Σ_i +

+ (h + q r + q^′ r^′ ) ∑ i,j Q^{(I)}_i d^{(I)}_j 1 Σ_i d 1 Σ_j + |ϵ_{IJK} | 2 ∑ i,j,k d^{(I)}_i d^{(J)}_j d^{(K)}_k [h^2 + hq r + hqr a_j a_k +

+ q^2 a_j a_k + hq^′ r^′ + hq^′r^′ a_j a_k + qq^′r a_j a_kr^′ + qq^′r^′ a_j a_kr + q^{′2} a_j a_k ) 1 Σ_j Σ_k d 1 Σ_i

(19)

So the cubic term in d^{(I)}_i is: ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (h^2T^{(1)}_{ijk} + (q^2 + q^{′2})T^{(2)}_{ijk} + hqT^{(3)}_{ijk} +

+ h^′q^′T^{′(3)}_{ijk} + qq^′( r r^′ T^{(2)}_{ijk} + r^′ r T^{(2)}_{ijk} )) (20)

One can thus reduce the complete solution for μ and ω to the solution of the following equations:

d(V^mμ^{(1)}_i ) + ∗_3dω^{(1)}_i = V^nd 1 Σ_i

(21)

d(V^mμ^{(2)}_i ) + ∗_3dω^{(2)}_i = 1 Σ_i d 1 Σ_i

(i ≠ 0) (22)

d(V^mμ^{(3)}_{ij} ) + ∗_3dω^{(3)}_{ij} = 1 Σ_i d 1 Σ_j

(i ≠ j, , j ≠ 0) (23)

d(V^mμ^{(4)}_i ) + ∗_3dω^{(4)}_i = 1 rΣ_i d 1 Σ_i

(i ≠ 0) (24)

d(V^mμ^{(4′ )}_i ) + ∗_3dω^{(4′ )}_i = 1 r^′Σ_i d 1 Σ_i

(i ≠ 0) (25)

d(V^mμ^{(5)}_{ij} ) + ∗_3dω^{(5)}_{ij} = 1 rΣ_i d 1 Σ_j

(i ≠ j, j ≠ 0) (26)

d(V^mμ^{(5′ )}_{ij} ) + ∗_3dω^{(5′)}_{ij} = 1 r^′Σ_i d 1 Σ_j

(i ≠ j, j ≠ 0) (27)

d(V^mμ^{(6)}_{ijk} ) + ∗_3dω^{(6)}_{ijk} = T^{(1)}_{ijk} (i, j, k ≠ 0) (28)

d(V^mμ^{(7)}_{ijk} ) + ∗_3dω^{(7)}_{ijk} = T^{(2)}_{ijk} (i, j, k ≠ 0) (29)

d(V^mμ^{(8)}_{ijk} ) + ∗_3dω^{(8)}_{ijk} = T^{(3)}_{ijk} (i, j, k ≠ 0) (30)

d(V^mμ^{(9)}_{ijk} ) + ∗_3dω^{(9)}_{ijk} = T^{(4)}_{ijk} (i, j, k ≠ 0) (31)

d(V^mμ^{(10)}_{ijk} ) + ∗_3dω^{(10)}_{ijk} = T^{(5)}_{ijk} (i, j, k ≠ 0) (32)

d(V^mμ^{(11)}_{ijk} ) + ∗_3dω^{(11)}_{ijk} = T^{(6)}_{ijk} (i, j, k ≠ 0) (33) with

T^{(1)}_{ijk} = 1 Σ_i 1 Σ_j d 1 Σ_k + 1 Σ_k 1 Σ_i d 1 Σ_j + 1 Σ_j 1 Σ_k d 1 Σ_i

(34)

T^{(2)}_{ijk} = 1 a_ia_j Σ_i 1 Σ_j d 1 Σ_k + 1 a_ka_iΣ_k 1 Σ_i d 1 Σ_j + 1 a_j a_kΣ_j 1 Σ_k d 1 Σ_i

(35)

T^{(3)}_{ijk} = ( 1 r + r a_ia_j ) 1 Σ_i 1 Σ_j d 1 Σ_k +( 1 r + r a_ia_j ) 1 Σ_k 1 Σ_i d 1 Σ_j +( 1 r + r a_ia_j ) 1 Σ_j 1 Σ_k d 1 Σ_i

(36)

T^{(4)}_{ijk} = ( 1 r^′ + r^′ a_ia_j ) 1 Σ_i 1 Σ_j d 1 Σ_k + ( 1 r^′ + r^′ a_ia_j ) 1 Σ_k 1 Σ_i d 1 Σ_j + ( 1 r^′ + r^′ a_ia_j ) 1 Σ_j 1 Σ_k d 1 Σ_i (37)

T^{(5)}_{ijk} = r r^′ T^{(2)}_{ijk} (38)

T^{(6)}_{ijk} = r^′ r T^{(2)}_{ijk} (39)

V^m = h + q r + q^′ r^′ (40) and V^u = h + q r (41)

These thirteen equations are split between the old set of equations (for the equations with unknowns numbered 1-8) with a shift term coming from the fact that V is V^{new} and the rest. So the solutions to the first eight equations are shifted by terms μ^{shif t}, respectively ω^{shif t}, which are solutions to the following equation: d( q^′ r^′ μ(r, r^′, θ, ϕ)) + ∗_3dω(r, r^′, θ, ϕ) = 0 (42) The solution to the shift equation is given by: μ^{shif t}(r, r^′, θ, ϕ) = q^′rcosθ r^{′2} (43)

ω^{shif t}(r, r^′, θ, ϕ) = r^{′2}sinθ r dϕ (44)

The solution to equation in (4’) is given by: ω^{(4′)}_i (r, r^′, θ, ϕ) = r − r^′cosθ 2a_iΣ^2_i dϕ (45)

V^mμ^{(4′ )}_i (r, r^′, θ, ϕ) = r^′cosθ − a_isinθ 2a^2_i Σ^2_i

(46)

The solution to equation in (5’) is given by: V^mμ^{(5′ )}_{ij} (r, r^′, θ, ϕ) = r^′ 2a_ia_j Σ_iΣ_j

(47)

ω^{(5′)}_{ij} (r, r^′, θ, ϕ) = r^2 + r^{′2} + a_ia_j − (a_i + a_j )(r − r^′)cosθ 2a_ia_j Σ_iΣ_j dϕ (48)

The solution to equation in index (9) is given by:

V^mμ^{(9)}_{ijk} (r, r^′, θ, ϕ) = (r^′ + a_isinθ)(r − a_j cosθ)(r − a_kcosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ (r^′ + a_j sinθ)(r − a_kcosθ)(r − a_icosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + (r^′ + a_ksinθ)(r − a_icosθ)(r − a_j cosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k (49) and

ω^{(9)}_{ijk} (r, r^′, θ, ϕ) = ( r^{′4} + r^4 + a_j a_krr^′sinθ a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′4} + r^4 + a_ia_krr^′sinθ a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′4} + r^4 + a_ia_j rr^′sinθ a_ia_j a_kΣ_iΣ_j Σ^3_k

)dϕ (50)

The solution ω^{(10)}_{ijk} (r, r^′, θ, ϕ) is going to be:

ω^{(10)}_{ijk} (r, r^′, θ, ϕ) = ( 2r^{′2}sin^2θ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_i cosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}sin^2θ(r^2 − 2a^2_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k

)dϕ (51)

and the solution μ^{(10)}_{ijk} (r, r^′, θ, ϕ) is going to be:

V^mμ^{(10)}_{ijk} (r, r^′, θ, ϕ) = r^′cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}cosθ(r − 2a_icosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}cosθ(r − 2a_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}cosθ(r − 2a_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k

(52)

Similarly we find the solutions:

ω^{(11)}_{ijk} (r, r^′, θ, ϕ) = ( r^{′2}cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_j a_k

2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^4 + r^{′4}cosθ + r^{′2}a_ia_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_ia_j 2a_ia_j a_kΣ^3_i Σ_j Σ_k

)dϕ (53)

and

V^mμ^{(11)}_{ijk} (r, r^′, θ, ϕ) = rr^{′2} − a_ia_j a_kcosθ a_ia_j a_kr^2Σ_iΣ_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ_j Σ^3_k

(54)

Consequently the solutions to the equations (1) through (8) are the old μ -s and ω -s (according to reference [16]) + the μ^{shif t} respectively ω^{shif t}. To centralize the solutions are:

V^uμ^{(1)}_i (r, θ, ϕ) = V^u 2Σ_i

, ω^{(1)}_i (r, θ, ϕ) = h 2 rcosθ − a_i Σ_i dϕ + q 2 r − a_icosθ a_iΣ_i dϕ (55)

V^uμ^{(2)}_i (r, θ, ϕ) = 1 2Σ^2_i

, ω^{(2)}_i (r, θ, ϕ) = 0 (56)

V^uμ^{(3)}_{ij} (r, θ, ϕ) = 1 2 1 Σ_iΣ_j , ω^{(3)}_{ij} (r, θ, ϕ) = r^2 + a_ia_j − (a_i + a_j )rcosθ 2(a_j − a_i)Σ_iΣ_j dϕ (57)

V^uμ^{(4)}_i (r, θ, ϕ) = cosθ 2a_iΣ^2_i

, ω^{(4)}_i (r, θ, ϕ) = rsin^2θ 2a_iΣ^2_i dϕ (58)

V^uμ^{(5)}_{ij} (r, θ, ϕ) = r^2 + a_ia_j − 2a_j rcosθ 2a_j (a_i − a_j )rΣ_iΣ_j , ω^{(5)}_{ij} (r, θ, ϕ) = r(a_i + a_j cos^2θ) − (r^2 + a_ia_j )cosθ 2a_j (a_i − a_j )Σ_iΣ_j dϕ (59)

V^uμ^{(6)}_{ijk} (r, θ, ϕ) = 1 Σ_iΣ_j Σ_k ω^{(6)}_{ijk} (r, θ, ϕ) = 0 (60)

V^uμ^{(7)}_{ijk} (r, θ, ϕ) = rcosθ a_ia_j a_kΣ_iΣ_j Σ_k ω^{(7)}_{ijk} (r, θ, ϕ) = r^2sin^2θ a_ia_j a_kΣ_iΣ_j Σ_k dϕ (61)

V^uμ^{(8)}_{ijk} (r, θ, ϕ) = r^2(a_i + a_j + a_k) + a_ia_j a_k 2a_ia_j a_krΣ_iΣ_j Σ_k

(62)

ω^{(8)}_{ijk} (r, θ, ϕ) = r^3 + r(a_ia_j + a_ia_k + a_j a_k) − (r^2(a_i + a_j + a_k) + a_ia_j a_k)cosθ 2a_ia_j a_kΣ_iΣ_j Σ_k (63)

V^mμ^{(4′)}_i (r, r^′, θ, ϕ) = r^′cosθ − a_isinθ 2a^2_i Σ^2_i , ω^{(4′)}_i (r, r^′, θ, ϕ) = r − r^′cosθ 2a_iΣ^2_i dϕ (64)

V^mμ^{(5′)}_{ij} (r, r^′, θ, ϕ) = r^′ 2a_ia_j Σ_iΣ_j , ω^{(5′)}_{ij} (r, r^′, θ, ϕ) = r^2 + r^{′2} + a_ia_j − (a_i + a_j )(r − r^′)cosθ 2a_ia_j Σ_iΣ_j dϕ (65)

V^mμ^{(9)}_{ijk} (r, r^′, θ, ϕ) = (r^′ + a_isinθ)(r − a_j cosθ)(r − a_kcosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ (r^′ + a_j sinθ)(r − a_kcosθ)(r − a_icosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + (r^′ + a_ksinθ)(r − a_icosθ)(r − a_j cosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k (66) ω^{(9)}_{ijk} (r, r^′, θ, ϕ) = ( r^{′4} + r^4 + a_j a_krr^′sinθ a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′4} + r^4 + a_ia_krr^′sinθ a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′4} + r^4 + a_ia_j rr^′sinθ a_ia_j a_kΣ_iΣ_j Σ^3_k

)dϕ (67)

V^mμ^{(10)}_{ijk} (r, r^′, θ, ϕ) = r^′cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}cosθ(r − 2a_icosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}cosθ(r − 2a_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}cosθ(r − 2a_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k

(68)

ω^{(10)}_{ijk} (r, r^′, θ, ϕ) = ( 2r^{′2}sin^2θ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_i cosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}sin^2θ(r^2 − 2a^2_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k

)dϕ (69)

V^mμ^{(11)}_{ijk} (r, r^′, θ, ϕ) = rr^{′2} − a_ia_j a_kcosθ a_ia_j a_kr^2Σ_iΣ_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ_j Σ^3_k

(70)

ω^{(11)}_{ijk} (r, r^′, θ, ϕ) = ( r^{′2}cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_j a_k 2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^4 + r^{′4}cosθ + r^{′2}a_ia_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_ia_j 2a_ia_j a_kΣ^3_i Σ_j Σ_k

)dϕ (71)

μ^{shif t}(r, r^′, θ, ϕ) = q^′rcosθ r^{′2} , ω^{shif t}(r, r^′, θ, ϕ) = r^{′2}sinθ r dϕ (72) μ^{(12)}(r, r^′, θ, ϕ) = 1 V^m (m_0 + ∑ i m_i Σ_i + ∑ i α_i cosθ_i Σ^2_i + β r^′ ) (73)

ω^{(12)}(r, r^′, θ, ϕ) = κdϕ − ∑ i m_icosθ_idϕ + ∑ i α_i r^2sin^2θ Σ^3_i dϕ − β r^{′2} dϕ (74)

Now we can try and put together the entire solution for μ and ω as follows:

μ(r, r^′, θ, ϕ) = ∑ i (l_I d^{(I)}_i μ^{(1)}_i + Q^{(I)}_i d^{(I)}_i (hμ^{(2)}_i + qμ^{(4)}_i ))+

+ ∑ i≠j Q^{(I)}_i d^{(I)}_j (hμ^{(3)}_{ij} + qμ^{(5)}_{ij} ) + ∑ i Q^{(I)}_i d^{(I)}_i q^′μ^{(4′ )}_i + ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′μ^{(5′ )}_{ij} +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (h^2μ^{(6)}_{ijk} + (q^2 + q^{′2})μ^{(7)}_{ijk} + hqμ^{(8)}_{ijk} )+

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (q^′hμ^{(9)}_{ijk} + qq^′(μ^{(10)}_{ijk} + μ^{(11)}_{ijk} )) + μ_{shif t} + μ^{(12)} (75)

where μ^{(12)} and ω^{(12)} are the solutions of the homogenous equation.

ω(r, r^′, θ, ϕ) = ∑ i (l_I d^{(I)}_i ω^{(1)}_i + Q^{(I)}_i d^{(I)}_i qω^{(4)}_i ) + ∑ i≠j Q^{(I)}_i d^{(I)}_j (hω^{(3)}_{ij} + qω^{(5)}_{ij} )+

+ ∑ i Q^{(I)}_i d^{(I)}_i q^′ω^{(4′)}_i + ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′ω^{(5′)}_{ij} +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (h^2ω^{(6)}_{ijk} + (q^2 + q^{′2})ω^{(7)}_{ijk} + hqω^{(8)}_{ijk})+

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (q^′hω^{(9)}_{ijk} + qq^′(ω^{(10)}_{ijk} + ω^{(11)}_{ijk} )) + ω_{shif t} + ω^{(12)} (76)

Putting things together in two kind of large expressions gives:

μ(r, r^′, θ, ϕ) = ∑ i (l_I d^{(I)}_i 1 2Σ_i

+ Q^{(I)}_i d^{(I)}_i (h 1 2V^uΣ^2_i + q cosθ 2V^ua_iΣ^2_i ))+

+ ∑ i≠j Q^{(I)}_i d^{(I)}_j ( h 2V^u 1 Σ_iΣ_j + q V^u r^2 + a_ia_j − 2a_j rcosθ 2a_j (a_i − a_j )rΣ_iΣ_j )+

+ ∑ i Q^{(I)}_i d^{(I)}_i q^′ V^m r^′cosθ − a_isinθ 2a^2_i Σ^2_i + ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′ V^m r^′ 2a_ia_j Σ_iΣ_j +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ( h^2 V^u 1 Σ_iΣ_j Σ_k + (q^2 + q^{′2}) V^u rcosθ a_ia_j a_kΣ_iΣ_j Σ_k +

+ hq V^u r^2(a_i + a_j + a_k) + a_ia_j a_k 2a_ia_j a_krΣ_iΣ_j Σ_k )+

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ( q^′h V^m ( (r^′ + a_isinθ)(r − a_j cosθ)(r − a_kcosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ (r^′ + a_j sinθ)(r − a_kcosθ)(r − a_icosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + (r^′ + a_ksinθ)(r − a_icosθ)(r − a_j cosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k )+

+ qq^′ V^m ( r^′cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}cosθ(r − 2a_icosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}cosθ(r − 2a_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}cosθ(r − 2a_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k +

+ rr^{′2} − a_ia_j a_kcosθ a_ia_j a_kr^2Σ_iΣ_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′3}sinθ + a_ia_j a_k 2a_ia_j a_kΣ_iΣ_j Σ^3_k ))+

+ q^′rcosθ r^{′2} + 1 V^m (m_0 + ∑ i m_i ≠ 0

Σ_i + ∑ i α_i cosθ_i Σ^2_i + β r^′ ) (77) ω(r, r^′, θ, ϕ) = ( ∑ i (l_I d^{(I)}_i ( h 2 rcosθ − a_i Σ_i + q 2 r − a_icosθ a_iΣ_i

) + Q^{(I)}_i d^{(I)}_i q rsin^2θ 2a_iΣ^2_i )+

+ ∑ i≠j Q^{(I)}_i d^{(I)}_j (h r^2 + a_ia_j − (a_i + a_j )rcosθ 2(a_j − a_i)Σ_iΣ_j +q r(a_i + a_j cos^2θ) − (r^2 + a_ia_j )cosθ 2a_j (a_i − a_j )Σ_iΣ_j )+

+ ∑ i Q^{(I)}_i d^{(I)}_i q^′ r − r^′cosθ 2a_iΣ^2_i + ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′ r^2 + r^{′2} + a_ia_j − (a_i + a_j )(r − r^′)cosθ 2a_ia_j Σ_iΣ_j +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ((q^2 + q^{′2}) r^2sin^2θ a_ia_j a_kΣ_iΣ_j Σ_k +

+ hq r^3 + r(a_ia_j + a_ia_k + a_j a_k) − (r^2(a_i + a_j + a_k) + a_ia_j a_k)cosθ 2a_ia_j a_kΣ_iΣ_j Σ_k )+

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (q^′h r^{′4} + r^4 + a_j a_krr^′sinθ a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′4} + r^4 + a_ia_krr^′sinθ a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′4} + r^4 + a_ia_j rr^′sinθ

a_ia_j a_kΣ_iΣ_j Σ^3_k +

+ qq^′( 2r^{′2}sin^2θ a_ia_j a_kΣ_iΣ_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_i cosθ) a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^{′2}sin^2θ(r^2 − 2a^2_j cosθ) a_ia_j a_kΣ_iΣ^3_j Σ_k + r^{′2}sin^2θ(r^2 − 2a^2_kcosθ) a_ia_j a_kΣ_iΣ_j Σ^3_k +

+ r^{′2}cosθ a_ia_j a_kΣ_iΣ_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_j a_k 2a_ia_j a_kΣ^3_i Σ_j Σ_k +

+ r^4 + r^{′4}cosθ + r^{′2}a_ia_k 2a_ia_j a_kΣ_iΣ^3_j Σ_k + r^4 + r^{′4}cosθ + r^{′2}a_ia_j

2a_ia_j a_kΣ^3_i Σ_j Σ_k ))+

+ r^{′2}sinθ r + κ − ∑ i m_icosθ_i + ∑ i α_i r^2sin^2θ Σ^3_i − β r^{′2} )dϕ (78) 15

III. Regularity of solutions

III.i Removing closed time- like curves

We need to impose conditions such that the solution in angular momentum, hence ω is regular, which indicates the absence of (CTC) - closed-time-like curves and singular Dirac-Misner strings. The absence of (CTC) indicates in itself that no time machines can be constructed and that the theory is unitary. We take a look first at the regularity of the ω solution on the z axis, given that for θ = 0 or π the angle ϕ is undefined. We determine that for θ = 0 the only not-null solutions are:

ω^{(1)}_i = s^{(−)}_i 2 (h + q a_i )dϕ (79)

ω^{(3)}_{ij} = s^{(−)}_i s^{(−)}_j 2(a_j − a_i) dϕ (80)

ω^{(5)}_{ij} = s^{(−)}_i s^{(−)}_j 2a_j (a_j − a_i) dϕ (81)

ω^{(8)}_{ijk} = s^{(−)}_i s^{(−)}_j s^{(−)}_k 2a_ia_j a_k dϕ (82)

ω^{(4′)}_i = s^{(+)}_i 2a^2_i dϕ (83)

ω^{(5′)}_{ij} = −

(a_i + a_j )^2 2a^2_i a^2_j s^{(−)}_i s^{(−)}_j dϕ (84)

ω^{(9)}_{ijk} = s^{(−)}_i s^{(−)}_j s^{(−)}_k a_ia_j a_k dϕ (85)

ω^{(10)}_{ijk} = ( s^{(−)}_j s^{(−)}_k A^2_i a_j a_k + s^{(−)}_i s^{(−)}_k a_ia^2_j a_k + s^{(−)}_i s^{(−)}_j a_ia_j a^2_k

)dϕ (86)

ω^{(11)}_{ijk} = ( s^{(−)}_i s^{(−)}_j 2(a_ia_j )^2 + s^{(−)}_j s^{(−)}_k 2(a_j a_k)^2 + s^{(−)}_k s^{(−)}_i 2(a_ka_i)^2

)dϕ (87)

ω^{(12)}_{ijk} = (κ − m_0 − ∑ s^{(−)}_i m_i − β)dϕ (88)

The not-null solutions in the case θ = π are:

ω^{(1)}_i = s^{(+)}_i 2 (−h + q a_i )dϕ (89)

ω^{(3)}_{ij} = s^{(+)}_i s^{(+)}_j 2(a_j − a_i) dϕ (90)

ω^{(5)}_{ij} = s^{(+)}_i s^{(+)}_j 2a_j (a_j − a_i) dϕ (91)

ω^{(8)}_{ijk} = s^{(+)}_i s^{(+)}_j s^{(+)}_k 2a_ia_j a_k dϕ (92)

ω^{(4′)}_i = − s^{(+)}_i 2a^2_i dϕ (93)

ω^{(5′)}_{ij} =

(a_i + a_j )^2 2a^2_i a^2_j s^{(+)}_i s^{(+)}_j dϕ (94)

ω^{(9)}_{ijk} = − s^{(+)}_i s^{(+)}_j s^{(+)}_k a_ia_j a_k dϕ (95)

ω^{(10)}_{ijk} = ( s^{(+)}_j s^{(+)}_k a^2_i a_j a_k + s^{(+)}_i s^{(+)}_k a_ia^2_j a_k + s^{(+)}_i s^{(+)}_j a_ia_j a^2_k

)dϕ (96)

ω^{(11)}_{ijk} = ( s^{(+)}_i s^{(−)}_j 2(a_ia_j )^2 + s^{(+)}_j s^{(−)}_k 2(a_j a_k)^2 + s^{(+)}_k s^{(−)}_i 2(a_ka_i)^2

)dϕ (97)

ω^{(12)}_{ijk} = (κ + m_0 + ∑ s^{(−)}_i m_i − β)dϕ, (98)

where we have defined:

s^{(±)}_i = sign(r ± a_i) (99)

Putting the solutions together, we obtain the following two conditions in θ = 0 and θ = π such that the total solution ω is null for those two points (which indicates the absence of Dirac-Misner strings):

∑ i (l_I d^{(I)}_i s^{(−)}_i 2 (h + q a_i ) + ∑ i≠j Q^{(I)}_i d^{(I)}_j (h s^{(−)}_i s^{(−)}_j 2(a_j − a_i) + q s^{(−)}_i s^{(−)}_j 2a_j (a_j − a_i) )+

+ ∑ i Q^{(I)}_i d^{(I)}_i q^′ s^{(−)}_i 2a^2_i − ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′

(a_i + a_j )^2 2a^2_i a^2_j s^{(−)}_i s^{(−)}_j +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (hq s^{(−)}_i s^{(−)}_j s^{(−)}_k 2a_ia_j a_k +q^′h s^{(−)}_i s^{(−)}_j s^{(−)}_k a_ia_j a_k +qq^′( s^{(−)}_j s^{(−)}_k a^2_i a_j a_k + s^{(−)}_i s^{(−)}_k a_ia^2_j a_k + s^{(−)}_i s^{(−)}_j a_ia_j a^2_k +

+ s^{(−)}_i s^{(−)}_j

2a^2_i + s^{(−)}_j s^{(−)}_k 2a_j a_k + s^{(−)}_k s^{(−)}_i 2a_ka_i )) + (κ − m_0 − ∑ s^{(−)}_i m_i − β) = 0 (100)

and-

∑ i (l_I d^{(I)}_i s^{(+)}_i 2 (−h + q a_i ) + ∑ i≠j Q^{(I)}_i d^{(I)}_j (h s^{(+)}_i s^{(+)}_j 2(a_j − a_i) + q s^{(+)}_i s^{(+)}_j 2a_j (a_j − a_i) )−

− ∑ i Q^{(I)}_i d^{(I)}_i q^′ s^{(+)}_i 2a^2_i + ∑ i≠j Q^{(I)}_i d^{(I)}_j q^′

(a_i + a_j )^2 2a^2_i a^2_j s^{(−)}_i s^{(−)}_j +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k (hq s^{(+)}_i s^{(+)}_j s^{(+)}_k 2a_ia_j a_k − q^′h s^{(+)}_i s^{(+)}_j s^{(+)}_k a_ia_j a_k +

+ qq^′( s^{(+)}_j s^{(+)}_k a^2_i a_j a_k + s^{(+)}_i s^{(+)}_k a_ia^2_j a_k + s^{(+)}_i s^{(+)}_j a_ia_j a^2_k + s^{(+)}_i s^{(−)}_j 2(a_ia_j )^2 + s^{(+)}_j s^{(−)}_k 2(a_j a_k)^2 + s^{(+)}_k s^{(−)}_i 2(a_ka_i)^2 ))+

+ (κ + m_0 + ∑ s^{(+)}_i m_i − β) = 0 (101)

These two conditions imply N+3 independent constraints derived from the fact that the signs of s^{(±)}_i go one way or the other. One can then solve for N+3 independent variables: k, m_0, β and m_i with i = 1, · · · , N (remember that N is the number of black holes centers on the z axis). So the result of that is (taking into account the alternative that all the poles lie at the right of the Taub-NUT center such that: a_1 < a_2 < · · · < a_N ):

κ = −q ∑ i l_I d^{(I)}_i 2a_i − h ∑ i≠j Q^{(I)}_i d^{(I)}_j 2(a_j − a_i) +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ( hq 2a_ia_j a_k + q^′h a_ia_j a_k + qq^′( 1 a^2_i a_j a_k + 1 a_ia^2_j a_k + 1 a_ia_j a^2_k )) (102)

m_0 = −q ∑ i l_I d^{(I)}_i 2a_i − h ∑ i Q^{(I)}_0 d^{(I)}_j 2a_i + q ∑ i≠j,i≠0 Q^{(I)}_i d^{(I)}_j 2a_j (a_j − a_i) +

+ ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ( hq 2a_ia_j a_k + qq^′( 1 2(a_ia_j )^2 + 1 2(a_j a_k)^2 + 1 2(a_ka_i)^2

)) (103)

m_i = l_I d^{(I)}_i 2 (h + q a_i ) + Q^{(I)}_i d^{(I)}_i q^′ 1 2a^2_i + ∑ j 1 2|a_i − a_j | [Q^{(I)}_j d^{(I)}_i (h + q a_i )−

− Q^{(I)}_i d^{(I)}_j (h + q a_j ) − Q^{(I)}_i d^{(I)}_j q^′

(a_i + a_j )^2 2a^2_i a^2_j ] + hq 2 [ d^{(1)}_i d^{(2)}_i d^{(3)}_i a^3_i +

+ |ϵ_{IJK} | 2 d^{(I)}_i a_i ∑ j,k sign(a_j − a_i)sign(a_k − a_i) d^{(J)}_j d^{(K)}_k a_j a_k ] + hq^′[ d^{(1)}_i d^{(2)}_i d^{(3)}_i a^3_i ]+

+ qq^′ |ϵ_{IJK} | 2 d^{(I)}_i a^2_i ∑ j,k sign(a_j − a_i)sign(a_k − a_i) d^{(J)}_j d^{(K)}_k a_j a_k (104)

β = q ∑ i l_I d^{(I)}_i 2a_i +h ∑ i≠j Q^{(I)}_i d^{(I)}_j 2(a_j − a_i) + |ϵ_{IJK} | 2 ∑ i,j,k d^{(I)}_i d^{(J)}_j d^{(K)}_k ( qq^′ a^2_i a_j a_k + (hq + hq^′) a_ia_j a_k ) (105)

This way we fix the moduli in the homogeneous solution and we also insure the regularity of the solution at the Taub-NUT center as we are going to see below- the regularity is insured by the above parameters (to be noted that in fact the multi-center Taub-NUT can be thought of as 5-dimensional spacetime as a matter of fact). When there is no black hole at the centers of the Taub- NUT, the metric around r=0, r’=0 is regular. As both θ, ϕ degenerate at this point, regularity requires that μ andω are null at this point. Hence we can verify, given the above relations for the moduli that:

μ|_{r=0,r}′_{=0} = ∑ i (l_I d^{(I)}_i 1 2a_i + Q^{(I)}_i d^{(I)}_i ( 1 2a^2_i + qcosθ 2ha^3_i − q^′sinθ 2ha^3_i ))+

+ ∑ i≠j Q^{(I)}_i d^{(I)}_j ( 1 2a_ia_j + q h 1 2a^2_j (a_i − a_j ) ) + ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k ( h a_ia_j a_k +

+ q^′sinθcos^2θ a_ia_j a_k ( 1 a^2_i + 1 a^2_j + 1 a^2_k

)) + m_0 + β h = 0 (106)

and similarly for ω:

ω|_{r=0,r}′_{=0} = ( ∑ i −l_I d^{(I)}_i ( h 2 − qcosθ 2a_i )+ ∑ i≠j Q^{(I)}_i d^{(I)}_j ( h 2(a_j − a_i) − qcosθ 2a_j (a_i − a_j ) +

+ q^′ 2a_ia_j ) − ∑ i,j,k d^{(1)}_i d^{(2)}_j d^{(3)}_k hqcosθ 2a_ia_j a_k + κ − m_0cosθ − ∑ i≠0 m_i − β)dϕ = 0 (107)

So we have ensured the regularity of the solution at the centers of Taub-NUT.

III.ii Regularity at the horizons

We now turn to study the regularity of the solutions at the poles on the z-axis, which is always true for generic charges and no too large angular momenta. We introduce the convenient quantity:

I_4 = Z_1Z_2Z_3V^m − μ^2V^{m2} (108) and so the volume element of the horizon around Σ_i = 0 is: √ g_{H,i} = Σ_i(I_4Σ^2_i sin^2θ_i − ω^2_ϕ)^{1/2} (109)

The near-horizon expansion for the point r = r^′ = Σ_0 = 0 for the quantity I_4 is:

I_4 ≈

Q^{(1)}_0 Q^{(2)}_0 Q^{(3)}_0 qq^′ − α^2_0cos^2θ

r^4r^′

(110) and ω_ϕ ≈ α_0 sin^2θ r − β r^{′2} (111)

and so √ g_{H,0} ≈ (Q^{(1)}_0 Q^{(2)}_0 Q^{(3)}_0 qq^′ − α^2_0 − β^2)^{1/2}sinθ. (112)

So the spatial measure (area) of the 4-dimensional horizon of the 5-dimensional black hole is:

A_{H,0} = (4πq)(4π)(Q^{(1)}_0 Q^{(2)}_0 Q^{(3)}_0 qq^′ − α^2_0 − β^2) (113)

where the charge is that of a 5-charge rotating black hole and α_0, β encode the 5-dimensional angular momentum. Now expanding carefully around Σ_i = 0 one gets:

I_4 ≈ −2α_id^{(1)}_i d^{(2)}_i d^{(3)}_i (h + q + q^′ a_i )^2 cosθ_i Σ^5_i

+ O(Σ^{−4}_i ) (114)

ω_ϕ ≈ Σ^{−1}_i (115)

It follows that for regularity (absence of CTCs outside the horizon):

α_i = 0 (i ≥ 1) (116)

with this condition the area of the horizon around Σ_i = 0 is a black ring of area:

A_H = 16π^2qq^′J^{1/2}_4 (117)

and J_4 is the E_{7(7)} quartic invariant given by:

J_4 = 1 2 ∑ I<J d̂^{(I)}_i d̂^{(J)}_j Q^{(I)}_i Q^{(J)}_i − 1 4 ∑ I (d̂^{(I)}_i )^2(Q^{(I)}_i )^2 − 2d̂^{(1)}_i d̂^{(2)}_i d̂^{(3)}_i m̂_i (118)

where

d̂^{(I)}_i = (h + q + q^′ a_i )d^{(I)}_i , m̂_i = (h + q + q^′ a_i )^{−1}m_i (119)

IV. Conclusions

We have constructed almost-BPS multi-center solutions that describe two non- BPS rotating black holes and an arbitrary number of BPS black rings in multicenter Taub-NUT. In 4 dimensions the arbitrary number of black rings can be thought of as an arbitrary number of collinear (D_4)^3 − (D_2)^3 − D0 black holes. We checked the regularity of solutions and we fixed the moduli. Recently extremal multi-center non-BPS solutions have been classified using group nilpotent orbits in 4 or 5 dimensional N=8 supergravity of which N=2 is a subcase.

Acknowledgements

This work was done under the supervision of Prof. I. Bena of IPhT, CEA, Saclay and C.R. is thankful for the kind hospitality of CEA, Saclay, where part of this work was completed. C.R. acknowledges a POS-DRU European fellowship. We thank Prof. N. Warner for introducing C.R. to this subject and Dr. C. Ruef and Prof. M. Visinescu for helpful discussions.

References

1. I. Bena, N. Warner, 2005, One ring to rule them all ... and in the drakness bind them?, Adv. Theor. Math. Phys. 9, 667 arXiv: hep-th/0408106

2. J.B. Gutowski, H. S. Reall, 2004, General supersymmetric AdS(5) black holes, JHEP 0404 048 arXiv: hep-th/0401129

3. J. P. Gauntlett, J. B. Gutowski, C. M. Hull, S. Parkis and H. S. Reall, 2003, All supersymmetric solutions of minimal supergravity in 5 dimensions, Class. Quant. Grav. 20 4587

4. G. Giusti, S. D. Mathur, 2005, Geometry of D1-D5-P bound states, Nucl. Phys. B 729 203, arXiv: hep-th/0409067

5. I. Bena, N. P. Warner, 2006, Bubbling supertubes and foaming black holes, Phys. Rev. D 74 066001, arXiv: hep-th/0505166

6. P. Berglund, E. G. Gimon, T. S. Levi 2006, Supergravity microstates for BPS black holes and black rings, JHEP 007 arXiv: hep-th/0505167

7. S. Giusto, S. D. Mathur, A Saxena 2004, Dual geometries for a set of 3-charge microstates, Nucl. Phys. B 701 357, arXiv: hep-th/0405017

8.I. Bena, N. Bobev, N. P. Warner 2007, Bubbles on manifolds with U(1) isometry, JHEP0708 004, arXiv: 0705.3641

9. G.W. Gibbons, S. W. Hawking 1978, Gravitational multi-instantons, Phys. Lett. B78 430

10. G. W. Gibbons, J. P. Ruback 1988, The hidden symmetries of multicenter metrics,Comm. Math. Phys. 115 267

11. I. Bena, P. Kraus, N.P. Warner 2005, Black rings in Taub-NUT, Phys. Rev. D72 084019

12. J.P. Gauntlett, J. B. Gutowski 2005, Generic concentric black rings, Phys. Rev. D71 045 002 arXiv: hep-th/0408122

13. H. Elvang, R. Emparan, D. Mateos, H. S. Reall 2005, Supersymmetric black rings and three-charge supertubes, Phys. Rev. D71 024033 arXiv: hep-th/0408120

14. H. Elvang, R. Emparan, D. Mateos, H.S. Reall 2004, A superymmetric black ring, Phys. Rev. Lett. 93 211 302, arXiv: hep-th/0407065

15.I. Bena, N. P. Warner 2008, Black holes, black rings and their microstates, Lect. Notes Phys, 755, arXiv: hep-th/0701216

16. I. Bena, S.Giusto, C. Ruef, N. P. Warner 2009, Multi-center non-BPS black holes - the solution,JHEP 0911:032

17. A. Ceresole and G. DallAgata 2007, Flow Equations for Non-BPS Extremal Black Holes, JHEP 0703, 110 arXiv:hep-th/0702088

18. I. Bena, G. DallAgata, S. Giusto, C. Ruef and N. P. Warner 2009, Non-BPS Black Rings and Black Holes in Taub-NUT, JHEP 0906, 015 arXiv:0902.4526 [hep-th]

19. G. Bossard 2012, Octonionic black holes, JHEP 120 113

20. G. Bossard, C. Ruef 2012, Interacting non-BPS black holes, Gen. Rel. Grav. 44 21-66

21. A. Strominger, C. Vafa 1996, Microscopic origin of the Bekenstein-Hawking entropy, Phys. Lett. B 379 99 arXiv: hep-th/9601029

22. G.T. Horowitz, J. Polchinski 1997, A correspondence principle for black holes and strings, Phys. Rev. D 55 6189 arXiv: hep-th/9612146

23. S. D. Mathur 2005, The fuzzball proposal for black holes: An elementary review, Fortsch. Phys. 53, 793

24. D. Mateos, P. K. Townsend 2001, Supertubes, Phys. Rev. Lett. 87, 011602, arXiv:hep-th/0103030

25. R. Emparan, D. Mateos and P. K. Townsend 2001, Supergravity supertubes, JHEP 0107, 011 arXiv:hep-th/0106012

26. I. Bena, N. Bobev, C. Ruef and N. P. Warner 2009, Supertubes in Bubbling Backgrounds: Born-Infeld Meets Supergravity,JHEP 0907 106 arXiv:0812.2942 [hep-th]

27.T. K. Finch 2009, Three-charge supertubes in a rotating black hole background, JHEP 0903:145, hep-th/0612085

28. N. P. Warner 2008, Microstate geometries and entropy enhancements, Proc. 30 years of mathematical methods in High Energy Physics - in honor of Prof. Tohru Eguchi’s 60-th Birthday hep-th/0810.2596

29. I. Bena, N. Bobev, C. Ruef, N. Warren 2010, Entropy enhancement and black hole microstates, Phys. Rev. Lett. 105: 231301, hep-th/0804.4487

30. C. Ruef 2009, Bubbling solutions, entropy enhancement and the fuzzball proposal, Nucl. Phys. B 174-175, arXiv: 0901.3227

31. K. Goldstein S. Katmadas 2009, Almost BPS black holes, JHEP 05 08 arXiv:0812.4183 [hep-th]