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ABSTRACT: We construct the first smooth, horizonless “microstate geometries” that have
the same charges, dipole charges and angular momenta as a BPS black ring whose horizon
is macroscopic. These solutions have exactly the same geometry as black rings, except
that the usual infinite throat is smoothly capped off at a very large depth. If the solutions
preserve a U(1) x U(1) isometry, then this depth is limited by flux quantization but if
this symmetry is broken then the throat can be made arbitrarily deep by tuning classical,
geometric moduli. Interpreting these “abysses” (smooth microstate geometries of arbitrary
depth) from the point of view of the AdS-CFT correspondence suggests two remarkable al-
ternatives: either stringy effects can eliminate very large regions of a smooth low-curvature
supergravity solution, or the D1-D5-P CFT has quantum critical points. The existence
of solutions whose depth depends on moduli also enables us to define “entropy elevators,”
and these provide a new tool for studying the entropy of BPS and near-BPS black holes.
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1. Introduction

While it is still uncertain whether it is a misnomer, the term “microstate geometries” has
come to represent smooth, horizonless geometries that represent good string backgrounds,
are asymptotic to R™! x C, where C is compact, and have the same charges as black holes
or black rings. Given that such geometries exist at all (and apparently in large numbers)
and that they provide semi-classical descriptions of microstates of black holes and black
rings, it is important to investigate their physics. It is also very tempting to conjecture
that these geometries could account for the entropy of black objects.

This conjecture leads to a host of interesting physical questions. Do “microstate ge-
ometries” represent extremely special, coherent states of the stringy black hole or can
microstate geometries represent the “typical” microstates of a black hole and contribute
significantly to its entropy? Are there enough classical microstate geometries to account for



the black hole entropy? Is there a semi-classical quantization of these microstate geome-
tries that leads to the correct black-hole entropy, at least to leading order? If so, can the
typical microstate geometries be described in supergravity, or are they necessarily stringy?
Many of these and related issues have been thoroughly analyzed for the two-charge system
(see [-[7 for an incomplete list of relevant papers, and [LJ] for a review), and there is now
very significant progress on the three-charge system (see [[4-R5| and [Rf] for a review), as
well as for the four-dimensional 27 —B1] and non-BPS black-hole microstates [B3, BJ.

One of the key steps in understanding three-charge microstate geometries was the
realization that they are bubbling geometries, which come from the geometric transition of
three-charge brane configurations [[9-R1]. Such a transition replaces the spatial R* that
is used to construct the black-hole and black-ring solutions by a topologically non-trivial
hyper-Kéahler manifold. The singular sources that define the original black holes or black
rings are replaced by smooth topological fluxes threading non-trivial cycles.

For reasons of computational simplicity, the metrics on the hyper-Kéhler base were usu-
ally chosen to be Gibbons-Hawking (GH) metrics and microstate solutions constructed us-
ing these metrics have been analyzed extensively [I9-RT, B§. In particular, the asymptotic
charges and angular momenta were computed and it was found that generic distributions
of fluxes lead to microstate geometries whose charges correspond to maximally-spinning
classical black holes or black rings (of zero horizon area) [PJ). We typically refer to such
microstates geometries as “zero-entropy microstate geometries”.!

It is not known generically how to evade the restriction to zero-entropy microstates
without introducing closed time-like curves (CTC’s). At present the only systematic way
of doing this is to use mergers of zero-entropy microstates to obtain microstates of objects
with non-zero entropy [B4]. This technique was used in [23] to construct the first microstate
solutions that have the same charges and angular momenta as a three-charge black hole of
classically large horizon area, that is, a “true” black hole from the perspective of classical
general relativity. In this paper we will also use both mergers of two zero-entropy black-ring
microstates, as well as other methods, to obtain the first microstates of black rings with
a classical horizon area. Note that because of the infinite non-uniqueness of BPS black
rings BJ-B7], a solution with black ring charges and angular momenta is not necessarily
a black ring microstate. A microstate has (by definition) all the macroscopic features of
the object it describes, and for black ring this includes not only the charges and angular
momenta, but also the dipole charges [B3-Bd].

One of the interesting, and probably defining features of the microstates geometries
of true black holes is that they are scaling solutions or “deep microstates.” That is, the
“bubbles,” or non-trivial topological cycles scale into a vanishingly small region in the GH
base metric (while preserving the relative sizes of the cycles). In the physical, space-time
geometry this corresponds to the cycles descending deeply into a black-hole-like throat.
Thus the bubbled black-hole geometries look like a regular black hole, except that their

!One should, of course, remember that a microstate geometry is horizonless and smooth and necessarily
has zero entropy. The phrase “zero-entropy microstate geometries” is meant to emphasize the fact that
the corresponding classical black object with the same charges and angular momenta also has vanishing
entropy.



throat is capped off by regular geometry deep down the throat. In [RJ] it was shown that,
at least for U(1) x U(1) invariant geometries, the depth at which the capping-off occurs is
set by the size of the smallest quantum of flux that one can place upon a single bubble.
Moreover, it was shown that small, non-BPS fluctuations in the region of the cap have an
energy (as measured from infinity) that matches the expected mass gap of typical states in
the underlying D1-D5 conformal field theory (CFT). Thus these “deep microstates” should
be interpreted as the holographic duals the long effective strings of the D1-D5 CFT.

Our purpose here is to study deep microstate geometries in more detail, focussing
first on the mergers of bubbled supertube geometries that lead to microstate geometries of
BPS black rings with a classically large horizon area (that is, “true” black rings). After
reviewing some basic properties of bubbled geometries in section 2, we begin in section
3 by considering microstate geometries corresponding to a pair of supertubes and study
the axially symmetric (U(1) x U(1) invariant) mergers that lead to microstate geometries
of “true” black rings. In section 4 we find that this merger results in scaling, or deep,
geometries where the non-trivial cycles descend deeply into the AdS throat of what looks
like a classical black ring. The non-trivial topology, once again, smoothly caps off this
throat at a depth that is set by the quantum of flux on an individual cycle. We thus obtain
the analogs for black rings of the results that were found for black holes in [PJ].

The reader who is not keen on the technical details of the construction, and only
interested in the physics of smooth microstate solutions of arbitrary depth can skip directly
to section 5, where we construct the first such example by considering a scaling solution
that is no longer axi-symmetric. This solution has the surprising feature that the depth
of the throat can be controlled by a modulus and can be made arbitrarily large by fine-
tuning this modulus.? During this process the solution remains completely smooth. We
will refer to such throats of arbitrary depth as abysses. The existence of abysses suggests
that breaking the U(1) x U(1) invariance allows the construction of smooth horizonless
geometries whose holographic duals in the CFT exhibit mass gaps and spectra with energy
gaps that are arbitrarily small. We discuss the interesting physics implied by the existence
of these new solutions is section 6. The properties of these solutions also suggest they can
be used as “entropy elevators,” which could account for the entropy both of BPS and of
non-BPS black holes. This idea is developed in section 7.

Note added. The day before this paper was submitted to the arXiv, the preprint [[4]
appeared, in which a horizonless three-charge scaling configuration with black ring charges
is also constructed. From a four-dimensional perspective this configuration contains D6
and D6 branes, like the solutions we construct here, but also contains DO and D2 branes.
These configurations (as well as those of [Bl]) are useful for understanding and counting
black hole microstates in the intermediate regime of parameters where the D4 branes affect
the geometry and the D0’s are considered as probes. However, their fate in the regime of
parameters where black holes and black rings have macroscopic horizons is unclear. Their
naive M-theory lift has naked singularities corresponding to the DO branes, and the full

2The solution we study is a five-dimensional, smooth solution that, from a four-dimensional perspective,
corresponds to a “closed quiver” of D6 and anti-D6 branes [E,@]



back-reacted lift is not known.? The solutions with only D6 and D6 branes remain smooth
in five dimensions, and hence give a valid description of microstates of black holes and
black rings in the same region of the moduli space where the classical black holes and black

rings also exist.

2. Bubbled geometries

Before focussing on bubbled ring geometries, it is worthwhile reviewing some of the basics
of bubbled geometries in general. For more details, see [Rq—PRJ]-[R]. First recall that the
four-dimensional base metric has Gibbons-Hawking (GH) form:

ds? = V7 (dp+ A-dj)’ + V(di-dj), (2.1)
where ¢ € R? and
N
4 5.7 _ o
Vo= G YxA=vVV, 2.9
;Tj (2.2)

with r; = |y — g(j)]. In order for the GH metric to be regular, one must take g; € Z
and for the metric to be asymptotic to that of flat R* one must also impose

N
m= Y -1 23)
j=1

The fluxes through the non-trivial two-cycles in this geometry are determined by har-

monic functions:

N I
K'= > =, (2.4)
j=1"/

and by the flux parameters, k‘j’ , in particular. There is a gauge equivalence K/ —

<%

K'+V, or k‘j’ — k:JI +cf q; for any constant, c!'. Tt is therefore useful to define the gauge
invariant flux parameters:

- ) 1
kl =kl — ¢;Nkj, with Kk} = NZk;. (2.5)

i=1

Following [0, R1, B3], the charges and angular momenta of a bubbled solution are can
be obtained from the positions, 7%), of the GH points via:

N
Qr=—2Ck > q; k] kS, (2.6)
j=1
4 N i
Jr=Ji+Jo =2 Cuyk Y a5 kb kS (2.7)
j=1

JLEJ1—J2:8|5

: (2.8)

31t is likely that because of the presence of D2 branes this lift will be more complicated than the solutions
we consider in this paper.



where N is the number of GH points and

N
b= YH#®, =35 (2.9)

I j=1
It is convenient to define:
1 D) () (K
Py = ¢Crx ng)ﬂgj) HZ(j : (2.10)
and . .
- B . o (g(Z) _ "(J)) 011
One then has 1], pJ):
J, = Z%:; JLij, (2.12)

JFi
and if the GH points are all co-linear then we may take ¢;; = £1 and (2.19) reduces
to a sum over £P;;.
Finally, to eliminate CTC’s near the GH points, this configuration must satisfy the
bubble equations:

N p. 3
daig =L = =) K, (2.13)
=1 Tij I=1
J
J#

where 7;; = |7V — V)|

In this paper, we specifically wish to consider the situation where the bubbled geometry
looks, at large scales, like a supertube or black ring. We therefore wish to take ¢ = +1
and locate this GH point at (1) = 0 and will then assume that all the remaining GH points
cluster a some distance, p from the origin. More specifically, we will typically assume that

Ty &P, i << p, ,j=2,...,N. (2.14)
In this limit, the first bubble equation yields the approximate ring radius:

-1 N

3
p R = [Z k‘f] > 4Py (2.15)
=1 j=2

3. The axi-symmetric merger of two bubbled supertubes

3.1 The layout and physical parameters

We consider the simplest possible pair of bubbled rings in which each ring is bubbled by
identical pairs of GH points of charges, —(@) and +(). Thus the configuration will have:

@ = +1, @ = —Q, 3 = +Q, u = —Q, = +Q, (3.1)
and we will denote the various distances by

P = T2, g = T34, Al = T923, AQ = T45. (32)



Figure 1: The layout of GH points for two bubbled supertubes.

This layout is depicted in figure 1. The A; will represent the bubbled ring widths, and
in the classical limit, ) — oo, one has A; — 0. In this limit, p and p + o represent the
classical supertube radii. The classical un-bubbled solution to which this bubbled solution
corresponds was first constructed in [B7, 5.

As usual we denote the flux parameters by

k! I
ny = <—” - k—) : (3.3)
q; qi

but there is a more natural, gauge invariant basis of flux parameters given by:

1 1
=20k + K, fl= 2kl + <1+é>k§+ <1—é>k§,
1 1
db= 20kl + K, =2kl + <1+@> ki + <1—@> kL. (3.4)

I of

In the classical supertube limit, where A; — 0, the d! reduce to the number, n
M5 branes around the ring profile. In the GH metric these supertubes are point-like in the
R3 base and run around the U(1) fiber. The parameters, f{ and f21 , are a little more phys-
ically ambiguous but we have chosen them to be the gauge-invariant combinations of flux
parameters that are made out of the flux parameters associated to the two separate rings.

It is also easy to see how to define the d! more generally in terms of the cohomology.
Recall that the homology cycle, A;;, can be defined by the U(1) fiber running along any
curve between ¢; and ¢;. The fluxes through Az and Ays are simply %d{ and %dé re-
spectively. We also claim that Ass and Ays are homologous to the Gaussian surfaces that
measure the Mb5-brane fluxes in the classical, supertube limit. To see this, first recall that
for the GH points aligned along the z-axis we may take:

(z —

5

— . Z4

A-dj = § qjij)dqs. (3.5)
=1 !

7
1
T

angle away from the z-axis then the GH metric reduces to that of R* = R? x R?:

where ¢ is the angle in the (x,y) plane. In particular, if V' = - and € denotes the polar

ds3 = (du® + u?db?) + (dv* + v*d3), (3.6)
via the coordinate transformation:
1, 0 1 1, 0 1
u = jricosy, 0, = 5(1/)—1—@5),21 = 47 sing, 0y = 2(¢ ®). (3.7)



Now observe that if one moves along the z-axis then the U(1) fiber direction, (di+ A),
is equal to 2df; = diy+d¢ in the “long intervals” from ¢; to ¢o, from g3 to ¢4 and from g5 to
infinity. In the supertube limit, the U(1) fiber, and hence the supertube, lies in the (u,6;)
plane. The Gaussian surfaces used to define M5-brane charge can be chosen to so that 6
is fixed and 65 is varying. This means they cannot involve A1o and Agzy4, which necessarily
involve the fiber direction with co-tangent, (di) + A) ~ df;, and so the M5-brane Gaussian
surfaces can only be related to Agz and Ays.

The charges and angular momenta of individual black rings are given by:

i = Crxd] £, (3.8)
(a 1 1 _
Jl(q) = §CIJK (fifldls + rlaldl) — o (1-Q?) Cryx didldl, (3.9)
(@ _ 1 37 —4Q+1
i =5 Cc (dif . — flaldl) + (%) Cryx dyd]df , (3.10)
2 24Q
fora =1,2.
For the configuration described above and depicted in figure 1 we have:
Qr = 31) + Q?) + Cryr di d¥, (3.11)
. . 1
Jr=4y) + 0w+ dQP + dQl + §CIJKd{ d3 (dff +df), (3.12)
. . 1
Jo=dp) + i+ dQP - QY + JCuxdld (@ —df),  (313)

It is useful to introduce the flux vectors

1
v (-t gd-dD). (3.14)
and the combination of fluxes:
~ 1
P = (Py — Py — Py + Pg5) = S—CPCIJKd{deK. (3.15)

Note that P measures the total flux running between the pairs of points that define the
two rings. The interaction part of the left-handed angular momentum can now be written:

. 1 R
T = gl — altM + Cxdid](dff — df) = 8Q°P = Crywd{dd Y™ . (3.16)

From a four-dimensional perspective, the angular momentum JiL‘“t corresponds to the
Poynting vector coming from the interaction of the electric fields of one ring with the
magnetic fields of the other. We will see in the next sub-section that this controls the
merger of the two rings.

3.2 Classical limits and their entropy

For a single, classical black ring, the entropy is given by

S = mvM (3.17)



where

M = 2d'd*Q1Qs + 2d' B> Q1Q5 + 2d*d*Q2Q3 — (d'Q1)? — (d*Q2)? — (d*Q3)?
—d'dd* (4T, + 2(d* Q1 + d*Qs + d*Qs) — 3d d*d?] (3.18)

where J; > 0, the d’ are the numbers of M5 branes and the @Q; are the electric
charges measured from infinity. One also has the following relation between the angular
momentum, Jr, and the classical embedding radius, R, measured in R?:

J, = (d'+d+d*)R*. (3.19)

If one substitutes the expressions, (P.6) and (B-I0), for the charges and for the angular
momentum of a single, bubbled ring into (B.1§), one obtains a simple expression:

40Q -1
M = < Rk > (d*d*d®)? . (3.20)
Observe that this vanishes as () — oo. This is the “classical limit” where the bub-
bled ring collapses back to the standard, classical ring. Therefore, the classical object
corresponding to this simple, bubbled configuration has M = 0 and is thus a supertube.
For a bubbled ring, the relation, (B.1J), emerges from the bubble equations as [B(]:

J, = A(d*+d*+d%)p. (3.21)

where p is the ring radius measured in the GH base, and the change of variable (B.7)
leads to p = %Rz.

If one merges two bubbled supertubes so as to obtain a single bubbled ring, one has an
object with M5 brane charge given by d! = d{ +d} and with charges and angular momenta

given by (B.11]), (B-19) and (B.1J). To obtain the entropy of the corresponding classical
object, one substitutes these expressions into (B.1§) and the result is:

M = (e dldY5)? — 4 [(d} + d)(d2d3db + d2d3db) Y2 Y
(@ +d3) (d} i3 + dyd3a)Y Y + (43 () 3+ dydBat) Y 2|
2
= 3 (Cryx (d] + d3)(d] + dg)(df’ +d3")) (Capc di'dy’YC)

4Q -1
+ (20 ) (Cotal-+ff +af )t +a5) (Canc @l +af b)) (322

Note that if this is generically non-vanishing as Q — oo. However, if Y/ = 0 then it
does go to zero as () — oo.

Putting it somewhat differently, if Y/ = 0 then the merged ring has an effective d! and
f given by:

1 1
dl = dl + db, fI:f{+§d§:f2"+§d{. (3.23)



The fact that one adds the d follows from the considerations in section 3.1 and the
formula for f! is obtained from (B.11) and (B.§), using Y/ = 0. Now observe that for large
@, one has

~(a)N1 I J_}J K_}K _} I J_}J K_}K
J1, N2CIJKda <fa 2da> (fa 2da>—2CIJKda f 2d f 2d :
(3.24)

It then follows that when Y/ = 0 the angular momentum, J;, for the merged ring is
given by:

JL ng) + j(L2) + C[JKd{d‘QIYK

) . 1 1 1
= ]1(;1) + 322) ~ §CIJKdI <f‘]— §dJ> (fK—gdK> , (3.25)

which is the angular momentum, Jy,, for a bubbled ring or supertube of charges d’
and Q7. In other words the merged configuration still has a maximal value of Jr and the
corresponding classical object still has vanishing horizon area. If Y1 # 0 then the final
angular momentum will generically be less than this maximal value.?

3.3 The bubble equations

For the configuration depicted in figure 1, there are four independent bubble equa-
tions (R.13). If one adds the equations for i = 2,3 and ¢ = 4,5 then eliminates terms
with denominators ro3 = A7 and r45 = Ag, one obtains:

Py Py 1 Py P
Q(T_ p+A1) TR = 2 ;d{Q <p+U+A1 B p+a+A1+A2) -QA
1<y
=3 > db. (3.26)
=1
where Pyy Py Py P35
= - + (3.27)

o+ A o c+A1+Ay o+ Ay’

For two bubbled rings with A; < p, o, assuming that all other terms in the multipole
expansion are sub-leading, these equations reduce to:

D 3
Q(P2—P3) QP Pu—Pis 2 p 1
p s N e - S SN Td (3.28)
I=1

For two generic bubbled rings to merge one must have ¢ — 0 and so the merger
condition is P — 0, but with ¢~'P remaining finite. Note that this means that the
interaction part of the left-handed angular momentum, J]i;nt, must vanish. More generally,

4This is not obvious from () because one must also require the absence of CTC’s in the solution.
This comment is therefore based primarily on the essential physics of mergers as well as experience with a
number of examples.



for a solution in which A; and o get small simultaneously, one must have P 0, but with
A remaining finite. Either way, the location, pg, of the merged object is given by:

-1

3
po = —2Q [Z(d{ + db) (P12 — Pig+ Py — Py3)

I=1

-1

. . 1
(J(LI)H(LQ)JF@CUK (d{d{d{<+d§d2‘]d§)> , (3.29)

K
=1 [Z(d{+d5)

I=1

which is equivalent to (B.21) for the combined object.
Conversely, if one has P — 0 one can obtain the merger solution, and a second solution
in which ¢ remains finite. One then has:

-1 3
1 , 1
d|  (Py—Py) = 2 [Zd{] (gf’ + —CUKd{d{d{<> :

p=-2Q
I=1 GQ

4-1

r 3
1

pto=-2Q E dj (Pia— Pr5 =1 [E

Li=1 | =

~
w || w
—

)
)

6Q

-1
dé] <jf) v Lk dbadak > (3.30)

1

Note that these are essentially the radii given by (B-2])) for each of the two rings sepa-
rately. Indeed, the limit P—0 corresponds to the vanishing of the “interaction part” of Jz,.

In the foregoing merger analysis we have assumed that A; < p, o and we have dropped
terms from the multipole expansions of the denominators in (B.2§). This means that the
fluxes through the rings, Hg? and Hi?, must be much less than the other fluxes, and so
Q~'dl must be small compared to f! and d.. Thus we should consistently drop terms that
are sub-leading in Q~'d., like the last terms in (B.29) and (B.30). Such terms also appear
as corrections coming from the multipole expansions [RJ].

4. Scaling solutions

A scaling solution is most simply defined to be a bubble configuration where there is a
subset, S, of the GH points that are uniformly approaching one another as some control
parameter or, perhaps a modulus, is adjusted to a critical value. That is, one has

rijg — )\rija ’L',jGS, (41)

with A — 0. Physically, if the total charge of the GH points in S is non-zero, this
means that these GH points are descending into an arbitrarily deep black-hole-like throat
and that the red-shifts of excitations localized around these points are going to infinity.
Such black-hole microstates are called “Deep Microstates” and were discovered in [PJ] via
the study of mergers of black holes and black rings [B4]. In particular, scaling solutions
were shown to be associated to microstates of black holes of non-zero horizon area and
it was also argued (using the dual CFT) that these deep microstates belong to the same
sector as the typical microstates of the black hole.

— 10 —



Here we examine the corresponding story when the total GH charge in S is zero. One
then expects to obtain scaling solutions corresponding to deep microstates of black rings
with non-zero horizon area. This is, indeed what we find.

So far, the study of scaling solutions has largely focussed on U(1) x U(1) invariant
configurations. This is largely because such solutions are intrinsically simpler and, for fixed
fluxes, there are finitely many, discrete solutions that are U(1) x U(1) invariant. Moreover,
in scaling solutions with such a symmetry, the depth of the throat is controlled by the choice
of the quantized fluxes on bubbles 3, like P in section 3. Thus the size of the flux quanta
provides a cut-off for the maximum depth of the throat. However, one can easily break the
U(1) x U(1) symmetry to U(1) by letting the GH points move to arbitrary points, 7, in
R3 and then a subset of the angles between the vectors, Tij = T — T3, become continuous
moduli of the solutions. If the initial fluxes lie in the right domain then one can find scaling
solutions at special points, or on special surfaces of the moduli space. Thus, we can make
the black-hole, or black-ring throat arbitrarily deep by tuning the moduli. In practice, we
find (numerically) that this tuning has to be extremely sharp and that the throat depth
varies by many orders of magnitude for tiny (micro-radian) variations of the angles.

4.1 Axi-symmetric scaling solutions

Since the U(1) x U(1) invariant solutions are discrete for given fluxes, we can achieve an
axi-symmetric scaling solution only by delicate adjustment of the fluxes. In particular, the
easiest way to find such a scaling solution is via the merger of two bubbled supertubes as
described in section 3. Specifically, we need JiLnt — 0, which means that the fluxes need
to be adjusted so that P — 0. To get a deep microstate, the expression for the classical
horizon area, ([3.29), shows that we must do this in such a manner that Y/ remains finite
and so the merger condition, (B.16), implies that we must tune the f! or the d! so that Y/
is finite but orthogonal to Cj; Kdl‘] d§ .

It is relatively easy to see that there are scaling solutions that arise through mergers of
bubbled supertubes. We consider, once again, the configuration in figure 1 where A;, o0 — 0.
There are four independent bubble equations, (R.13), to satisfy. (Remember that the sum
of the five bubble equations is trivial.) The first equation is precisely the same as the sum
of the two equations in (B.2) and it determines the position, pg, of the merger, as in (B.29).
For the scaled merging of bubbled supertubes we expect that A; < ¢ during the merger
and so the three remaining, independent bubble equations have the form:

_ Pos ) i Py (Paa— D) @:C’
o+ A1+ Ay Ay o+ A o Aq b
P. P P. P35 — P P.
Py By Pu Py Py) P o
Ay o+ Ay o o Ay
Py P3y Pys (P34 — Poy) Pys
- s W) I o 4.2
o+ A o JAD) o JAD) 3 ( )

where the C; contain terms involving the fluxes, @) and py. The important point
about (f.9) is that we have explicitly shown the terms that grow large as A;, 0 — 0. For

— 11 -



the scaling solution we need:
o =20 A, = 2A0 x—o0. (4.3)

This means that, to leading order as A — 0:

o® (P —Py) _ (Pu—Ps) o (P — Pu) (4.4)
A§0) Po3 Py Aéo) Pys . .

In particular there is no conflict between the first and second equations in (f.3) because
P — 0. The foregoing solution becomes more and more accurate for smaller values of A
and given this solution one can then easily find the solution for finite, larger values of A
using perturbation theory.

This is not necessarily the only scaling solution with the configuration shown in figure 1.
Indeed, numerical solutions show that there is often another one in which the A; and o are
of approximately the same order. However in all the examples of this second solution that
we have found, there are large regions of CTC’s. On the other hand, the scaling solutions
that we have found based upon mergers of bubbled supertubes appear to be free of CTC’s.
We will discuss this more in section 4.2.

4.2 Numerical results for axi-symmetric scaling solutions

In order to see the scaling solutions explicitly, and verify that there are no CTC’s we
constructed several numerical examples and we now discuss a representative case.
It is useful to define:

1
X = gl _ gdé. (4.5)
We then take @ = 105 and:
dl = (50, 60, 40), X{ = (110,560, 50),
db = (80, 50, 45), X! =(x,270,280), (4.6)

where x is varied from about 64 up to its merger value of x ~ 90.3. The results are
shown in figure 2. As is evident from the graph, there are three sets of solutions to the
bubble equations. Branch (i) exists for all values of Ji"* and has all four GH points in
a very close cluster that scales as JiLnt — 0. This is appears as a very steep line at the
center of figure 2. Branches (ii) and (iii) only appear at a bifurcation point when one has
|J1Lnt| < 43,500 or x 2 71.7, and represent solutions in which the four GH points separate
into two sets of very close pairs. On branch (ii) the two pairs move apart as JiL‘“t — 0 and
the locations of the two bubbled rings is given by (B.30). Branch (iii) is the scaling merger
solution at py given by (B:29) and is described by (f.3) and (£.4).

We have done extensive numerical searches for CTC’s in all these solutions and we find
that branch (i) is completely unphysical, with large regions of CTCs, but that branches
(ii) and (iii) are physical and have no CTC’s.

Finally, one can use (B.1§) or (B.23) to compute the horizon area, M, of a classical
black ring with the same charges and angular momenta as the merged configuration. The
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Figure 2: Solutions of the bubble equations for the configuration shown in figure 1. The plot
shows the ring positions, p and o, along the horizontal axis with |.Ji"®| plotted on the vertical axis.
The separations, A;, are too small to resolve. There are three branches: (i) The single, nearly
vertical line in the center (in green) for which all four GH points remain extremely close together;
(ii) The two outermost curves (in blue) where the two rings become progressive more widely spaced
as JI® — 0; (iii) The two curves (in red) that meet branch (i) and show the scaling merger in
which the two rings meet at Ji"* = 0.

absolute number does not immediately convey useful information. On the other hand, we
can compare this to the “maximal horizon area,” My, of a black ring with the same values
of Q; and d!, but with J; = 0. For the configuration in ([.4) we find:
M
R = 7w~ 0.14, (4.7)

Thus the the result of this merger of two bubbled supertubes is a microstate of a black
ring with a non-vanishing horizon area.

We have studied several other such mergers with different values of flux parameters
and found a number of solutions that are free of CTC’s and have even higher values of R.
Indeed, one can arrange a very high value of R if one takes the outer ring to rotate in the
opposite direction to the inner ring. One can achieve this in the foregoing example, (f.q),
by taking, for example,

X1 = (=300, 270, 531.27), (4.8)

while leaving all the other parameters unchanged. This configuration is very close to
the merger point and has R = 0.638. As one would expect, one generates more entropy by
merging states whose angular momenta are opposed to one another.

5. Abysses and closed quivers

Thus far we have primarily focussed on U(1) x U(1) invariant scaling solutions. It is
relatively easy to modify the analysis above to obtain scaling solutions in which the five
GH points no longer lie on an axis. It is, however, even simpler to find scaling solutions
based upon four GH points, and this is what we will focus on here.
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Figure 3: The layout of GH points for a triangular scaling solution.

Consider four charges laid out as in figure 3 with:

an=4+1, @=2Q, @¢=-Q, @u-=-Q. (5.1)

The general bubble equations take the form:

3
2QP; QP QPu _ e
ri ris ria — ’
3
2QPn  2Q*Py 2Q° Py _ B e
ri ro3 raq — ’
P 202 P 2p g
QPis | 2Q°Ps | QP _ N H =0,
713 723 T34 -
P 202 P 2p °L
714 24 T34 st

To obtain a scaling solution whose classical limit is a ring, the triangle defined by
points 2,3 and 4 should collapse so that:

le ~p, Tij < P, Zaj = 27374' (53)

Indeed, for a scaling solution in which r;; — 0 for 4,5 = 2,3,4, the bubble equa-
tions (f.2) require that:

rig — (=)™ Nqiq; Py, 2<i<j<4, (5.4)

with A — 0. In other words, the fluxes define the lengths of the sides and hence the
angles in the triangles. One then has:

Jrij = —8(=1)" N7, 2<i<j<4, (5.5)

where 7; = (79 — ). Tt follows that

4
lent = Z jLij — — 16\ (a3 + 734 —T24) = 0, (5.6)
ij=2
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because these vectors define the sides of the triangle. The last bubble equation then

yields:
-1

(P12 — 2P3 + P14), (57)

3
p o~ 2Q [Zdl
I=1

where
d' = 2(kj + k5 + Ki). (5.8)

Moreover, one also finds that the combination of fluxes in (p.7) is exactly the non-
vanishing part of Jy, and so one, once again, recovers (B.21)).

Thus we find scaling solutions for generic values of fluxes: The only constraint is
that the |g;q;P;;| must satisfy the triangle inequalities. Now recall that only three of the
equations in (5.9) are independent. One of them fixes p and the others fix the lengths
of two sides of the triangle in terms of the length of the third side. Thus we may view
the angle, 0, in figure 3 as a modulus of the solution. The scaling solution then appears
when the angle, 0, is tuned so that the triangle has the shape determined by the fluxes
as in (f.4). The new feature of this class of solutions is that we are no longer fine-tuning
a quantized flux parameter in order to approach the scaling limit. For these triangular
scaling solutions, one can pick the quantized fluxes and then the scaling solution appears
as a modulus is tuned to a critical value.

Obviously, not all of these triangular scaling solutions will be free of CTC’s and this
will put further constraints on the flux parameters. However, we have found a number of
numerical examples that exhibit scaling at the critical value of § and reveal no CTC’s under
careful numerical scrutiny of the solution. One such example has the following parameters:

gi = (1,210, —105, —105), k!l = (0, 525, 1200, 2210),
k? = (0, —20000, 16000, 7887), k3 = (0, 6400, 1613, 7900), (5.9)
where, ¢ = 1,...,4. Define I';; = ¢;q;F;; then we have:
[y3 = 8.0446 x 10%, T3y = 4.9063 x 108, Ty = —1.1046 x 10°. (5.10)
Note that the magnitudes of these fluxes all satisfy the triangle inequalities
Tl < Tkl + |Tiyl- (5.11)

By solving the bubble equations numerically, we find the overall size of the ring blob
depends on the shape of the triangle formed by the three charges. In table 1 we show how
the size of the triangle changes as we vary the angle, 6.

The total dipole charges of this merger solution are given by:

3
d = 2>k, (5.12)
j=1

while the electric charges and angular momenta can be obtained from (R.6), (R.7)
and (R.§). From these one can obtain the horizon area ratio, R, in ({.7) for the corre-
sponding classical black-ring solutions and here we find R ~ 0.103. Thus this scaling
solution represents a microstate of a true black ring.
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T —0 12 723 T34 724 T34/T23 T24/T23

0 580.889 28.601 19.150 47.751 .66954 | 1.6695
2 932.623 27.820 18.577 46.175 66776 | 1.6598
A4 537.742 25.439 16.851 41.482 66238 | 1.6306
.6 546.005 21.341 13.943 33.779 65333 | 1.5828
.8 957.025 15.323 9.8136 23.251 .64046 | 1.5174

1 570.302 7.0865 4.4196 10.178 .62366 | 1.4363
1.1 077.612 2.0172 1.2381 2.8049 61375 | 1.3905
1.13 579.878 .36089 22035 .49664 61058 | 1.3762
1.136 580.335 .021823 .013311 .029969 .60993 | 1.3732

1.13635 580.361 | 1.963 x1073 | 1.197 <1073 | 2.695 x1073 | .60990 | 1.3731
1.136383 580.364 | 9.008 x107° | 5.494 <107 | 1.237 x10~° | .60989 | 1.3731
1.136384586 | 580.364 | 6.289 x10~8 | 3.836x10~8 | 8.635 x10~% | .60989 | 1.3731
1.1363845871 | 580.364 | 4.573 x10719[2.789 x10719]6.279 x10~19 | .60989 | 1.3731
1.136384587108 | 580.364 | 3.207 x10712 [1.956 x10~12 |4.403 x10~'2| .60989 | 1.3731

Table 1: This table shows the distances, 7;;, between point ¢ and point j in the triangle solution
as a function of the modulus, 6. (See figure 3.) The angle, 0, is the angle between 753 and 734 and
it is varied to produce the merger at § = 6. (given below), while all the other parameters are kept
fixed. One should also note that the ratios of the distances at merger are precisely the ratios of the
fluxes: |1—‘34/1—‘23| ~ 0.609893 and |1—‘24/1—‘23| ~ 1.37308.

As the angle 6 is changed towards a critical angle, given by
7 — 0. ~ 1.13638458710805705 . . . (5.13)

the distances inside the ring blob as measured on the base (23,734, r24) shrink as well,
such that
Tij ~ 9 — 90 (514)

We have checked at great length that this solution is free of closed timelike curves and
has a global time function. Some details of the investigation are presented in the appendix.

As explained in [23, RG], during the scaling (5.14)) the physical distances between the
points that form the cap remains the same, while the throat becomes longer and longer.’
The structure of the cap remains self-similar, the curvature is bounded above by a cap-
dependent value that is parametrically smaller than the Planck size. Hence, supergravity
is a valid description of the scaling solution for any throat depth! Interestingly-enough,
as § — 0., the length of the throat diverges, and the solution becomes an “abyss” that
increasingly resembles the naive black hole solution.

From a four-dimensional perspective, the solutions we consider here correspond to
multi-centered configurations of D6 and D6 branes. The fact that four-dimensional multi-
center solutions can collapse has been known for quite a while [A0—[2] (see [f3] for re-
cent progress) and has been associated to the existence of “closed quivers” in the gauge

5We have also checked this explicitly for the solution presented in table 1.
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theory describing these configurations. The discussion of fluxes and angular momenta
presented above can also be obtained from the more general analysis of multi-black hole
four-dimensional solutions, upon restricting to D6 — D6 configurations.

It is also possible to argue from a four-dimensional perspective that even if the points
of the quiver appear to collapse, in fact the distance between these points remains fixed.®
The four-dimensional metric is

ds?p = —Q7V2(dt + w)? + QY2(ds2s) (5.15)

where

Q = 212y 725V — p*V?%: > 0. (5.16)

In a scaling solution where the distances between the centers in the flat R3 metric
scales like A, the value of the function Q in the region of the centers scales like 1/A2, when
the total charge of the scaling centers is that of a black hole of nonzero entropy. Hence,
the physical distance between the scaling centers remains constant. This four-dimensional
analysis also implies that only centers whose total charge corresponds to a black hole or a
black ring of finite horizon area can form a deep (abyssal) microstate.

Of course, from a four-dimensional perspective all the GH centers are naked singulari-
ties, and one could object that the distances between these centers are ill-defined. However,
the four-dimensional results are useful because they complement those obtained from the
full five-dimensional solution: the physical distance between the centers remains fixed
throughout the scaling, and the apparent collapse of the centers manifests itself as the
appearance of a throat.

6. The physics of deep microstates and abysses

We have found the first examples of smooth microstate geometries that have the same
charges, dipole moments and angular momenta as black rings with a macroscopically large
horizon area. These solutions are identical to black-ring solutions, both in the asymptotic
region, and in the near-horizon region, but instead of having the infinite throat of classical
BPS black rings, they have a very deep throat that ends in a smooth cap. All the charges
of the solution come from fluxes threading topologically non-trivial cycles at the bottom
of the throat.

If we impose U(1) x U(1) symmetry on the solutions then the depth of the throat is
naturally limited by the size of the flux quanta and, as in [R3], we expect the red-shift of
low-energy excitations near the bottom of the throat to yield an energy that matches the
mass gap of the dual CFT.

We have also found that solutions that do not have a U(1) x U(1) isometry can have
a throat whose length depends both on the fluxes, and on geometric moduli of the base
space. Most particularly, we have obtained abyssal solutions in which the depth of the
throat can be made arbitrarily large by tuning certain angles on the base space! In these

SWe thank Eric Gimon for pointing out this argument to us.
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scaling solutions, the size of all the cycles remains finite as the length of the throat be-
comes larger and larger, and hence the solutions can be described using supergravity for
arbitrarily lengths of the throat. While we have only constructed abyssal solutions cor-
responding to black rings, it is pretty clear that black hole microstates with this feature
could also be constructed this way. From a four-dimensional perspective, these solutions
correspond to D6-D6 solutions that have closed quivers, and hence the branes appear to
get arbitrarily close to each other [I0—[3. Nevertheless, that perspective is misleading:
when considering the full five-dimensional solution, the physical distances between the GH
points corresponding to the D6 branes remains finite throughout the scaling.

By analyzing these configurations in a regime of parameters where the branes do
not fully back-react, but form a finite-sized configuration, it was found that only scaling
configurations (corresponding to closed quivers) can give a macroscopic (black-hole-like)
entropy [[IJ]. Hence scaling quivers are an essential ingredient both in constructing smooth
five-dimensional microstates corresponding to black holes and rings with macroscopic
horizon 23], and in obtaining a macroscopic entropy from horizonless multicenter config-
urations [, B1, B4]. We believe this is no coincidence, and points to the fact the entropy
of black holes comes from configurations whose size grows with g, and that never develop
a horizon.

The fact that one can construct smooth horizonless solutions that have arbitrarily long
throats poses interesting questions for the interpretation of microstate geometries from the
point of view of the AdS/CFT correspondence. Since these geometries are dual (up to 1/N
corrections) to states of the boundary CFT, it appears naively that these states will have
an arbitrarily small mass-gap, as well as a whole tower of excitations that can be made
arbitrarily light, contradicting expectations for a quantum theory in a box. Moreover, since
the geometries we construct are supersymmetric and have very large cycles, and hence very
low curvatures, one can imagine perturbing them slightly by adding a suitably small box
of gas with some entropy, and doing this without significantly disturbing the geometries. If
one then dials the length of the throat to become arbitrarily large one will obtain a system
that has the entropy of the gas, but has an energy arbitrarily close to the BPS bound. In
the following sub-sections we will refine these puzzles and discuss some possible resolutions.

6.1 The spectrum and mass gaps in AdS/CFT: The puzzle

The best-studied theory that is holographically dual to the geometries we consider is the
D1-D5 CFT. At strong coupling this CFT is dual to string theory on AdSs x S x T*. Even
though our geometries are constructed in eleven-dimensional supergravity, it is elementary
to dualize them to the appropriate IIB frame. One then obtains a solution in which the
D1 and D5 branes are wrapped on a common circle, C . To obtain a solution that is
asymptotic to AdSs x S3 x T* one must also drop the constant terms in the harmonic
functions associated with the D1-brane and D5-brane charges [i6, B. In doing this, the
circle, C, decompactifies and becomes part of the AdSs.”

"One should not confuse this AdSs with that of the near-horizon limit of the supertube in M-theory:
They are different, and the AdSs of the IIB theory emerges non-trivially via the T-dualities.
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It is often useful to consider the D1-D5 field theory in a finite-sized “box” and one of
the simplest ways to do this is to restore the constants to the harmonic functions so that
the supergravity solution is asymptotically flat and the common circle, C, has a radius, R.
At weak coupling, the perturbative string excitations must be quantized in mass units of
m and so one expects the mass gap and the typical energy gap between states to be of
this order. There are some issues as to whether this approach is well-defined in the strict
sense of the AdS/CFT correspondence (see below); a more careful approach would be to
introduce a UV cut-off in the radial direction of AdS3. The effect of this is, once again,
to introduce a scale in the bulk. More generally, anything that sets a finite scale for the
spatial volume of the field theory direction at infinity also sets a mass scale for that theory.

Three-charge solutions that are asymptotically AdS3 x S% x T* also have additional,
intermediate scales. For both black holes and black rings, there exists a scale r, ~ /Qp
associated to the total momentum. This scale is set by the equal balance of the terms in
the momentum harmonic function Zp =~ 1+ Qp/r?. For black rings there are also scales
set by the radius of the ring and by the dipole charges.

Since the AdS/CFT correspondence relates smooth, horizonless, asymptotically AdS
solutions to states of the dual field theory, one can calculate, both in the bulk and on
the boundary, the spectrum of non-BPS excitations above a given BPS state, and try to
identify the boundary dual of a certain state by matching these spectra. These calculations
have been very successful both for two-charge solutions [, B, and for simple three-charge
solutions [[7]. This has allowed precise matching of bulk solutions with boundary states.

A rougher way to estimate the non-BPS mass gaps in the spectrum of excitations above
a certain asymptotically-flat bulk solution is to consider the lowest energy oscillations local-
ized in the throat of this solution. The corresponding mass gap, and indeed typical energy
separation of states, in the holographic dual theory is then obtained by calculating the
red-shifted energy of these excitations at infinity in the asymptotically flat solution.® For
the D1-D5-P system, introducing a cut-off for evaluating the energy of excitations is not
even necessary since the bulk solution already contains a scale associated to the momentum
charge QQp. The bulk energies redshifted to this scale correspond on the boundary to the ra-
tio between the energy of the excitations and the energy coming from the total momentum.

For the deep microstate geometries, the non-BPS excitations about these states gener-
ically have a mass gap, and typical energy separation between states, that vary inversely
with the depth of the throat in the bulk. For the U(1) x U(1) invariant microstates, the
spectrum coming from the deepest possible throats matches the lowest bound on the mass
gap expected from the orbifold point description of the CFT, namely, Ey = m B
Although we have not checked this explicitly, we also expect the mass gap of the deepest
U(1) x U(1) black ring microstates to match the mass gap expected from the orbifoled
point description of black rings [iq].

For microstates that do not have a U(1) x U(1) invariance, we have the “abysses”

8 Alternatively, one can work entirely with an asymptotically AdS solution, that is cut off at a large, but
finite distance, r = %, and impose appropriate boundary conditions on this surface [@] The red-shifted
bulk energy evaluated at the cutoff r = % can then be matched to the energy in the boundary theory placed

in a box of size %
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in which the throat can become arbitrarily deep as a function of moduli. As the throat
becomes deeper and deeper, all the excitations at the bottom of the throat became lighter
and lighter, and the field theory spectrum approaches what looks like a continuum spec-
trum. Nevertheless, one does not expect this of a quantum theory that is confined in a
box, however large. Since we are comparing spectra at different values of the coupling
constants, and one might argue that strong coupling effects do not modify the spectrum of
U(1) x U(1) invariant configurations, but will modify the spectrum of the configurations
with less symmetry, and allow states whose energy separations are much smaller than the
expected weak-coupling value. However, for excitations above a given BPS state, these en-
ergy separations will not become arbitrarily small if the size of the box is kept fixed. Using
condensed-matter language, when the mass of a very large number of excitations goes to
zero one approaches a quantum critical point, and one does not expect to find quantum
critical points in systems of finite size.

6.2 A possible resolution: Quantizing the moduli space

The simplest and most straightforward resolution of this abyssal conundrum would be to
find a way of cutting off the throats of the scaling solutions at some finite value.

As we have already noted, the modulus in our example must be extremely finely tuned
in order to obtain a very deep throat. In string theory, and even in supergravity, this
moduli space will be quantized. Indeed, one can try to quantize it by considering the
effective action for slow motions on the moduli space and then apply quantum mechanics
(where Planck’s constant will be related to % effects). This will mean that there will be
limits on our ability to precisely localize GH points on the GH base metric and thus localize
the moduli sufficiently well to generate very deep throats. The effectiveness of this will
depend on the details of the correct physical metric on the phase-space of the theory. If the
metric on the moduli space comes from the positions in the R3 base of the GH geometry,
then it may well provide an effective and useful cut-off. On the other hand, the phase space
measure may well be related to the complete physical metric and it is hard to imagine how
a quantization principle could cut-off a throat that is several megaparsecs long.

Putting this more graphically, suppose that one is given a smooth, horizonless, classical
solution of arbitrarily low curvature and g, and that has a length 10! times larger than
the maximum value consistent with mass gaps on the boundary theory, it is very hard to
imagine that quantum effects, which are intrinsically of order 1/N, will be able to destroy
it. Note that the puzzle is not about destroying the very large throats by throwing particles
from infinity. For an arbitrarily deep throat this can always be done, as any particle thrown
in from infinity will eventually be blue-shifted enough going down the throat to destroy
it. From the boundary perspective the very deep throats correspond to very finely tuned
superpositions of eigenstates, and generic interactions with other states can easily destroy
them. The fact that particles thrown in from infinity destroy the states does not make
them physically irrelevant? (though it will probably imply that non-BPS microstates will

In the same way in which the fact that one can throw elephants and destroy a resonant cavity does not
make the study of the modes of the cavity irrelevant.

— 20 —



not have arbitrarily long throats — see the discussion below). The puzzle comes from the
existence and the physics of BPS microstates of arbitrary long throats, and the fact that
the excitations that live at the bottom of the throat appear virtually massless from the
point of view of the boundary theory.

Despite the concerns over “quantizing away” macroscopic geometries, there are natural
ways in which this might be realized. For example, the angles on the base space could well
be quantized because of the quantization of angular momentum. Given a certain bubbling
solution, the value of Jp is determined entirely by the quantized fluxes on the bubbles (B7),
and hence it is automatically quantized. The angular momentum, Jz, defined in (P-3)
and (R.9), not only depends upon the quantized flux but also upon the orientations of the
bubbles. Continuously varying an angle will therefore generically yield non-integer values
of Jr. While this is certainly true of the simple example considered in section 5, and
indeed will be true if one varies a single modulus in almost any solution, one can easily
construct solutions in which there are moduli that do not change the total value of Jr.
For example, one could make a scaling solution with two identical bubbling black rings on
opposite planes; alternatively one could consider a Zy symmetric bubbling black hole (like
the “pincer” solution studied in [J]). These configurations, which have Ji, = 0 because
of symmetry, can still become arbitrarily deep and it seems unlikely that any quantization
coming from the total angular momentum could stop that.

On the other hand, one should also have some notion of a local quantization of the
angular momentum. This is because, in some circumstances, it is possible to separate
different components of a scaling solution in such a manner that it can be decomposed
into separate classical objects; the Jr, of each component must be quantized. It thus seems
plausible that the individual contributions, Jr, ij in (B11)), coming from each bubble should
be quantized. The magnitude of the Jr, ij is already quantized because of the quantization
of fluxes, and so the non-trivial content of this statement lies in the quantization of the
direction of Jj, ij- In such a picture, the total J, in (R.13) would then be obtained by the
standard rules for the addition of spins in quantum mechanics. If this picture were correct,
then the ability to classically orient an individual bubble would be limited by the inverse
of the magnitude of the flux that it carries. The fine tuning needed to create abysses would
thus be limited. We are currently examining whether these angles are indeed quantized
and how this limits the depth of throats.

Another possibility is that even if abysses exist, it does not make sense to talk about
their mass gaps because even a very small particle at the bottom of a throat could have
a large effect on the geometry and prevent the throat from becoming arbitrarily long.
An example of this can occur in the “doubly-infinite” AdSy throats that are encountered
in the near-horizon geometry of black holes and black rings. As discussed in [[i§],'° such
infinite throats can by destroyed by the energy-momentum tensor coming from a very
small perturbation.

Since the throats of our solutions are capped, the metric near the cap is no longer
of AdS x S form. Therefore, extending the calculation of [§] to our solutions is not

10See equations (2.15) to (2.17) of that paper for more details.
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straightforward. If we naively assume equation (2.16) of [i§] captures the essential physics,
one can extend that analysis to our case. We find that a non-trivial energy-momentum
tensor can be accommodated on top of our solutions provided the sphere shrinks to zero size
at the cap. Fortunately, this is already happening even in the smooth BPS solutions, and
is indeed a necessary feature of all the capped microstates. Hence, the obvious extension
of the argument in [I§] does not rule out abyssal throats. It would be very interesting to
see if one can construct an argument in a similar spirit that would cut off an abyss.

Summarizing this sub-section, it appears difficult to logically exclude the existence
of some quantum mechanism that limits the depth of a throat. On the other hand, if
this were to happen, this would be a rather remarkable first example of quantum effects
destroying a very large portion of a smooth, horizonless, low-curvature, asymptotically-flat
classical geometry.

6.3 A possible resolution: Stringent constraints on the duality

Another possible resolution of the problem is to take the more “stringent” view that the
AdS/CFT correspondence only relates field theories in an infinite volume to asymptotically
AdS solutions without a cutoff. In this context calculations of mass gaps, times of flights,
or energy spectra are, at best, of limited validity and, at worst, meaningless. From this
perspective, the only thing one can meaningfully compute in the bulk are N-point functions.
Indeed, by computing one-point functions in certain two-charge geometries and relating
them to vev’s in the boundary theory it is possible to obtain a very precise mapping
between bulk solutions and their dual boundary states [1J], without appealing to spectra
and mass-gaps.

This view poses the opposite problem: Why were mass-gap calculations in the D1-D5
system in a finite box so successful? One possible answer is that all these calculations
were done for U(1) x U(1) invariant microstates, and the extra symmetry “protects” the
calculations done on the two sides of the duality, even if the duality is not strictly valid.
Conversely, the microstates that do not have a U(1) x U(1) invariance are not protected, and
there is no reason why the calculations done in two inequivalent theories should agree. This
answer is also consistent with the fact that mass-gaps computed in U(1) x U(1) invariant
three-charge microstates cannot be less than the smallest mass gap expected from the free
(orbifold point) description of the CFT [RJ]. If this view is correct then one needs to
understand what this protection mechanism is and why it works and why it fails.

There is also another rather puzzling feature of this perspective: While the D1-D5 sys-
tem does not have a scale, the D1-D5-P system does have a scale set by @@ p. Even if it does
not make sense to talk about the energy of excitations of arbitrarily deep throats by them-
selves, it does make sense to talk about the ratio between this excitation energy and the
energy coming from the total momentum, Q p. We therefore find that the energies of excita-
tions in an abyss are going to zero compared to the energy of the momentum excitations that
are ultimately responsible for making the classical horizon area macroscopic. It would there-
fore seem that one could store very large amounts of entropy in such massless excitations.
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7. Entropy elevators and non-BPS microstates

We have thus two distinct, though logically possible outcomes, both of which are physically
unexpected and both of which hint at tantalizing new phenomena. If abysses are cut off
by quantum effects then these quantum effects can remove macroscopic portions of a low-
curvature asymptotically-flat solution, and if the abysses are not cut off, then we appear
to have a quantum critical point.

In trying to understand both of these possibilities we have found it useful to think
about the effects of “entropy elevators.” The idea is to consider a small sub-system of
non-BPS excitations and then adiabatically lower that sub-system into very deep throats
so that the energy is red-shifted to the value determined by the depth of the throat and
yet the entropy in the non-BPS excitations remains constant. There are two ways that one
could imagine controlling such an elevator: Either by lowering the elevator using a massless
cable or, as we prefer here, constructing the non-BPS excitations in a “shallow cap” and
then adiabatically changing the modulus so that the cap descends to the bottom of a deep
throat. If the moduli space is quantized then the elevator is only allowed to go to discrete
floors and there is a lowest possible floor, but in an abyss there is no lower limit and all
the excitations of that sub-system will become massless in the limit when the length of the
throat approaches infinity. Hence, at the critical point the system has new massless modes.

For a given smooth cap there will be a limit on the size of the non-BPS sub-system: It
must not significantly alter the physics of the cap and radically modify the elevator. In the
limit when the throat is infinite, the extra mass will be zero and the state will, once again
be (arbitrarily close to) BPS, and yet there will still be entropy in this sub-system. The
solution will also be (arbitrarily close to) the classical BPS black hole. Hence, it is possible
that one can only use microstate geometries to account for the entropy of the BPS black
hole by considering all the throats that can act as “entropy elevators” that carry massive
sub-systems of finite entropy to an infinite throat depth, where their mass becomes zero.

The entropy that a certain “elevator” can carry is limited by the requirement that the
non-BPS sub-system added on does not destroy the solution. Note that this requirement
has nothing to do with the energy seen from infinity, but rather with the effect of the sub-
system on the bubbles that form the cap of the solution. Whether the sub-system destroys
a certain cap, or not, has nothing to do with the length of the throat at whose end the cap
is. The sub-system should only care about the local geometry of the cap and its presence
should not limit the ability of the elevator to descend. The only effect of the throat is to
make the energy of the sub-system as seen from infinity larger or smaller. Thus, for every
cap we can associate a maximal “local” energy E. that is the maximal energy that does not
destroy it, and a certain entropy S.. The mass above the BPS bound as seen from infinity
is Foo = Fcy/ g(r]%in where g(%in is the value of ggg at the bottom of the throat. As the throat
length approaches infinity, the elevator associated with each deep throat contributes with
S. to the entropy of the black hole. It is tempting to conjecture that the entropy of the

BPS black holes comes entirely from these entropy elevators.!!

"This would imply that the entropy of the D1-D5-P CFT at strong coupling has “accumulation points,”
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The idea of lowering boxes containing entropy into black holes and studying the entropy
in the process is not new in General Relativity and has led to apparent paradoxes and
beautiful resolutions. See, for example, [, (] and for recent work see also [F1]. However,
entropy elevators have two very different features. The first is that the box is lowered on
top of a horizonless, BPS solution, and there is no Hawking radiation from the horizon to
keep the box in equilibrium, or to allow the creation of box - anti-box pairs. The second
is that the entropy in the elevators never goes into the entropy of a black hole: As the
elevators descend, the solution always remains horizonless. Indeed, we will see below that
as an elevator carrying a box of a certain “local” energy, F, descends, the energy as seen
from infinity decreases, and the horizon of the corresponding black hole also descends at
the same rate.

The idea of entropy elevators also has some interesting consequences for near-BPS black
holes. These black holes have a finite throat depth, set by the non-extremality parameter.
In the elevator picture, to create a finite amount of non-extremality one must add a finite
amount of energy, AFE, above the BPS bound. To create this amount of energy at infinity
by putting a non-BPS sub-system on an elevator means that the amount of energy on the
elevator must be Ejocal = AE/,/goo. At a certain depth this energy will exceed the energy,
E., needed to destroy the cap. Thus there is a limit to which the entropy elevator can
descend for a given amount of non-extremality.

If the entropy elevators can be used to create near-BPS black hole microstates, the
depth of the entropy elevators that carry most of the entropy should match the depth of
the horizon of the near-BPS black hole. While a perfect matching of these two quantities
is not possible without constructing the solutions corresponding to the elevators, one can
check that the depth of the elevators and the “depth” of the horizon scale in the same way
with the energy above extremality, which is a rather non-trivial check.

Indeed, given a certain energy, AFE, above the BPS bound, one can construct shallow
entropy elevators, that have a sub-system of energy a few times AFE, as well as deeper
elevators, that have a sub-system of energy Flocal = AE/4/gbs"°™. Clearly, the deeper
elevators will carry a bigger system, and will have more entropy. If we make Fjy.a bigger
than the maximal energy a cap can support, E., then the elevator will be destroyed. Hence,
most entropy will come from the elevators of depth corresponding to

_ AE)?
gloo(())ttom _ (le2Z3) 2/3 _ (T2) (71)

We can compare the depth of these elevators to the depth of the horizon of a near-BPS
black hole. The easiest measure of the depth of that throat are the values of the three
harmonic functions at the horizon, which in the near-BPS limit are given by:

Qi
AFE
Hence, the depth of the elevators and the depth of the near-BPS black hole horizon
have the same dependence on AFE. This is a necessary feature if elevators are to give

Z;

(7.2)

corresponding to the abysses.
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Figure 4: These two graphs evaluate the condition (@) on the plane where all three charges are
located for a particular triangle solution for which the three distances are ~ 1078, The first graph
covers all three charges and the second graph shows a “zoom-in” at the bottom of the valley in the
first graph.

the microstates of the non-extremal black holes, and its confirmation is encouraging. It
would be interesting to analyze in more detail the amount of energy, E., that a certain
cap can carry, and see if its dependence on the charges also matches that predicted by
equations ([7-])) and ([-3).

Hence, if this idea of entropy elevators is correct, one should think about elevators that
descend to an infinite depth as giving the entropy of the extremal black holes, and the ele-
vators that descend to a finite depth as giving the entropy of the non-extremal black holes.

Acknowledgments

We would like to thank Davide Gaiotto, Eric Gimon, Juan Maldacena, Samir Mathur,
Radu Roiban, Ashoke Sen, Kostas Skenderis, Marika Taylor and Xi Yin for interesting
discussions. NPW would like to thank the SPhT, CEA-Saclay for hospitality while this
work was completed. The work of NPW and CWW is supported in part by the DOE
grant DE-FGO03-84ER-40168. The work of IB was supported in part by the Diréction des
Sciences de la Matiére of the Commissariat o I’Enérgie Atomique of France and by the
ANR grant BLAN06-3-137168.

A. Veritying the absence of closed time-like curves
To check that there are no CTC’s we must verify the standard set of conditions:
VZr >0, Q = 212,723V — V% > 0. (A1)

We have extensively examined these conditions numerically and found that they are
satisfied for a broad sample of the scaling solutions given in table 1. While the condi-
tions, (JA.]]), are necessary, there is an additional dangerous term from the angular terms
in the direction of the base metric:

2
(Z1 Zo Z3)' 3V <d:1:2~|—dy2+dz2 — %) = (Z1Z2Z3) 2V g, dat da” . (A.2)
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Since the positivity of the coefficient, (Z; Zs Z3 )1/ 3V, has already been verified in
checking ([A.1)), it remains to verify that g has no negative-norm vectors. The lowest
eigenvalue of g, must therefore be non-negative:

I
Q

We checked this condition by cutting a slice near the ring and numerically evaluating

> 0. (A.3)

this condition on this slice. We then moved this slice around to check the potentially
dangerous region. In figure 4, we show a particular slice that covers all three charges. We
found that (A.3) was globally satisfied, and Q — |w|? was globally positive. Not only is
this a more stringent condition that the last condition in ([A.1]), but, as was noted in [RI],
this means that the complete metric is stably causal and that the coordinate, ¢, provides a
global time function.
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