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1 Introduction and summary

Gauge/gravity duality relates a quantum field theory (QFT) in d-dimensions to a higher-
dimensional bulk theory containing dynamical gravity [1-4]. In suitable situations (namely
among others, when the QFT is strongly coupled and has a large- N expansion) the latter
can be approximated by semiclassical general relativity coupled to other fields, which are
dual to QFT operators.

Classical solutions of the bulk gravitational theory with an asymptotically AdSg41
boundary correspond to (the ground state of) QFT renormalization-group flows (RG flows),
and evolution along the radial bulk coordinate has the dual interpretation as evolution with
energy scale in the QFT. Bulk fields which have a non-trivial dependence on the radial
coordinate correspond to running couplings. Solutions of this type are called holographic
RG flows, [5-T7]

Fully AdS-invariant solutions correspond to special points in solution space and are dual
to conformal fixed points on the field theory side. More generally, the space of conformal
fixed points (CFTs) and the RG flows connecting them, is mapped on the gravity side to
the space of regular solutions of the bulk theory.

Holographic RG flows have been extensively explored, in both top-down models and
from the bottom-up point of view. The simplest bulk theory which gives this type of
solution is Einstein gravity minimally coupled to a single real scalar field, which we shall
call dilaton by an abuse of language, and whose potential admits one or more extrema
with a negative cosmological constant. Although this setup is minimal, it provides a very
rich structure: depending on the scalar potential, it offers a very rich space of solution
which reproduce all features one expects in usual field theories (e.g. RG flows between a
UV and IR fixed points, the generation of an IR scale with a mass gap, the possibility of



confinement and phase transitions, etc) as well as certain types of exotic RG flows which
cannot occur in perturbative field theories [8, 9]. Including more fields does not change the
story qualitatively but allows for multiscale RG flows, [10].

The correspondence between QFT RG flows and gravity solutions is not limited to
QFTs on flat space-time but extends to the situation where the QFT is defined on a curved
manifold. This is because, asymptotically, one can write the near-boundary AdS metric as a
foliation whose d-dimensional radial sections admit an arbitrary metric. This near-boundary
expansion is what defines the metric of the spacetime on which the QFT lives. This opens
the way to studying holographic RG flows of QFTs on curved space-times.

A systematic analysis of curved space-time holographic RG flows in Einstein-dilaton
theories has been initiated in [11] in the case when the boundary field theory is defined on
an Einstein space with positive or negative curvature. For positive curvature, the picture
in terms of RG flows is not very different from that of flat space field theories, except for
the fact that the curvature dominates in the IR and gaps the theory before the deep IR
regime is reached. In the case of negative curvature, however, the field theory interpretation
of the resulting solutions is wvery different from that of an RG flow: the reason is that,
when the bulk is foliated by constant negative curvature d-dimensional radial slices, the
solution has generically two asymptotically AdSg.1 boundaries. Rather than an RG flow,
this corresponds to two UV CFTs which are interacting in a non-local way through the bulk.

Such solutions in string theory, with asymptotic boundary metrics being AdS, have
been found and studied for some time, [12-20]. They have two apparently distinct conformal
boundaries at the two end-points of the holographic coordinate. However, as the slices
involve a non-compact manifold which also has a conformal boundary, the two asymptotic
boundaries are connected, resulting in a single conformal boundary. This is represented in
the left part of figure 2: the total conformal boundary is composed of the two gray caps
plus the red surface joining them.

If the bulk is d+ 1 dimensional, and the slices are AdS,, the total boundary is conformal
to two pieces of S? separated by a defect on the equator’ S41. As the two endpoints
of the flow may have different sources, the two theories can have different couplings and
they are separated by an interface, prompting the name Janus solutions. A related class
of solutions contains a single boundary and is delimited in the bulk by a brane that ends
on “the boundary of the boundary”. They are also AdS-sliced and the first example was
discussed in [21]. They have been advocated as holographic duals of boundary CFTs, [22, 23].
Holographic RG flows in this context have been considered in [24].

There is however another incarnation of such solutions. In Euclidean cases, where the
slice manifold is a constant negative curvature manifold of finite volume and no boundary,
then such a solution is an example of a Euclidean wormhole, an object that still holds
mysteries for the holographic correspondence, [25, 26]. The holographic interpretation of
such solutions is still debated and therefore the study of a large class of such solutions may
be interesting in assessing their generic properties.

In the context of holography, this description is most appropriate when the bulk AdS4y; is written in
global coordinates (or in spherical slicing), as we will discuss in more detail in section 1.4.



There are three interesting physics problems, the solution of which involves partly such
AdS-sliced solutions. We discuss them in the next three subsections.

1.1 QFTd on Ade

It was argued already in [27] that, when placing a QFT on AdSy, the IR dynamics of the
QFT is drastically affected. The reason is that even massless particles have propagators that
fall off exponentially with distance in AdS. This is a consequence of the fact that Laplacians
on AdS have a gap. It was argued in [27] that this could be used to regulate the strong IR
divergences of QCD perturbation theory. Moreover, it would be also useful for the same
reason in critical theories, as one would expect AdS to suppress the strong IR fluctuations.
In general, the expectation is that AdS is expected to quench strong IR physics.

A similar approach to regulating the IR has also been applied in string theory, [28, 29].
In that case, the spatial geometry was that of S but the running dilaton produced AdS-like
effects on the spectrum including a universal mass gap for massless particles.

Compared to Minkowski space, AdS has a different set of isometries which are in the
same number as in flat space. However, in AdS, the boundary conditions are much more
important for the physics than in Minkowski. In particular, for gauge theories, there are
roughly two types of boundary conditions:? Dirichlet (or electric) boundary conditions and
Neumann (or magnetic) boundary conditions (bcs). With electric bes, gluons are allowed in
the spectrum (as in flat space), they are gapped, and there is a global SU(N) symmetry, [30].
However, it has only boundary currents.

With magnetic bcs, electric charges are not allowed in the bulk of AdS, there are
O(1) degrees of freedom and there is (bc-induced) confinement. It was argued in [30]
that for asymptotically-free gauge theories with electric bes, a confinement /deconfinement
(quantum) phase transition was expected. If we denote by A the scale of the gauge theory,
and by Lapg the radius of AdS, we expect the following two phases

1. When ALaqs 2 1 we expect a confining phase, with strong interaction in the IR
before we reach the AdS mass gap.

2. When ALags < 1 we expect a deconfined weakly-coupled phase, where above the AdS
mass gap the theory is weakly-coupled.

The two phases are expected to be separated by a phase transition whose details are
not known.

With magnetic boundary conditions, one expects confinement at all scales, and a free
energy of O(1). This is a kind of trivial confinement as no electric charges are allowed in
the bulk.

So far, the only clear criterion for confinement is the order of magnitude of the free
energy: either O(1) or O(N?) when N — oco. Wilson loops do not provide an easy criterion
for confinement, as for large Wilson loops, the area and the perimeter scale the same way, in
global coordinates. But in Poincaré coordinates, there are two classes of loops with different

20One can have more complicated boundary conditions on subgroups of the gauge group.



behavior for length and area. However, QFT on AdS in different coordinates gives rise to a
different quantum theory.

Another important expected difference, discussed in [27] is the nature of the instanton
gas. As already argued in [31-33], instantons in flat space YM form a liquid. Only above
the deconfinement phase transition, instantons form a gas, [34]. However, it is expected
that for YM on AdS instantons form a gas in most cases, [27].

The fate of CFTs on AdS is also an interesting problem. The prime example in four
dimensions, N =4 SYM was analyzed in some detail, [15, 30, 35]. Boundary conditions on
Ri that preserve supersymmetry have been classified, and there are many, [15, 16]. Upon a
conformal transformation, the theory can be put on AdS4 in Poincaré coordinates. Dirichlet
bcs generically involve non-trivial vevs for three of the six scalars. At weak coupling the
theory is generically non-confining. But at strong coupling some boundary conditions
induce confinement.

For example, using S-duality, the g > 1 theory with a Higgs condensate, is mapped
to a g < 1 theory with a magnetic condensate that should be confining. In particular,
S-duality interchanges (among others) Dirichlet and Neumann bes. With Neumann bes no
order parameter exists that distinguishes a confining from a non-confining phase. Therefore,
no sharp transition is expected in accordance with the presence of a large amount of
supersymmetry. On the other hand, the finite-temperature behavior is not understood.

Boundary RG flows connecting CFTs in AdS subject to different boundary conditions
have been studied in [36].

1.2 Proximity and QFT interfaces

There is a general question that involves the notion of “proximity” in quantum field theory.
It can be formulated in several different ways which may not be equivalent but which are
expected to be qualitatively similar

One form of the question asks: “When two CFTs can be defined in the same Hilbert
space?”, or “when the states of one CFT can be written in terms of the states of the other?”
There is a (partial) answer to this question: this is possible if the two CFTs are connected
by a Renormalization Group (RG) flow. This seems intuitively correct, but it is not known
if this is mathematically correct. Moreover, it is not known if this remains correct in the
whole family tree of theories that belong to an RG cascade.

Another form of the question, formulated and analysed in [37] in the holographic context
is: “when can a (semiclassical) state of CET; described by the geometry M be approximated
by a semiclassical state of another CF'T9?” The “approximation” is interpreted as the two
geometries being the same on an arbitrarily large causal patch of M. Reference [37] argued
using ideas from [22, 23] that such a notion of proximity is possible if the two CFTs can be
connected with an interface.

It was also argued in [37] that this is consistent with the idea that the precise degrees of
freedom and Hamiltonian of a holographic CFT, is only important in fixing the asymptotic
behavior of a dual space-time. On the other hand, the interior space-time of a region,
space-like-separated from a boundary time slice, is determined by more universal properties
(such as the entanglement structure) of the quantum state at this time slice. This picture
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Figure 1. A wormhole connecting two UV CFTs.

requires that low-energy gravitational theories associated with CFTs that it is possible
to non-trivially couple at an interface, are part of the same non-perturbative theory of
quantum gravity.

1.3 Wormbholes and quantum gravity

As mentioned, any semiclassical gravitational solution that represents an interface, can
be immediately transformed into a solution describing a Fuclidean wormhole with two
boundaries, as in the picture below. The step is to replace the AdSy slice geometry with
any d-dimensional Euclidean, finite-volume, constant-negative-curvature manifold. This is
automatically a solution to the second-order gravitational equations without further ado.

In d = 2, finite volume negative constant curvature manifolds are the g > 2 Riemann
surfaces, or Schottky manifolds in d > 2. Examples have been discussed in [38] for d = 3
and [39] for d = 4.

The two end-points are asymptotically AdS boundaries that can in principle belong to
different CFTs. Moreover, the connection is mediated by running scalars and is therefore
similar to RG flow geometries. The puzzles of negative curvature AdS boundary metrics
were discussed in [40, 41], and the associated wormhole puzzles were first discussed in [25].
It was pointed out that Euclidean wormholes can easily contain unstable modes. Moreover,
their holographic interpretation is not clear. A more recent analysis of correlators and
Wilson loops indicated some generic properties, like UV-soft cross-correlators, as well as
generic confining behavior (that in many cases rimes with the results of [42]), [26]. These
results prompted some dual models for wormholes, [43, 44].

The issues of wormholes and their interpretation/use in quantum gravity have obtained
a new twist with the advent of the SYK model and its black-hole-like interpretation in
the large-N limit, [45-48]. The suggestion is that they are a part of the gravitational
path-integral when some form of averaging is involved. This is an issue of current debate.

1.4 Results

In this paper, we start a detailed study, in the context of holography, of the three questions
mentioned above. Here we will study the structure of the two-boundary solutions in a



concrete bottom-up model. Although the feature of two boundaries is generic, only the
simplest solutions of this type (in which the bulk geometry has a Zy symmetry along
the radial direction) were studied in [11]. Here we shall perform a systematic search for
solutions in Einstein-Dilaton gravity that have constant negative curvature slices and map
the space and properties of such solutions. In particular, we would like to explore how the
two boundary theories explore the space of extrema of the scalar potential.

We should emphasize here that there are three interpretation for the solutions we find:

1. As interfaces between two QFTs with a shared common boundary (Janus type
solutions) when the slice geometry has infinite volume and a boundary, [12-20]. In
this case, the full solution is split in two parts: one corresponds to a flow from one
boundary to a minimum of the scale factor, and is an RG flow of one of the two QFTs.
The other half of the solution, is a flow from the other boundary to the minimum of
the scale factor. This is again an RG flow for the second QFT.

2. As wormbholes, if the slice has finite volume and no boundary. In such a case the
holographic interpretation is debated in the literature. One interpretation (see [26,
43, 44]) is as two Euclidean QFTs coupled in the UV via soft interactions, but this
needs further investigation and checks.

3. As single boundary theories after orbifolding symmetric solutions. In that case the
flow is monotonic and consistent with a standard QFT on AdS interpretation.

We shall call our solutions flows, although in some cases such flows are not necessarily RG
flows in the strict sense.

In the rest of this introduction, we briefly summarise our results and discuss the
questions which are left open.

1.4.1 Pure gravity

The simplest theory one can consider is pure (d 4+ 1)-dimensional gravity with a negative
cosmological constant. In this case, the solutions corresponding to (conformal) field theories
on AdS,; are well known: the bulk space-time is just AdSgy; foliated by AdSy:

ds? = du® + cosh?[(u — ug) /{]ds3, (1.1)

where ¢ is the AdS4,1 length, ug is an arbitrary constant and dsfl is the metric on AdSy.
The metric above is obtained via a diffeomorphism from the global AdS;,1 metric,

ds*(global) = £? (cosh2 pdr? + dp* + sinh® PdQZ—l) , (1.2)

but such a diffeomorphism acts non-trivially on the boundary: the latter is conformal to
R x 8?1 for global AdS, and to AdSy if one uses the coordinates (1.1).

Therefore, in the standard holographic dictionary, the dual field theory to the metric (1.1)
lives in a different spacetime than the one dual to global AdS with coordinates (1.2). The
metric (1.1) has two asymptotic boundaries at u — 400, joined by a third asymptotic
boundary reached as r — oo with w arbitrary. In the global AdS picture, the two boundaries



at u — Foo are mapped to two halves of the boundary S¢~!. They are glued together
at the equator S%2: this is the image of the asymptotic boundary of the slice AdS, at
r — +o00 (see figure 2) which, under this map, becomes a co-dimension two surface in
global coordinates. This is why this solution is usually called an interface CFT: in global
coordinates, it is dual to two copies of the CFT, each defined on a half-space, then glued
along a codimension-one hypersurface [13]. We should insist that the situation described in
the coordinates (1.1) is different: the conformal boundary consists of two AdSy, at u — £00
plus the third boundary at » — +o00. However, there is no known holographic interpretation
of this third boundary in terms of QFT degrees of freedom living there: more precisely,
there is no known way of turning on sources and giving a consistent prescription to compute
holographic correlators of operators inserted at r — oo and finite u. For this reason, we
will think of the CFTs as living on the opposite AdSy at u — +infty and being coupled in
a non-local (in the sense that there are non-local cross-correlators) via the bulk dynamics.?
From the bulk point of view, the geometry (1.1) describes a wormhole with two
asymptotic boundaries. A similar story applies if one uses Poincaré (rather than global)
coordinates: in this case, the two CFTs live in two halves of flat d-dimensional Minkowski
spaces, joined by a flat (d — 1)-dimensional hyperplane (rightmost picture in figure 2).
Notice that the two conformal boundaries in (1.1) do not have the same curvature: the
ratio of the resulting Ricci scalars Ry, andRg on the two boundaries® at u — 400 is:

Rp 2ug/l
= . 1.3
Rp ¢ ( )

Equation (1.3) gives the holographic interpretation of the constant uy appearing in (1.1): it
fixes the single dimensionless parameter one can construct out of the two curvature scales
on the boundaries.

1.4.2 Einstein-dilaton gravity

Adding a bulk scalar field gives, as we shall see, a much richer space of solutions, whose
analysis is the main purpose of this paper. For definiteness, we consider a bulk theory
described by the action:

— 1 a
Soure = M3 [ duatoy=g (R~ 390wt~ V() | (14)

where u is the radial bulk coordinate. We take the potential V' (¢) to be negative and to
admit several extrema, each corresponding to an RG fixed point in the dual picture. We
then study solutions which generalize (1.1):

ds? = du® 4+ 24 s | v =p(u), (1.5)

3The situation is similar to the case asymptotic infinity in holography with flat slices: in Poincaré
coordinates, strictly speaking, the surface consisting of spacelike infinity in Minkowski space (|| — o0)
and arbitrary holographic coordinate u) is part of the AdS boundary, but one usually does not consider
CFT degrees of freedom living there: rather, one imposes boundary conditions so that the fields vanish at
spacelike infinity.

4With the boundary metrics defined in terms of the Fefferman-Graham expansion, [49].
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Figure 2. Fixed-time d-dimensional sections of AdS;;; written in different coordinates. Left:
AdS-slicing wormhole. The boundary is composed of two AdS spaces and a “side” boundary (red).
Center: global AdS interface. The boundary is made of two hemispheres joined at the equator,
which is identified with the whole “side” boundary of the left figure. Right: Poincaré AdS interface.
The boundary is made of two halves of flat space joined on a straight line. These space-times are all
locally diffeomorphic, but the coordinate transformation from one to the other changes the geometry
of the conformal boundary.
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where again ds? is a fiducial metric on AdS,; (whose curvature scale is arbitrary, but fixed).
The solution is characterized by the scalar field profile ¢(u) and by the scale factor A(u),
which are related via the bulk Einstein equations.

For regular solutions, the bulk geometry looks qualitatively similar to the one on the
left in figure 2. The non-trivial running of the scalar field, however, leads to a much richer
space of solutions (and the corresponding dual QFT pictures) than in the case of pure
gravity, as we briefly describe below.

The generic solution is a two-sided wormhole connecting two separate asymptotic
boundaries. As we approach each boundary, the scale factor diverges and the scalar field
approaches one of the extrema of the potential. As each extremum corresponds to a distinct
dual CFT in the same flow landscape, we have several possibilities:

1. The wormhole connects two different extrema of V' (¢). In this case, the dual description
is that of two distinct CF'Ts, each living on an AdS; space-time, and each deformed in
the UV by a relevant operator. The two CFTs are coupled by a non-local interaction
mediated by the bulk.

2. The wormhole connects an extremum of V() with itself. In this case, we have two
copies of the same CFT, each living on two distinct AdS; space-time (possibly with
different curvature scales).

In figure 3 we display schematically a solution of the first type, which connects two different
extrema of the bulk potential; a solution of the second kind, connecting one extremum
with itself, is shown in figure 4. In these figures the reader can identify, as two salient
features, points in the bulk where either the scale factor turns around, or the scalar field
turns around, as a function of the radial bulk coordinate. We call the former feature an
A-bounce, and the latter a p-bounce. The solution in figure 3 has one A-bounce and no
p-bounce, whereas the one in figure 4 has both an A-bounce and a ¢-bounce. In general,
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Figure 3. Wormhole connecting two UV CFTs on AdS, living at different maxima of V(¢). The
solution has one A-bounce and no ¢-bounce.

since the generic solution connects two asymptotic UV boundaries, it must have at least
one A-bounce (and in any case, an odd number of them). In addition, the solution can have
any number (including zero) of p-bounces.

We note that solutions of the first type connecting two different CFTs have recently
been constructed in [50] in the particular example of deformed N =4 SYM, in the special
case when the CFTs on the two sides are the UV and IR endpoints of a single flow. This
results in a so-called RG interface [50].

1.4.3 Space of solutions

The bulk solutions are determined (up to diffeomorphisms) by the values of the UV
sources at each boundary. For the solutions under consideration, there are generically®
four independent dimensionful boundary parameters. These are the two scalar curvatures
RYV and RJ[{V of the “initial” and “final” boundary,® defined by the leading term in the
Fefferman-Graham expansion of the metric close to each boundary. There are also the two

scalar sources 90(_L) and 90(_R) defined by the near-boundary expansions of the scalar field,
i) A A"
o(u) ~ (p(_)EiA_ exp [ E'ul , U — —00, (1.6a)
(f) A7 Ay
p(u) = @274, ™ exp _6; , u — 400, (1.6b)
f

5There are also special solutions which one finds on measure-zero set of parameter space, which we shall
discuss later.

SWe assign the attributes “initial” and “final” by making an arbitrary choice in the direction of the bulk
radial coordinates.
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Figure 4. Wormhole connecting two versions of the same CFT living at one maximum of V().
The solution has one A-bounce and one p-bounce.

where A* are the dimension of the couplings of the operator dual to ¢ in the UV CFT
on each side (which are positive, as the UV is at an extremum of V) and ¢; ¢ are the AdS
length of each boundary.

Out of these four quantities, it is convenient to construct three dimensionless combina-
tions, which we take to be:

AN 1/AY
uv RYV so(f)
Rl-:Rzi Rp=— T g—<). (1.7)

<(’D(i))2/Ai ’ f (go(f))wA]i ’ - ((p(f))l/A]:

Constructing the full four-dimensional space of (regular) solutions with arbitrary values of
the boundary parameters is not straightforward. In fact, the solutions of the form (1.5) come
in a three-parameter family: fixing R;, R and ¢ is enough to fix all integration constants
of the bulk equations. This can be understood from the fact that the bulk equations form a
third-order system. The two dimensionless boundary quantities R; and Ry can be mapped
to the bulk integration constants. A convenient parametrization of these constants is to
take them as the value of ¢ and its radial derivative at the position of the A-bounce, plus
the position of the A-bounce in the radial direction.”

"The position of the A-bounce can be shifted by a bulk diffeomorphism which, however, acts non-trivially
on the boundary parameter, therefore leading to a physically inequivalent solution.

~10 -



Therefore, if one considers the ansatz (1.5), there seems to be no place for solutions
with a fourth boundary parameter.

In fact, we shall show that the space of solutions can be extended by considering
piece-wise solutions, obtained by gluing two solutions of the type (1.5) across an interface
at a fixed u, in such a way that the induced metric, its extrinsic curvature, the scalar
field and its radial derivative are all continuous: this way, Israel’s junction conditions are
satisfied without the need to introduce localized sources on the interface. The corresponding
geometries are qualitatively similar to the three-parameter family of solutions (1.5), but
now one can change independently all four boundary sources. Since the piecewise solutions
are obtained by gluing the solutions of the type (1.5), studying these “global” solutions is
enough to have an exhaustive classification from the qualitative standpoint.

As we mentioned above, the solutions (1.5) may have any number of bounces. We show
that for a fixed number of A-bounces, the two-dimensional space of solutions is divided
into continuous regions, containing solutions connecting the same two maxima of V and
with a fixed number of ¢-bounces. When crossing the boundaries between these regions,the
following phenomena can take place:

1. The number of p-bounces changes.

2. One endpoint of the solution changes from one maximum of V' to another.

Solutions which sit exactly on the boundaries of this parameter space are particularly
interesting. Across boundaries of the first of the two types above, one of the sources ¢_
changes sign. Therefore, when we are exactly on the boundary the source is zero, and
the solution corresponds to a vev deformation of the UV CFT (aka a Coulomb branch
solution). These holographic flows are known to have one parameter less than relevant
coupling deformations [8, 9].

Solutions which sit on a boundary of the second kind are even more peculiar: when
exactly at the boundary, the A-bounce approaches asymptotically an intermediate minimum
of the potential. The solution splits into two full space-times:

1) A negative curvature flow joining a UV maximum and a UV minimum of V', for which
the flow is driven by the vev of an irrelevant operator.

2) A flat flow describing a standard holographic RG flow from the maximum of V in
the UV to the minimum of V in the IR (i.e. on this “half” of the solution the scale
factor asymptotes to zero as we approach the minimum). We call this phenomenon
flow fragmentation.

1.4.4 Single-sided solutions

All the solutions described above, have two asymptotic boundaries, and their holographic
interpretation is in terms of two non-locally coupled CFTs on different AdS, space-times
and deformed by relevant couplings (or, in special cases, by vevs of operators), [26, 43, 44].
This begs the question of whether one can construct, in this simple setup, the holographic
dual of a single QFT (conformal or running) living on AdS,. Here, we explore a tentative
answer to this question suggested already in [35].
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In the space of solutions, there is a special one-parameter subspace: solutions which
connect the one fixed-point with itself (as in figure 4 and are such that the A-bounce and
the ¢-bounce occur at the same radial position. These solutions are Z-symmetric about
the bounce and are those which were analyzed in [11].

To obtain a single-sided solution, one can terminate such a symmetric solution at the
bounce. Since both the scale factor and the dilaton have an extremum at that point, this
can be done without adding any sources at the end-point. One can think of this as cutting
off the space by an empty and tensionless end-of-the-world brane positioned at the bounce.
The resulting geometry has a single boundary. The theory is further specified by imposing
boundary conditions for the fluctuations at the brane, which may be either Neumann or
Dirichlet if one wants no energy loss. An alternative way to think of these solutions is as a
Z9 orbifold that changes the direction of the flow and identifies the two boundaries.

Such branes at the end of the world have been considered before in the context of
Boundary CFTs (BCFTs), [22, 23]: in the case of pure gravity, when changing coordinates
from AdS; radial slicing to flat radial slicing (i.e. Poincaré AdSg4; metric), the bulk
endpoint is mapped to a codimension-one surface which intersects the AdS441 boundary on
a codimension-two hypersurface: the resulting boundary CFT lives on a d-dimensional flat
space-time whose boundary is this (d — 1)-dimensional flat hyperplane. As in the case of
the interface CFT interpretation, one must be careful with this interpretation: the change
of coordinates used to go from the “half-wormhole” solution to the BCFT description is
such that it changes the boundary geometry, and therefore from a holographic standpoint
the two situations should not be thought of as equivalent: for example, in the case of the
single-boundary geometry with negative curvature radial slices, the conformal boundary is
geodesically complete (it is AdSy), unlike in the BCFT case.

To test the features of these single-boundary geometries, we consider the simple case
of a probe-free scalar on a pure-gravity background and analyze the boundary two-point
function of the corresponding operator in the dual CF'T on AdS;. These correlators were
discussed extensively in [51]. From their results, it follows that neither Neumann nor
Dirichlet boundary conditions for the probe scalar at the IR endpoint leads to a conformal
correlator on AdSg, that one would obtain from the conformal-invariant two point function
in Minkowski space by performing a Weyl rescaling. Instead, one obtains an additional
contribution which breaks conformal invariance and can be understood as originating from
the fact that AdS, is conformal to half of Minkowski space.

One can nevertheless ask the question of whether a definition of the theory exists such
that the correlator preserves the full conformal symmetry. One possibility to obtain the
conformal two-point function is to change the boundary conditions at the IR, by adding
a quadratic action for the scalar on the end-of-the-world brane. This results in Robin
boundary conditions,

Aup(uo, v) = p(v)p(uo,v), (1.8)

where ug is the position of the brane, and v is a quantum number which is the AdS version
of the Minkowski v'k? (it is defined by expanding the probe scalar in eigenfunctions of the
AdS, Laplacian). We determine the unique function p(v) which leads to the conformal
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Figure 5. Single-AdS-boundary solution vs. flat BCFT.

form of the boundary two-point function on AdS;. This two-point function is the same as
one would obtain in the full two-boundary geometry if one set all source terms to zero on
one of the two sides. However, the corresponding quadratic action one should add on the
brane at ug to obtain (1.8) is non-local in the brane coordinates. Thus, it seems impossible
to obtain the full conformally invariant correlator for a single CFT on AdS, from a bulk
theory with a local classical action.

1.5 Discussion and open problems

The bulk geometric picture of the solutions we discuss in this work is rather clear. However,
several questions remain open concerning their holographic interpretation. Furthermore,
there are several extensions of the analysis concerning fluctuations and correlation functions
of both local and non-local operators (e.g Wilson lines) which would be interesting to
explore in the future. Below we give a list of open questions which we think are important
to investigate in future work.

e One interesting question about the AdS wormhole solutions is the nature of the
“side” boundary or interface: this is the d-dimensional surface parametrized by the
holographic coordinate u and the d — 1 boundary coordinates of the fixed-u AdS slices
(the surface in red in left figure 2). In global coordinates, this surface is mapped to a
d—1-dimensional surface (the product of the time axis and the equator of the boundary
sphere S;_1) and its role can be interpreted in the context of interface CFTs. However,
it is not at all straightforward to give it a holographic interpretation if we stay in AdS
slicing. The root of the problem is that the usual Fefferman-Graham expansion does
not work as we approach this surface. As a consequence, holographic renormalization
cannot be performed via the standard counterterms. One can nevertheless ask the
question of whether it makes sense to insert operators on the side boundary, i.e. to
consider non-zero sources (which may be non-trivial functions of u) in the asymptotics
of the bulk fields as we approach the slice boundary. Although in global slicing such
sources would be singular on the equator of the boundary sphere, there seems to be
nothing wrong in principle in considering them in AdS slicing. This would correspond
to operators inserted on the interface.
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e Another question concerns the nature of single-boundary solutions. Although consis-
tent, the construction we propose here is rather ad hoc, since the fact that geometries
terminate in the interior is not a consequence of the field equations. One may therefore
ask, are the one-sided geometries we consider here the only possibility, or should one
consider more general ways of terminating the solution in the IR? Furthermore, how
should one understand the apparent freedom to choose different boundary conditions
for fluctuating probe fields, and how does this freedom extend to the full non-linear
case? A study of the exact top-down solution of the type in [14] would probably help
clarify this issue.

e One important problem is that of the stability of our solutions under small pertur-
bations. In holography, the existence of a wormhole solution connecting different
boundary regions means that the partition function of a product of the two boundary
CF'Ts does not factorize. However, there may be a loophole to this argument, in that
the wormhole may not be stable, [25, 52, 53]. If that is the case, it should not be
included as a semiclassical saddle point in the path integral. It is therefore crucial
to analyze the spectrum of small perturbations around the solutions and study their
stability. It is known that, in minimally-coupled Einstein-dilaton theories, flat-slicing
holographic RG flows with a regular IR are stable under perturbations (see e.g. [8]).
Whether this extends to RG flows with AdS-sliced bulk requires a detailed (and
non-trivial) analysis which should be addressed in future work.

e In a two-boundary solution connected by a wormhole, an interesting problem is the
behavior of non-local observables, such as Wilson loops [26]. This same problem is of
interest also in single boundary solutions obtained for the two boundary solutions.
Although the theories studied here have a conformal fixed point when considered in flat
space, the scale factor in the wormhole solution has a turning point like in confining
holographic theories, in which the Wilson loop obeys an area law, [26]. It would be
very interesting therefore to analyse the behavior of Wilson loops expectation value
in these solutions, because for large enough loop size these may effectively behave
as in a confining theory. Similarly, one can analyse correlators between Wilson loop
operators inserted on opposite boundaries and analyse their factorisation properties.
Similar questions concern other non-local observables like the entanglement entropy.

e In this work we have limited ourselves to theories whose RG flows, in flat space-time,
connect a UV and an IR conformal fixed point. One may extend the analysis to theories
whose infra-red is gapped: this includes most notably confining theories. These may
be modelled holographically by Einstein-Dilaton theories like those considered in
this work, with the difference that the scalar runs to infinity in the IR [54-56]. The
existence of a mass gap in the flat space theory then requires the potential to be
steep enough in the large-dilaton region. When considering AdS slicing, the scale
factor and/or the dilaton may bounce before one reaches the IR endpoint and a new
boundary may open up as in the examples studied here. One therefore may expect
the competition between the IR physics (governed by the confinement scale) and
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the effect of the boundary curvature. This is an interesting question for holographic
QCD-like theories on negatively curved space-times.

e The study of axion solutions in the two boundary case is of primordial interest as
axions are typically dual to instanton densities in dual QFTs. According to [27] one
should expect qualitative changes in the behavior of such solutions in the theories
studied here. This in turn should translate into the properties of the instanton fluid
in the dual gauge theory. For example, in holographic flows connecting AdS vacua, it
can be shown in general that even turning a non-trivial 6-angle, the vev of the dual
operator vanishes, [57, 58]. In the presence of AdS slices, this is not expected to be
true anymore. On the other hand, it is well known that in the presence of axions
wormhole solutions exist without negative curvature slices, [59].

e The study of the on-shell action in the context with two boundaries. Now the action
depends on two sets of sources, and appropriate holographic renormalization must
be applied to both boundaries, [26]. The interest of this action is trying to construct
a measure of distance between theories in the spirit of C and F functions. However,
this case is radically different from standard RG flows and this is what makes this
investigation more exciting. This tool may also be helpful with the study of the
cobordism conjecture in quantum gravity,® [60].

e Last but not least, the phenomenon of flow fragmentation provides an intriguing
possibility of introducing a topology and a topological algebra on the space of holo-
graphic RG flows. It is interesting to explore it further, and study the type of algebra
it implies as well as its implications for gravity and holography.

1.6 The structure of the paper

This paper is organized as follows. In section 2 we present the Einstein-dilation setup,
give a qualitative description of the AdS-sliced two-boundary solutions and provide their
classification depending on the nature of the two boundaries. In section 3 we study the
space of solutions in detail and identify the relevant boundary parameters on which they
depend. In a case study with a given (but generic) dilaton potential, we construct the
space of solution numerically and we identify boundaries in parameter space. The solutions
considered in this section depend on two out of the three dimensionless parameters of
the boundary theories. In section 4 we analyse in detail special cases which lie on the
boundaries separating different regions of solution space. In section 5 we generalise the
two-parameter solutions found earlier and explain how to construct geometries which depend
on all three dimensionless parameters of the boundary theory. In section 6 we discuss how
one may construct single-sided solutions with AdS-slicing. Some technical details are left to
the appendix.

8We thank Irene Valenzuela for a stimulating discussion on this issue.
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2 Setup

We consider Einstein dilaton theory in d + 1 bulk dimensions. This is a minimal setup
where to study holographic RG flows driven by a single relevant operator.

1
Spure = M3 [ dud?ey/=g (RO - 34"0u000 - V(0 ) (21)

In this paper we shall be interested in the ground state of the dual quantum field theories
(QFTs) defined on negatively curved d-dimensional space-times. We therefore choose the
following domain wall metric and scalar field

v =p(u), ds* = du® + 62A(”)dex“das” . (2.2)

Here, A(u) is a scale factor that depends on the holographic coordinate w only and ¢, is a
metric on a constant curvature d-dimensional space-time with negative curvature. Although,
at some point, we shall focus on a maximally symmetric manifold, namely an AdS space, the
flows we describe are valid for any constant negative curvature manifold without necessarily
maximal symmetry.

As a consequence of constant curvature we have

RO — K » RO =gk, K= — (2.3)
where « is the curvature length scale.
Varying the action (2.1) with respect to the metric and the scalar field gives rise to the

following equations of motion

2(d —1)A + ¢ + ze*’“‘R(O =0, (2.4)
d(d—1)A% — %gb2 +V —e 4R =, (2.5)
¢+dAp -V’ =0. (2.6)

Here, derivatives with respect to u will be denoted by a dot while derivatives with respect
to ¢ will be denoted by a prime.

Such flows were studied sporadically earlier, but a systematic study has been established
in [8, 10, 11, 61] where the first order formalism was also systematically developed and
several exotic RG flows found. In particular, in [11], the RG flows of holographic QFTs
both on positive and negative curvatures were studied, but the second case was not fully
studied. General properties for such flows were found. Here, we shall study in more detail
flows on QFTs defined on negative constant curvature spaces and in particular on AdSg,
and analyze in detail a generic example.

The example will involve a bulk scalar potential that contains two maxima and a
minimum. This is expected to locally describe a general potential with many more maxima
and minima.
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-10

Figure 6. The scalar potential (2.8) plotted for the specific values, ¢;, = 1,/ = 0.94, A;, = 1.6 and
Apr = 1.1. The minimum is located at ¢; = 4.31. There are two maxima at ¢ = 0 and @2 = 8.34.

The expansion of the potential around a maximum ¢, can be written as

d(d—1) m?

V()= ———g— = 5 (e —m)* + O((¢ = om)*). (2.7)

If the scalar is constant and located at the maximum, the solution of equations of motion is
a d + 1 dimensional AdS;41 space-time sliced by AdS, slices.

It should be clear that « in (2.3) is the radius of the fiducial d-dimensional slice
metric (., and is an auxiliary parameter. ¢ above is the radius of AdS;41 and is a true
parameter of the gravitational theory, being related to the value of the scalar potential at
the relevant extremum.

For the numerical analysis that is going to follow, we shall pick d = 4 and parametrize
a quartic scalar potential as

12 Ap(Ap—4) 5 (pr1+92)AL(Ap—4) 5 AL(Ap—4) 4

V(p) = —— + - + . (28
(%) 2 22 * 303 o102 T IPNE (28)

where 1 and @9 are defined as

1203, /03 — (2 AL(AL — 4)

Y1 = )
VOALAL —4) = BAR(AR — 1) (BAL(AL — 4) + 5 AR(AR — 4))

12,/e2, — 2 29

P2 = .
VBALAL —4) — GAR(AR — 1)

In figure 6 we have sketched this potential for specific fixed values.
The above potential then has the following properties:

e There are two maxima for this potential, one is located at ¢ = 0 and the other at
@ = 2. We also have a minimum of the potential at ¢ = ¢;.
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e At ¢ =0, the AdS length scale is £ = ¢, and at ¢ = @9 it is £ = {g.

A2
o At ¢ = 0 the mass square of the scalar field is equal to m? = 4AL62 AL
L

4AR—A2
we have m% = 122 R
R

and at ¢ = 9

2.1 The first order formalism

To interpret solutions to the equations of motion (2.4)—(2.6) in terms of first order flows, it
would be convenient to rewrite the second-order Einstein equations as a set of first-order
equations. We define the following set of variables

. 1 . —2A(u
Au) = —mW(sﬁ(U))’ pu) = S(p(w), RO =T(pu). (2.10)
In terms of these new functions the equations of motion (2.4)—(2.6) become
2
S% — SW' + ST=0, (2.11a)
d 2 _ @2
— -5 =-2T+2V = 2.11b
5d—1) we—-S8 +2V =0, ( )
d
- -V'=0. 2.11
SS 50— 1)SW V=0 (2.11c)
From the definition (2.10) we also have the identity
T’ w
T —_— m . (2.12)

We can partially solve this system by eliminating 7" algebraically so that we are left with

the following equations

d 2 2 /
—W -1 —dSW'+2V = 2.1
2d—1) +(d—-1)S*—dSW'+2V =0, (2.13a)

d
e -V'=0. 2.13b
SS 2(d—1)SW Vi=0 (2.13Db)
In appendix B we analyze the equations and derive the inequality
2 AW 4(d—-1)
- 2 d

We can also derive second-order equations for the functions W and S:

W V. (2.14)

(d(dw)? = 2w?) = 8(d = )V ) (4(d — V' + W' ((d + 2)W — 2dW") )*

= (=2 (W)W 4 4(d — VW' = 8(d— 1)V (W — W)

2
+2dW2W" 4 d(d + 2)W (W')? = 2dW?) ", (2.15)
and
d d
=1 =2Vt (d— 1yt = 2D 2 (2.16)

d
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2.2 General features of the solutions

We shall discuss here the near boundary expansion of solutions around an extremum of the
potential as well as the algorithm for the construction of the solutions.

We take the extremum to be the UV fixed point at the maximum at ¢ = 0.? Close to
this maximum, as ¢ — 07, the expansion of W and S are given by (this is known as the
minus branch asymptotic solution)

2d-1) AL, R 2 C &
W= So0 ot e (2.17a)
A Cd 21

where R and C' are constants of integration of the first order system, (2.13a), (2.13b), and
we have defined

Ay = — £\ [— —m?22. (2.18)
The interpretation of the integration constants of the original system in A and ¢, depends

on the type of solution. For example using the relations (2.10) and from expansions (2.17a)
and (2.17b) close to the UV fixed point at ¢ = 0 we obtain

Cd fp_|3+/5

_ A At Ay Aju/l

o(u) =p_l="e + A (d—2A) (=te +..., (2.19a)
2 p2A- 2/AC g2

A(U) — A — g . Y- eZA_U/é o R|90 | ¢ 62’11,/5 (219b)

¢ 8(d—1) 4d(d — 1)
A+C|S07|d/A_ 0 odu/t
d(d—1)(d—2A_)

+...,
where _ identifies as the source for the scalar operator O in the boundary field theory

associated with ¢, and the vacuum expectation value of O depends on C' and is given by

(0)- = g |rin (2.20)

Using the definition of 7" in (2.10), its relation to W and S in (2.11a) and the UV expansions
of A, and W, S in (2.19a), (2.19b), (2.17a) and (2.17b) we obtain

R©e24- — R|p_|¥/A- . (2.21)

To have more intuition on R, we define the induce metric 7,, on a d-dimensional slice at

constant u, which is given by
Yo = 62A(U)CW ) (2.22)

Using this definition, we can evaluate the scalar curvature on each slice as

RO = 724 R(Q) (2.23)

9The different asymptotics in all cases are presented in appendix C.1.
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On the other hand, according to the expansion of (2.19b), the UV boundary is asymptotically
located at u — —oo (or at u — 400, see appendix C.1). Consequently we can associate an
induced metric and scalar curvature on the UV boundary as
vgyv = ug@we%vuy , RYV = UEIPOO e T RO (2.24)
Using the above definitions and the expansion relation for the scale factor in (2.19b),
we obtain
RUV = ¢724-R() (2.25)

By comparing (2.21) and (2.25), the integration constant R is related to the curvature RVY

of the manifold on which the UV QFT is defined by
R =RV |p_|7%/A-, (2.26)

We now introduce some terms that are useful in describing the properties of the
solutions. The first term is -bounce which is a point where the monotonicity of ¢ changes
(i.e. ¢ = 0). Such points were called simply bounces in [8].

The next term is A-bounce which is a point where the monotonicity of A changes
(ie. A = 0). Both A-bounces and @-bounces are defined AWAY from the extrema of
the potential.

A-bounces and p-bounces can also be, in principle, degenerate i.e. the relevant second
derivative can also vanish. However, we find that this cannot happen for p-bounces, as
in that case the flow stops. Although it can happen in principle for A-bounces the only
examples we have so far of such behavior appears in otherwise singular flows, and therefore
their existence in regular flows is still open. We also define an IR-bounce to mean an
A-bounce and ¢-bounce happening at the same point.

One general feature of the regular solutions for the RG equations, in the case where the
curvature of the slice is negative, is the existence of the A-bounces, where the derivative A
changes sign. For each regular solution with negative curvature slices, there exists at least
one A-bounce where W = 0.19

At an A-bounce, the scale factor reaches a minimum. We denote the value of ¢ at
which there is an A-bounce (A = 0), by ¢o. The expansion of the solution around this
point is given in appendix C.2. As we deduce from equations (C.20a)—(C.20c), the only free
parameter at each generic point ¢ = ¢ is

So = gb’ .
©=0

As a result, by choosing ¢y and Sy as the initial values for our system of differential
equations, we can solve the equations of motion numerically at both sides of . Generically,
the solutions continue until they arrive at a UV fixed point (extremum) of the potential.
Another possibility is the ¢ runs to infinity. Such solutions can be shown to be singular
(and therefore unacceptable), [11]. As we shall see, most of the flows studied in this paper

10 A5 we shall see in section 3.6.3, there exist solutions with multiple A-bounces, but we shall not study
them extensively in this paper. Such solutions have appeared in other contexts, [19, 20].
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will turn out to be regular. In particular, the flows depicted in the colored regions of figure 8
are all regular, but some flows outside are singular.

We also expect that as an flow reaches a UV fixed-point, the solutions for W and S
have the standard near-boundary expansions presented in appendix C.1. In this way, the
source and vev data of the solutions R and C' can be found as a function of ¢y and Sy.
It was already shown in [11], that curved RG flows can never end at a minimum of the
potential (so that the minimum is an IR Fixed point). However, with very special RG flows,
the + branch can start at a minimum (which becomes an AdS boundary).

We should emphasize, that from equation (C.20c¢), every point ¢ = ¢o can be an
A-bounce as far as we consider negative curvature solutions, T' < 0. Since at every point
we have considered V' < 0, then this equation does not put any constraint on the values of
So # 0, and the expansions (C.20a)—(C.20c) are valid at every point and specifically in the
interval between two maxima of the potential, 0 < ¢y < 3. There is an infinite number of
flows that cross through a specific A-bounce but we do not know which one is regular or
not until we solve the equations of motion.

We should also remind the reader that even when Sy = 0, the A-bounce is not a fixed
point and the flow does not stop here. The properties and expansion of the solution close
to this point are described in appendix C.2.

We conclude that, up to an integration of the first order flow equations (2.10), the
space of solutions can be constructed out of two real parameters, g, the position of an
A-bounce, and Sy the derivative ¢ at that point. Once this pair is chosen, a unique solution
for the superpotentials W, S, T can be constructed.!! If it is everywhere regular, it is an
acceptable holographic flow. Such solutions terminate at an AdS boundary on one side
of the flow and another AdS boundary at the other side of the flow. Therefore, they are
characterized by two sets of sources and two sets of vevs for the operators included in this
paper (stress tensor and a scalar operator). In the interface picture, the two CFTs at the
two ends of the flow correspond to two QFTs separated by an interface and are both driven
by the scalar operator dual to ¢.

2.3 A classification and characterization of flows between extrema of
the potential

To classify the solutions of the flow equations (2.13a) and (2.13b), we need to examine the
solutions of this system in the vicinity of the extremal points of the potential. This has
been already done in [11] in the general case where the curvature of the slices is non-zero.
We have summarized the results in appendix C.1 and we have given the structure of the
expansion in the previous subsection.

Near a maximum of the potential, there are two branches of solutions known as the —
and the 4 branch.

e The — branch contains the generic solutions that contain both source and vev.

e The + branch contains only the special solutions for which the source vanishes.

1This assumes that there are no further A-bounces and this will be the case for the moduli space of
solutions we consider in this paper. In the general case, it is less clear what is the best organisation and
labelling of the solutions.
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For both types of solutions above, the metric has an AdS boundary at the maximum.
We denote these asymptotics as Maz.
Near a minimum of the potential, we also have the + and — branches of solutions.

e The — branch contains the generic solution but does not exist for non-zero slice curvature.
It exists only for flat slices and in that case, it describes the IR-end of a flow.

e The + branch contains the special solution, and in principle can exist for both flat
and curved slices. The bulk metric has an AdS boundary in this case and the solution
describes a UV fixed-point perturbed by the vev of an irrelevant operator.

We denote these asymptotics as Mini. We remind the reader that three of these
asymptotics, namely Maxy and Min, are associated with AdS boundaries and therefore
to QFT UV fixed points, while one, Min_, to a shrinking slice geometry and therefore to
an IR Fixed point. The + branch solutions, as they contain fewer integration constants,
exist only in fine-tuned cases. Moreover, as shown in [11] the Min_ solution does not exist,
when the (dimensionless) curvature of the slice R, defined in (2.26), is non-zero.

Therefore the nature of a complete flow, between extrema of the potential, is specified
by giving the type of solution near its beginning and its end. For, various values of the
dimensionless curvature, defined in (2.21) we have the following possibilities.

o R = 0. In this case, we have three possibilities, (Max_, Min_) that is the generic RG
flow driven in the UV by a relevant coupling, (Maz, Min_), is an RG flow driven
in the UV by the vev of a relevant operator, and (Miny, Min_) is driven in the UV
by the vev of an irrelevant operator. Moreover, in this case, all flows start and end at
the extrema of the potential.

e R > 0. In this case, although flows can start at an extremum of the potential, (both
maxima as Max4 and minima as Min, ), they always end at intermediate points, not
at extrema, [11]. The end is always an IR end-point where the slice volume vanishes.

e R < 0. In this case, it is not possible for a flow to be regular and end at intermediate
points (non-extrema of the potential), as there is no slicing of flat space with AdS
slices. Therefore, all regular flows must start and end at an extremum of the potential.
As the asymptotic solution Min_ does not exist when R # 0, [11], we have in total
the following options, all of them having two AdS boundaries and being therefore
either wormholes or interface solutions:

(Max_,Maz_), (Max_, Mazy) and its reverse.

(Maxy, Mazy), (Max_, Min,) and its reverse.

(Maxy, Min,) and its reverse, and (Miny, Miny).

Note also that for the Maxy and Miny asymptotics, R — —oc.

Taking into account the fact that the Max, Min, asymptotics are fine-tuned (they
have half the adjustable integration constants), it is clear that the generic solutions
will be of the (Max_, Max_) type. Fine-tuning of the potential or the integration
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constants is needed for the (Max_, Max) and (Max_, Min) to exist, and double
fine-tuning needed for (Maxy, Maz), (Maxy, Miny) and (Ming, Min,) to exist.

In this paper, beyond the generic (Maz_, Max_) solutions, we shall find in special
points of the space of solutions, also (Max_, Max,) (e.g. the az boundary in figure 10a)
and (Maz_, Miny) solutions (e.g. the a4 boundary in figure 10a). Inversely, (Mazx,
Max_) appear for example on the borders of the moduli space of figure 8 (e.g. the a;
boundary in figure 10a).

We find also the double fine-tuned (M ax 4, Max) solutions, which appear for example
at the point where the a1 and ao boundaries intersect in figure 10a. There are also the
double fine-tuned (Max ., Min, ) solutions in our sample that appear for example at
the intersection point of the b; and by boundaries in figure 16a.

We do not have examples of the (Min,, Miny) solutions. The reason may be our

choice of potential as it has a single minimum.'?

3 Two-parameter flows

In this section, we discuss the regular solutions that are characterized by the two parameters
(¢0,S0) and have two boundaries. From the holographic RG flow point of view, the two
QFTs living on these boundaries are the fixed points of the RG equations.

Here we have two main groups of solutions:

1) The flows that interpolate between one UV fixed point of the potential (say ¢ =0
in (2.8)) and a distinct UV fixed-point (like ¢ = @9 in (2.8)).

2) The flows that start at a UV fixed point and end at the same UV fixed point, but
with different vevs and dimensionless curvatures.

Here, we classify the possible flows by solving the equations of motion numerically. Our
results show the relationship between different parameters of the boundary QFTs on both
sides of the flow. To begin with, we consider the potential in figure 6 with the following
specific values (which are typical):

Our potential is plotted in figure 6 and has three extrema.

e We have two maxima of the potential, one at ¢ = 0 that we shall call UV, as it is
always a UV fixed point. The other maximum is at 2 = 8.34 which we shall denote
as UVg. There is also a minimum located at ¢; = 4.31 that we shall denote by Min.

e The AdS length scale at ¢ = 01is {7, = 1 and at o, it is equal to £g = 0.94. Moreover,
at the minimum, this length scale is £3; = 0.76.

e At the UV fixed points, one needs to know the value of the conformal dimension A_
in (C.3). For the specific potential (2.8), A = 1.6 at ¢ = 0 and A = 1.1 at ps.
At the minimum of the potential, we shall need the value of A, according to the
expansions near the UV fixed point. This value is Ay = 4.37 for our specific choice
of potential.

12Tn principle, such a flow could appear also with a single minimum as it could start and end at the
same minimum.
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Figure 7. Various flows with one fixed point at the UV boundary. We take the start of the flow
(W > 0) to be located on the maximum of the potential at ¢ = 0. Both Wf§ and WlLf% flows reach
the same UVpy fixed point at o, the difference is the existence of a p-bounce for the type WlLf2
solution. Similarly, the WlLlL and W1L2L flows return to the UV, fixed point. The S type of solution
is a flow that has an intermediate IR-bounce. The dashed curve is the mirror image of the original
flow. WlL (I)VI ™+ solutions describe the flows that have a UV fixed point at the minimum ;. W(f (1)\/[ -

is an exception that connects to an IR fixed point and it will be explained later in this paper.

The strategy to find all possible flows is to start from a generic A-bounce at ¢y and scan all
possibilities by changing the value of Sy. Varying ¢g and Sy one should obtain all possible
regular solutions. In figure 7 we have shown seven types of flows that start at the UVp,
boundary (¢ = 0 as UV fixed point) with W > 0 and end at another extremum.

To describe them we introduce the notation Wn];]:’mw which denotes a flow that starts
at UVy, ends at UVg, has m A-bounces and m, p-bounces. Similarly Wﬂ%ﬁ,mv denotes
a flow that starts at UVy ends at UVz, has my A-bounces and m,, p-bounces. Finally
W#J/‘:{mw is a flow that starts at UV7, and ends at the minimum and has m4 A-bounces and
my p-bounces.

We choose the convention that all our flows start at UVy. Similar results can be

obtained for flows starting at UVg. We have the following classes of flows.

. W%%: the flow starts at UV}, ends at the UVg fixed point at ¢ = @2 and has a single

A-bounce but no (-bounces.'3

. WlL{J : the flow starts at UV, and returns to the UV}, fixed point. It has a single
A-bounce and a single ¢-bounce.

13The term “bounce” was introduced in [8] to indicate the place where a change of direction for ¢ is
happening during the flow. Here we call it ¢p-bounce to distinguish it from points where the scale factor
changes monotonicity (that we call A-bounces).
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. WlLQL : the flow starts at UV} and returns to UV7 with a single A-bounce and 2
p-bounces.

. W{j{%: the flow starts at UVy, and ends at UVg. It has a single A-bounce and a single
p-bounce.

. WIL é\/[ "+ the flow starts at U Vi and ends at a UV fixed point at the minimum of

the potential (Min, asymptotics). It has a single A-bounce and no ¢-bounces.
LMin_
* Wo,o

the potential (Min_ asymptotics). This exists as a limiting flat-sliced solution. It

: this class starts at UV, and ends as an IR fixed point at the minimum of

appears a piece of a complete flow.

o Type S (Symmetric solutions): for this class of solutions, ¢ vanishes at the same place
where A = 0. We shall call this type of point an IR-bounce. Such flows were analyzed
in detail in [11]. For such flows, one can introduce a tensionless brane at ¢y and
consider only one half of the flow. We shall comment on this in the concluding section.

Some solutions have more p-bounces but we restrict ourselves in the present paper to
the type of solutions above.

Such flows can describe wormhole solutions as well as nontrivial conformal interfaces.
To be considered as bonafide wormholes, the two AdS boundaries at the two endpoints of
the flow must be isolated boundaries. This can only happen only if the constant negative
curvature slices are compact. In d = 2, we may consider a compact higher-genus Riemann
surface as a constant curvature slice metric and in that case, such solutions are genuine
wormholes. If in higher-dimensional examples one can orbifold AdS, to produce a compact
manifold of constant negative curvature, then such cases also are genuine wormholes. In
three dimensions such compact manifolds exist, [38]. Constant negative curvature compact
manifolds also exist in four dimensions, [39].

In all other cases, where the slices are non-compact, notably AdS,, then the proper
interpretation of such holographic solutions are as two distinct QFTs, on two copies of AdSy
with an intersection along a common boundary. Such theories can be considered as limits
of Janus-type solutions, [15].

3.1 The space of solutions

The space of solutions of each type is sketched in figure 8. The horizontal axis is g and
the vertical one is Sy. The whole ¢g, Sy plane contains all solutions in our ansatz. The
colored parts are the solutions that have been found explicitly and analyzed numerically.
They contain flows from UV, g to UV g with at most two p-bounces, and flows from UV},
to UVR with at most one ¢-bounce. We believe that this is the full set of solutions with
only one A-bounce but we do not have proof of this.

1) The top-orange region, labeled Wfé%, is the space of the WIL’{? curves. At any generic
A-bounce point g, if we choose Sy from this region then there is a flow that crosses ¢g
and has two UV fixed points. One fixed point is a UV QFT that lives on the boundary
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Figure 8. The connected space of solutions found with one A-bounce. The orange, green, blue and
red regions correspond to Wféi WlLlL, WlLQL and WHD” solutions respectively. The horizontal line of
So = 0 is the space of type S solutions. The diagonal lines (curves) between orange and green or red

and blue regions are the space of WlL iv[

the potential minimum ¢, in the middle and the potential maximum ¢ on the right. The Wy

I+ golutions. The vertical dashed lines show the location of

LMin_

class of solutions does not explicitly appear in this moduli space but emerge in more intricate ways
that will be explained in section 4.

at ¢ = 0, which we indicate by UVy. The other fixed point is located at the UVg at
© = . For simplicity from now on, we call the UV, with W > 0, the top UV and
UVg with W < 0, the bottom UVg. In a symmetric way, the bottom-orange region is
the moduli space of the solutions that have two similar fixed points. One at UVg with
W >0 (top UVg) and the other at UVy, with W < 0 (bottom UVy,).

The left-green region is the space of the WlLlL solutions. Every flow with initial values
in this region has two UV fixed points at the same place, i.e. both points are located at
@ =0, one is living at the top UV, and the other at the bottom UVy. The right-green
region is the space of flows from top UVg to bottom UVpg.

The horizontal line Sy = 0 is the space of the type S solutions that start at the left or
right UV fixed points and have an “IR-bounce” defined below equation (2.26). Note
that solutions with ¢y = ¢1, the minimum, are singular solutions and do not belong to
the space of S solutions.

The left(right)-blue region is the space of the W{jZL solutions. It contains those flows
which have two fixed points, both on the UVy, (UVRg) but with two p-bounces.
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The top(bottom)-red region is the space of the WIL{Q solutions. These flows are similar
to W{jé% with two distinct fixed points, one at the top UV7, and the other at bottom
UVg (or top UVR and bottom UVy), but with an extra ¢-bounce.

The diagonal black lines (curves) between orange-green or red-blue regions are the

one-dimensional space of the WlL (1)\/1 I+ golutions. In this type, a UV fixed point is at the
minimum of the potential at ¢ = ¢; (type + solution) and the other UV fixed point is

located on one of the maxima of the potential.

The leftover regions on this diagram either correspond to the multi-¢p-bounce solutions
or the singular solutions. For example in figure 8, the hollow white region on the left
contains the flows with two fixed points at UV, but with three ¢-bounces.

3.2 How the QFTs on UV fixed points are related to each other?

As we already mentioned, in this section, we are dealing with flows which have two UV

fixed points at their ends. At each fixed point there is an associated QFT on the negative

curvature space, with a source which is coupled to an operator @. We can interpret this

system as two QFTs at the two AdS boundaries which are connected through a wormhole

in the bulk, or as two theories that are connected by a defect depending on whether the

negative curvature slice has a boundary or not along the philosophy of Janus solutions.

This system has the following properties:

1. In a single boundary problem, the equations have a single independent source for each
bulk field. The rest of the integration constants are fixed by bulk regularity in terms
of these parameters. Here the situation is as in asymptotically AdS wormholes: there
is no constraint from bulk regularity, and the number of boundary sources is doubled
(one on each boundary for each dynamical field).

Each QFT at a UV boundary is defined by two parameters (coupling constants): the
(constant) curvature of the negative constant curvature space on which this QFT is

RUV

living, , and ¢_ which is the source of the scalar operator O. Each theory on

its own, has therefore one dimensionless parameter, R defined in (2.26). For two
boundary QFTs (which we call QFT; and QFT¢) on AdSg, we therefore have four
independent dimensionful parameters,

BRIV, RYV, U QU (3.1)

From these, we can make three dimensionless parameters:

e Two dimensionless curvatures, R; and Ry.

Ri= ROV (60) 7% Ry = Y ((0) (3.2)

e The ratio of the two relevant coupling constants which can be found from the
asymptotic sources of the ¢ field

14

1/af
o

g))l/Ai

s
Il

(3.3)
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In our problem, a solution for the superpotential equations (2.13a)—(2.13b) is fixed by
the two independent parameters g, So. These are mapped to R; and Ry which enter
the asymptotics of W () close to each fixed point at subleading order, as one can see
in equation (2.17a).

On the contrary, the scalar sources @g), go(f) do not appear in the superpotentials:

they are determined instead by integrating the first order equations (2.10). Notice
however, that these have only one integration constant, not two: once we solve for
©(u), the integration constant of the A(u) flow equation (a shift in A) is fixed by
the third equation of the system (2.10) in such a way that it cancels the dependence
of the solution on the fiducial curvature R(¢). Therefore integrating the first order
system (2.10) does not affect the ?i;r)lensionless curvatures and determines at most
1,

one independent combination of ¢

It is convenient to identify the third independent integration constant in the bulk
solution with a shift in the coordinate u by a fixed amount ug. This affects the
dimensionless ratio (3.3) but not the dimensionless curvatures (3.2), as we argue
momentarily. First, notice that since the first order system (2.10) has no explicit
dependence on u, starting from any pair (A(u), p(u)) which is a solution, the pair of
functions (A(u — ug), o(u — ug)) is again a solution'* for any constant ug. As one
can see from the near-boundary asymptotics (2.19b) for v — —oo (and from their
counterpart as u — +oo obtained by sending v — —u), a shift in the coordinate u
has the effect:

U—Uu—uy = go@ — go@e*Aif“(’/gi, go(,f) — go(f)eAiuo/ef , (3.4)

which corresponds to a scaling of &:

u—)u—u0:>§—>£exp[—2uo<l 1) , (3.5)

R

¢; y are the AdS scales of the potential extrema at the two end-points of the flow, see
section 2.

Since the change (3.4) does not affect R; f, it also changes the boundary curvatures
in opposite ways:

— 2w 2ug
U — U — U = RV - RWVe 4 R?V%R]qve"’i. (3.6)

The integration constant ug is rather trivial as it is a diffeomorphism in the bulk,
therefore its only effect is a trivial rescaling of £. It is therefore convenient to fix it
once and for all (for example by in such a way that the A-bounce is at u = 0, i.e. p(u =
0) = o). If we operate this choice, the third parameter dimensionless parameter (3.3)
is not fixed and therefore, the three dimensionless field theory parameters in (3.2)

14 A shift in u is a bulk diffeomorphism and therefore one may think it leads to an equivalent solution.
This is not the case, since it is a large diffeomorphism as it acts non-trivially on the asymptotic boundary
quantities defined at u — +oo.
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and (3.3) are not independent. If needed, the value of (3.3) can be changed by
reinstating ug # 0.

As we have seen, we can identify three of the four boundaries dimensionful CFT
parameters with integration constants of solutions of the form (2.2). This ansatz has
not enough free parameters to change all four boundary sources independently. This
can be also understood from the fact that the bulk equations of motion (2.4) and (2.6)
for ¢ and A are second-order differential equations, but we have also a first-order
constraint (2.5) and therefore, in total, there are three constants of integration, not
four. We shall see later how to enhance our ansatz so that we have four independent
parameters as expected from the dual QFTs in section 5.

. From the leading terms in the near-boundary expansion of the solutions in (2.17a)
and (2.17b), we can read R and C for each QFT on the boundary. As we have
already mentioned, R is the dimensionless curvature and C controls the vev of the
scalar operator. By another integration, we obtain two more constants from (2.19a)
and (2.19b), ¢_ and A_ or equivalently RVY from (2.25). Moreover, we have the
relation (2.26), so in total, we have three independent parameters for each QFT. We
should notice that R and C are dimensionless parameters while the mass dimension
of RUV and ¢_ are two and A_ respectively.

. All flows here contain two fixed points, UV; and UV}. Their (dimensionless) parameters
are (R;,C;) and (R, C¢). The solutions impose two relations

Ci =Ci(Ri,Ry), Cp=Cp(Ri,Ry), (3.7)
which fix the two vevs as a function of the two sources.

. For (+) type solutions, as discussed in appendix C.1 and detailed in [11], the value
of the source is zero. In this case, the leading behavior of the scalar field near the

A u

boundary is ¢(u) = gogf%, where @ is related to the vev of the dual scalar
operator. In this case, the dimensionless curvature is given by

R =RW|p, |25+, (3.8)

Flows represented by (+) type solutions are called the vev flows since the source
is zero.

Since the rigid shift in u (3.4) can be performed trivially on any solution, in the rest of

this section we shall not use this freedom and concentrate on solutions characterized by the

two non-trivial free parameters which enter the superpotentials: (¢g,Sp) in the bulk, or

equivalently (R;, Rs) on the boundary. In these solutions, these parameters will completely
fix the quantity £ in (3.3).

3.3 The numerical strategy

We analyze all possible flows related to the space of solutions in figure 8 to extract the

information about the quantum field theories on the UV fixed points of the theory. This
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Figure 9. An example of the W' solution with the two cut-offs (red dashed lines).

information includes the values of dimensionless curvature R and the constant C' in terms
of g and Sy, the coordinates of the space of solutions. To read these values, we should
insert the numerical values of W and S for each flow into the analytic series expansions
at a specific cut-off ¢ — ¢,, = €, where ¢, is the location of the UV fixed point. For
our numerical proposes, we present the results with a cut-off near the UV boundaries at
€ = 107%. We have checked that varying this does not induce important errors.
Practically we pick a value for ¢g and we choose two initial values at ¢ = ¢q to solve
the RG equations (2.13a) and (2.13b), these are W (pp) = 0 and S(¢o) = Sp. By numerical
calculations for two generic QFT; and QFT on the two UV fixed points we expect to find

Ri = Ri(¢o, S0) » Ry = Ry(¢o,S0) - (3.9)

To find the last dimensionless parameter we use the same strategy. To obtain the value
of ¢_ on each side we can integrate ¢» = S near each cut-off boundary and then by using
the expansion of p(u) we can read the value of the couplings.

To do this, consider for example figure 9. Here we consider a flow of type WlL,éQ, which
in this case UV; = UV, and UV; = UVgk. We consider the left UV boundary is located at
o = €1, and the right one at p = @9 — er. Here €, and e are two cut-offs and at the end,
we shall send both cut-offs to zero.

Equivalently, in the holographic coordinate u, we can consider two cut-offs at u = —Ap,
and u = Ag. From equation ¢ = S we can integrate

u(p) Y dy
du = —_—, 3.10
/uo w0 S(®) ( )

where (g is an arbitrary point. For example as ¢ — 0, we expect that © — —oo according to
the asymptotic behaviors in (2.19a). Now suppose that in the above equation g = ¢, + €
where € is a cut-off and ¢y, is the location of the UV fixed (+ for UV}, fixed point and —
for UVR fixed point), after the integration we obtain

® dy 14
- St R
0= st +oas e

, (3.11)

e—0
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(Max,, Max,)

4r (Max,, Max.) (Max_, Max,)

oL (Max,, Min,) (Min,, Max,)

(Max_, Min,)

1
2

51

(a)

Figure 10. (a): the space of the W{{ € (Max_, Max_) solutions. For each a; to as boundary
and corner of this region, we have different types of solutions. (b): the blue and red curves describe
an example of Wf§ flow corresponding to the black dot in figure (a). This flow connects the UVy,
fixed point at ¢ = 0 to the UVR at ¢ = ¢9. The blue dashed line indicates the location A-bounce.
The vertical solid line at ¢; shows the minimum of the potential.

where s = +1 for fixed points at W > 0 and s = —1 for W < 0. In obtaining the above
relation we have assumed that

193 lr
AL:—EIOgEL, AR:—EIOgﬁR (312)
The above assumptions are reliable as far as the point ¢ in (3.11) is very close to the
UV boundary.

Now using (3.11) we can integrate near each boundary to obtain u(¢) and then by
using the expansion of ¢(u) near each UV fixed point, we can read the value of ¢_. Finally

from the definition of (3.3), we find the ratio of the two relevant couplings.

3.4 Connecting different fixed points
3.4.1 The W{:g solutions

In this section, we look at the W{j{f solutions. The parameter space of these solutions
is given in figure 10a. The points inside this region are the initial (g, Sp) values for
(Max_, Mazx_) flows. We also discuss the points on the boundary of the orange region in
this section. Figure 10b describes the holographic flow between two different UV QFTs,
one is located at UV (W > 0) and the other at UVr (W < 0). This specific solution
in figure 10b belongs to a specific point in the space of solutions of the Wfé% flows (the
black dot in figure 10a). Both QFTs live on constant negative curvature space-times which
are slices of the five-dimensional bulk space-time and are localized at the maxima of the
potential. Each QFT is described independently by the coupling of the operator dual to the
scalar field and also by the curvature of the 4d negative curvature space on which it lives.

Near the maximum of the potential at ¢ = 0, W (blue curve) and S (red curve), as
functions of ¢, have the expansions in (C.2a) and (C.2b). Similarly, in the vicinity of
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Figure 11. (a): the holographic coordinate u as a function of ¢. At UVy (¢ = 0) it tends to —oo
and at UVg (¢ = ¢2) to +o0. (b): the scale factor has an A-bounce at ¢ = 4.6 (the blue dashed
line) near ¢1, the minimum of the potential.

So

Log(-R¢.) -6

(a) (b)

Figure 12. The relation between left and right dimensionless curvatures at fixed ¢( (while varying

So). For example, the points on the blue curve in figure (a) are in a one-to-one relation with the

points on the blue vertical line in figure (b) at ¢g = 32. Similarly the black curve is at o = 52.

the maximum at ¢ = y2, we have the (C.10a) and (C.10b) expansions. The constants
of integrations on both sides are related to the vev of the scalar operator O and the
curvature of the manifold at the UV through the equations (2.20) and (2.26). Due to the
definition of S-function in (B.9), at the left UV fixed point 8 — 0~ but at the right UV
fixed point 8 — 0F.

In figures 11a and 11b we plot the holographic coordinate u and the scale factor A as
functions of the running scalar ¢. As we observe in diagram 11a, the left QFT (QFTy) as
a UV fixed point of the flow is located asymptotically at © — —oo. Similarly the QFTg
is located at the point u — +o00. Both these behaviors are consistent with the boundary
expansions of ¢(u) in (C.5a) and (C.11a).

In figure 11b we observe that the scale factor of the geometry has an A-bounce (at the
blue dashed line where W = 0). A(yp) tends to infinity on both sides as we approach the
UV fixed points (boundaries).
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Log(-Rr)

(d)

Figure 13. The dependence of the left/right dimensionless curvature at ¢g = % for black curve,
and at g = g—g and blue curve, in figure 12a as a function of Sy. The color code is the same as in
the moduli space figure 8.

In type W{jé2 solutions, the relation between Ry and Rp and the parameters of the
solution (Sp, ¢g) are presented in figure 12a. In this figure, we present the behavior of
log(—RRr) as a function of log(—R ) as we move along a typical constant line pg = constant
in the space of solutions shown in figure 12b by varying Sy. These curves are bounded by
either the a; and a4 boundaries (e.g. the black curve) or between as and a3 boundaries
(e.g. the blue curve) shown on figure 10a. The behavior of these two typical blue and black
curves as a function of Sy are shown in figures 13a to 13d independently.

In summary, by numerical analysis of the curves in the Wfé:‘ region, we have the
following results for dimensionless curvatures as we move towards the boarder of orange
region, see figure 10a:.'?

16

o (Maxy,Max_) solutions: Ry — —oo,” as we move towards the a; boundary (in

figure 13a near the red-orange border the slope of the curve goes to zero at large values)

®We should note that the a1 (a2) boundary is the joint border between Wi (W{i[") and W' regions of
the space of solutions (see figure 8) in our figures and similarly, as (as) is the boundary between the W
(W) and WEE (W) regions.

16The limit R — —oo indicates a very strongly curved manifold, or that the relevant coupling constant
¢— — 0. When the relevant coupling vanishes, then R — oo and such solutions are vev driven flows of a
CFT on a curved space.
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Figure 14. As we change Sy along a g = constant line in the orange region in figure 12b we can
read C';, and Cg in terms of the dimensionless curvatures. For example in above figures, the black

curve has ¢y = % and the blue one has ¢y = %.

but R asymptotes to a finite value (in figure 13b the slope of the curve has a nonzero
finite value near the border).

e (Max_, Min,) solutions: as we move towards the ay boundary, R asymptotes to a
finite value (in figure 13a near the orange-green border, the slope of the curve has a
nonzero finite value) but Rr — 0 (in figure 13b the slope of the curve goes to infinity at

small values).!”

o (Max_,Max,) solutions: Ry, asymptotes to a finite value as we move towards the as
boundary (in figure 13¢ near the red-orange border the slope of the curve goes to a finite
value) but R — —oo (in figure 13d the slope of the curve asymptotes to zero at large
values).

o (Miny, Maz_) solutions: Ry — 0 as we move towards the ag boundary (in figure 13c
near the orange-green border the slope of the curve goes to infinity at small values)
but Rr asymptotes to a finite value (in figure 13d the slope of the curve is a nonzero
finite value).

e There are also three specific types of solutions on the corners of the figure 10a:

1. (Max, Min, ) solution at the joining point of a; and a4 boundaries. At this corner,
R — —oc and Rrp — 0.

2. (Mazy, Max4) solution at the joining point of a; and ag boundaries. At this point
both Ry, Rr — —occ.

3. (Min4, Mazxy) solution at the joining point of as and a3 boundaries. Here we
observe Ry, — 0 and Rr — —oo.

As we already discussed, the solutions determine uniquely the values of the vev-related
constants C' for the left and right QFTs. The relation between Cf, and Cgr with R and
Rr are plotted in figures 14a and 14b.

"R — 0 when either the manifold becomes flat or the relevant coupling ¢_ — co.
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Figure 15. The ratio ¢ of the relevant couplings for W{f* solutions. The black/blue curve in figure
(a)/(b) correspond to the black/blue curve in figure 12a. The vertical constant part of both curves
is at & ~ 0.944.

Finally, we can find the ratio of relevant couplings of the left and right QFTs, &, for

various values of ¢y and Sy in the space of the W{jé% solutions. In figures 15a and 15b we

have found the values of the dimensionless parameter ¢ defined in (3.3), in terms of Sy

for two typical black and blue curves in figure 12b with fixed values of ¢gy. According to

relation (2.21) and the behavior of the dimensionless curvatures in figures 13a to 13d, we

can explain the behavior of these two curves as follows:

)

2)

Close to the a; boundary, near the red-orange border in figure 15a, since Ry — —oo
@) 5 0 and we expect & — 0.

then ¢

Close to the ay boundary, near the red-orange border in figure 15b, since Rp — —o0
(R)

then ¢~ — 0, we expect (and obtain) & — co.

Close to the a4 boundary (orange-green border in figure 13b), we showed that Rz — 0.
We shall also show in section 4.1 that in this situation, the part of the flow which
connects to UVg turns into the W_ solution (see figure 36a and 36b) which is a flat-slice

solution. This means that in the left-hand side of equation (2.21) we have R(¢) — 0.
(R)

This implies that ¢ has a finite value. Therefore, we expect to have a finite value for

£ too. This is shown numerically in figure 15a near the orange-green border.

The same behavior as the previous case is realized near the a3 boundary, figure 15b near
(L)

the orange-green border. There is a difference though: in this case, Ry — 0 so that ¢
will be finite close to the ag boundary.
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Figure 16. (a): the space of the W[l € (Maxz_, Maxz_) solutions. For each b; to b5 boundary
and corner of this region, we have different types of solutions. (b): the blue and red curves describe
a flow (represented by the black dot of diagram (a)) that connects the top UVy, boundary to the
bottom UV7, at the same fixed point. Here the blue and red dashed lines show the location of the
A-bounce and ¢-bounce points respectively.

3.5 Connecting one fixed point with itself
3.5.1 Type Wlfjf solutions

Among the solutions of (Maxz_, Maz_) we have the W solutions. The space of these
solutions is shown in figure 16a. Here the g axis is excluded as it belongs to the type S
solutions. For every point with Sg > 0 in this region, there is a flipped solution with the
same value of Sy but negative. As an example of these solutions (corresponding to the
black dot in figure 16a), we have the figure 16b. This flow is connecting two QFTs that are
both located on the same fixed point but at different AdS boundaries, after a p-bounce.
For both QFTs, the S-function (B.9) vanishes, 5 — 0. If we flip these points with respect
to the g axis, (i.e. take Sy — —Sp) the curves of the flow will flip similarly, i.e. W — —W
and § — —S.

The expansions of the scalar field and scale factor near the UV, at W > 0 are given
by equations (C.5a) and (C.5b) and to reach this boundary we should send u — —oo0. On
the contrary, to reach the UV}, boundary at W < 0 we need u — oo, this can be seen in
the expansions (C.9a) and (C.9b). In figure 16b the direction of the flow is chosen to be
from —oo to 4o00.

The dependence of the holographic coordinate and scale factor in terms of ¢ are
presented in figures 17a and 17b. The geometry has an A-bounce (when W (p) = 0,
indicated by a blue dashed line in figure 17b or 16b). Moreover, there is a ¢-bounce in the
flow (when S(¢) = 0, the red dashed line). This geometry can be described as a Janus
interface between the same UV theories at different couplings and different curvatures.

To read the dimensionless curvatures, in figure 18a we have calculated numerically the
relation between dimensionless curvature R; for the top UV boundary and Ry for the
bottom UV, In this figure we portray the behavior of log(—Ry) as a function of log(—7R;)
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Figure 17. (a): the holographic coordinate at top UV, tends to —oo and at bottom UV], to +oo.
(b): the scale factor has an A-bounce at pg = 3.5 (blue dashed line) and a p-bounce at p = 4.0 (red
dashed line).

So

@o=Ccte

-2+ b3 4

Log(-Ry)
1
IS
T
i
I
~
z
>

s ] 2 by 4 6 8

-8 bs B by

Log(-R;) -6

(a) (b)

Figure 18. The relation between two dimensionless curvatures at fixed ¢y. The blue curve is a
typical curve between two boundaries b; and bs, and the black curve is also a typical curve between
by and b3 boundaries. These curves are in a one-to-one relation with the blue and black lines in
figure (b).

as we move along a typical constant line ¢y = cte in the moduli space in figure 18b.
The curves are bounded between the b; — b3 (e.g. the blue curve) or by — b3 (e.g. the red
curve) boundaries.

To read the behavior of dimensionless curvatures of the two UV boundaries easily, we
have redrawn the blue and black curves in figure 18a in terms of Sy in figures 19a and 19b.

By going close to the boundaries of WlLlL region, we observe the following solutions (see
figure 16a):

(Maxy, Mazx_) solutions: as we move towards the b; boundary (blue-green border in
figures 19a) R; — —oo but Ry remains finite.

(Maz_, Miny) solutions: as we move towards the bs boundary (orange-green border
in figures 19b) Ry — 0 but R; remains finite.

Type-S solutions: close to the b3 boundary (Syp = 0 in the above figures) both R; and
Ry curvatures are finite and they become equal to each other. The equality of dimensionless
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Figure 19. The dimensionless curvatures vs Sy, for blue curve with ¢g = %, and black curve

o = g—g, in figure 18a. The horizontal axis is the logarithm of the dimensionless curvature, either
R or Rg.
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Figure 20. As we change Sy along a ¢y = constant line in the green region in figure 18b we can
read Cp, and Cg in terms of the dimensionless curvatures. For example in above figures, the blue
curve is at @y = % and the black one at ¢y = %.

curvatures comes back to the fact that at the bs boundary, the RG solutions of type
W{j{: turn into type S which are symmetric solutions around the center of the flow, see
section 3.5.2.

In addition to the above solutions, at that corner where b; and bs boundaries are joined
we have a solution of (Max, Min,) type where R; — —oo and Ry — 0.

As we already discussed, C; and Cf on each UV boundary are not independent
parameters but concrete functions of the sources, and this can be seen in the plots of
figure 20a and 20b.

Since we have two independent coupling constants associated with the source of ¢,
we expect to see a nontrivial behavior for the ratio of these two couplings. In figures 21a
and 21b we have sketched the behavior of the £ in relation (3.3) as we move in the space of
the W{j{: solutions along a constant (g line. In summary we have the following properties
for this ratio:

1) Very close to the b; boundary (blue—green border in figure 21a) this ratio vanishes
because R; — —oo and therefore <p(z) — 0.
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Figure 21. The ratio of the couplings vs Sy for the two typical blue and black curves shown in
figure 18a.

2) Close to the by boundary (orange-green border in figure 21b) the ratio has a finite value.
The reason is the same as what we explained in the VVljjéLz case near the as boundary (a4
and by boundaries are the same).

3) Near the b3 boundary at Sy = 0, since both R; and Ry becomes equal we expect and
find that &€ — 1.

3.5.2 Type-S solutions

Type-S solutions are holographic flows that have a UVy, fixed point on one side, W > 0,
and reach an IR turning point, in which both W and S are zero, see figure 22a. The flow
does not stop here and it returns to the same UV} with W < 0 through a mirror image of
the original flow (dashed curves in figure 22a). The special point about such solutions is
that the scale factor has a minimum, and the scalar field turns around at the same bulk
point. Therefore these solutions are left-right symmetric as far as the flow is concerned.

The space of solutions is the Sy = 0 axis. In fact, for any generic fixed point g in this
space, the expansions of W and S are given by (C.18a) and (C.18b) which are characterized
by a single parameter S7. At an extremum of the potential, where S; = £v/2V; = 0, the
solutions are singular, therefore we should exclude the minima of the potential from the
space of regular solutions. For ¢y < (1 the flow connects UVy, fixed point to itself, but for
w1 < o it connects UVg to itself.

As we see from diagram 22c, the scale factor reaches a minimum and the geometry
of the space-time at this point described by (C.19b) is a regular piece of the geometry.
Figure 22b shows the behavior of the holographic coordinate. In all the WlLlL solutions, the
geometry, looks like a wormhole that connects two UV boundaries at © — 400 but these
boundaries belong to the same UV fixed point. But the type-S solutions are symmetric and
therefore the couplings on the two boundary theories are equal, i.e. £ = 1.

Due to the symmetry of the solutions, we always have R; = R, (see figures 19a or 19b
where close to Sy = 0 both curves arrive at a single point). Consequently, this symmetry
implies that the ratio of two couplings is & = 1. This behavior can be seen for example in
figures 21a and 21b where both black or blue curves reach £ = 1 as we approach Sy = 0.
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Figure 22. Type S solution. (a): the blue and red curves describe W, S of the flow that starts from
the UV}, boundary and reaches a special “IR-bounce” (at ¢ = o, the blue dashed line): this is an
A-bounce of the scale factor as well as a ¢-bounce for ¢ at the same place. The flow returns to the
same UV fixed point through the mirror image of the original flow (b): the holographic coordinate
at the UV, fixed point, tends to —oo and at the IR-bounce it reaches a finite value. After that, it
tends to +oo and returns to the UV}, fixed point again. (c¢): the scale factor has an A-bounce at
o = 3.0 (at the blue dashed line) and is symmetric on the two sides of the flow.

3.6 Solutions with extra ¢-bounces
3.6.1 The WlL’g solutions

The space of the WILQL € (Max_, Max_) solutions is sketched in figure 23a, which also
includes a region with ¢ < 0. The RG solution in figure 23b corresponds to the black dot
in this space as is shown in figure 23a. For every solution in the upper part of this space,
there is a flipped solution in the lower part. The flipped solutions have an extra ¢-bounce
point near the bottom UV}, boundary.

In figure 23b, a QFT on the top UVy boundary with R; dimensionless curvature is
connected via a flow after two -bounces to another QFT on the bottom UV, boundary but
with Ry curvature. The flow first moves to the left (note that if we enlarge the region very
close to the ¢ = 0 then W/ — 0) and after a p-bounce at the negative values of ¢, it returns
to the region ¢ > 0. Another ¢-bounce changes the direction of the flow towards the left
UV fixed-point again. This means that the two UV theories that are at the end-points of
this flow have opposite sign relevant couplings.
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Figure 23. (a): the space of the WILZL solutions is the upper blue region. The black dot represents
the specific solutions of diagram (b). The lower blue region corresponds to the solutions with an
extra p-bounce near the bottom UVy. (b): the blue and red curves for W, S, describe a flow that
connects the UVy, fixed point to itself but after two ¢-bounces. The locations of the ¢-bounces are
indicated by red dashed lines.
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Figure 24. (a): the holographic coordinate at top UV}, boundary tends to —oo and for bottom
UVL to +o00. (b): the scale factor has an A-bounce at ¢ = 2.0, the blue dashed line. The first
p-bounce on the left occurs at ¢ = —0.62 and the second one at ¢ = 2.48, the red dashed lines.

Figures 24a and 24b show the behavior of the holographic coordinate and scale factor
in terms of ¢ for the specific flow of figure 23b. Again the Euclidean geometry of space-time
describes a wormhole with a minimum length at the point where the scale factor has an
A-bounce, p = 2.0.

We can determine the corresponding parameters of each QFT i.e. (R;,C;) and (Ry,Cy)
by comparing the numerical solutions of equations of motion with the expansions (C.2a),
(C.2b), (C.8a) and (C.8b). The relation between dimensionless curvatures is sketched for
constant values of g in figure 25a. We observe that their functional dependence is different
from type W{j{: (figure 18a) due to the existence of the extra ¢-bounce at ¢ < 0. To show
the behavior of these curves in different regions of the space of W1L2L solutions better, we
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Figure 25. In W{} region we can read the behavior of Ry in terms of R; for different constant
values of ¢g. The colored curves represent the generic behavior of the dimensionless curvatures

as we move between different boundaries of the space of solutions in figure (b). For the red curve

_ 1 _ 1 _ 25 _3
o = 15, the orange curve g = 35, the black curve pg = {3 and the green curve o = 15.

log(-R) log(-R) log(-R)

(a) (b) (c)

Figure 26. Dimensionless parameters of the WlLQL solutions with g = %, o = % and g = %0
(black, orange and red curves in figure 25a). Notice that in figures (d) and (e) at the bottom of the
graphs, both curves first go to right and then return to £ = 0.

have specified four different groups of solutions in figure 25a which are placed between
different boundaries of this space. According to each group, we have the following properties
close to the boundaries of the space of Wi solutions (figure 23a):

1) Close to the di boundary, R; — —oo but Ry remains finite, this is the properties of
(Maz4, Maz_) solutions. This can be seen for different regions in the space of solutions,
for example see the upper part of figures 26a, 26b and 26¢. The reason is that beyond
the d; boundary, there exist other solutions with even more p-bounces. In other words,
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Figure 27. As we change Sy along a ¢g = constant line in the blue region in figure 25b we can read
C; and Cy in terms of the dimensionless curvatures. For example in above figures, the red curve is

at o = %7 the orange curve at g = %, the black curve at ¢y = % and the green one at @9 = %.

whenever a new p-bounce is happening around the left fixed point at W > 0 a new region
like the WILQL region is created and at its new boundary we observe that R; — —oo.
Because of the divergence of R;, the ratio of two relevant couplings vanishes, £ — 0, as
seen in the upper part of figures 26d, 26e and 26f.

2) Close to the d3 boundary, R; — —oo while R remains finite (see the blue-green border
of figure 26a). The reason for the divergence of R; is similar to the d; boundary. As we
move from type WlLlL to type W1L2L, an extra @-bounce appears at the negative values
of ¢. This means that at the boundary of these two regions (ds or by) the sign of t}(u?

(2

coupling of the QFT on the top-left UV boundary is changing. So at this boundary ¢
vanishes and according to the equation (3.3) this means that £ — 0. This behavior can
be seen close to the blue-green border of figure 26d.

3) Close to the d4 boundary, we expect the same behavior as near the ds boundary. Since
near the g axis the solutions become symmetric, we expect that the value of R is
comparable to R; (see figure 26b near Sy = 0). The ratio of the two relevant couplings
is plotted in figure 26e.

4) According to figure 26c and close to the ds boundary (the lower part of figure), Ry — —o0
and R; remains finite. This boundary is a joint border between the W1L2L solutions and
solutions that have multiple p-bounces, but with a p-bounce that appears on the left
of the UV boundary at W < 0. This can be confirmed in figure 26f which near the ds
boundary the value of £ — 4o0.

5) Near the dp boundary R; — 0 and Rf remains finite, which are the properties of the
(Max_, Miny) solutions. This is expected again because the border belongs to type

WlL (1)\/[ ™+ solutions that we shall discuss in section 4.1,

Finally, figures 27a and 27b show the behavior of C; and Cy in terms of dimensionless
curvatures. Each curve in these figures belongs to solutions with the same value of g
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Figure 28. (a): a zoomed picture of the space of the WlLfz solutions. The black dot represents
the flow in the diagram (b). (b): the flows of type W[{* are between the UVy, boundary and UVg.
There is a p-bounce at ¢ < 0, the red dashed line. Notice that the red region at Sy < 0 in figure (a)
is the space of solutions with an extra p-bounce near UV, but at W < 0.
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Figure 29. (a): the holographic coordinate at UV, boundary tends to —oo and at UVg to +oo.
(b): the scale factor has an A-bounce at ¢y = 3.5, the blue dashed line. A p-bounce occurs at
p = —0.64, the red dashed line.

in the space of the solutions. For example the colored curves correspond to colored lines
in figure 25b.

3.6.2 The Wlfjf solutions

The space of solutions WlLf% € (Max_, Maz_) is sketched in figure 28a. Figure 28b, shows
a flow (related to the black dot in figure (a)) with two fixed points one on the UVy, boundary
(W > 0) and the other one on the UVy (W < 0). The distinction between this type and
type ngf solution is the existence of an extra (-bounce at ¢ < 0. Figures 29a and 29b
show the behavior of holographic coordinate and scale factor in terms of ¢ related to the
solutions in figure 28b.

The relation between Ry and Rp for different constant values of g are presented in
figure 30a for solutions between e; and e4 boundaries and in figure 30b for flows in the space
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Figure 30. Ry vs Ry, for the VVH:a solutions at fixed . In figure (a) all curves belong to the
points between e; and ey boundaries in figure 28a. In figure (b) curves are sketched either between
e1 and e4 boundaries (e.g. the blue curve at ¢y = 4) or between es and ez boundaries (e.g. the green
curve at oo = 4.245).
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Figure 31. The dimensionless curvatures vs Sy for three generic cases, ¢y = 3.25 (a) and (d)
diagrams, ¢ =4 (b) and (e) diagrams and ¢y = 4.245 (c) and (f) diagrams. By comparing (c) and
(b) or (f) and (e) we observe that the qualitative features of the e; and e boundaries are similar
and therefore we should be interpret them as a single boundary.

of solutions between e; and e3 boundaries (e.g. the blue curve) or es and es boundaries (e.g.
the green curve).

To see the general behavior of dimensionless parameters more explicitly, we have
considered specific values of ¢q in the space of Wlsz solutions. Figures 31a, 31d and 32a
belongs to 9 = 3.25 and describe solutions between e; and e4 boundaries. Figures 31b, 31e
and 32b are sketched at ¢g = 4 and are related to solutions between e; and ez boundaries.
Moreover, by comparing figure 31c 31f for solutions between ey and es boundaries and
figure 31b 31le, we observe that e; boundary is of the same type of e; i.e. (Maxy, Maz_).
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Figure 32. The ratio of the relevant couplings for two fixed values ¢y = 3.25,4 as we change the
value of Sp.

We can summarize the results as follows (since es has the same properties as e; boundary
we just discuss e; here):

1) Close to the e; boundary Rj — —oo, see the top part of figures 31a or 31b. These
solutions belong to (Max, Maz_) solutions. Beyond this boundary there are other
types of flows with more (p-bounces. On the contrary, the value of Rr remains constant
near this boundary, figures 31d or 3le, and it shows that as the flow reaches the UV
boundary no extra ¢-bounce would appear.

2) As we move towards the ey boundary, the red-blue border in figure 31a or 31d, Ry, has a
finite value but Ry — 0 (the slop of curve becomes vertical). These solutions belong to
(Max_, Miny) solutions. The reason for this behavior is the existence of the WlL (1]\/[ o

solutions in the joint border type WlLf% and I/VlL’éL2 regions.

3) As we move closer to the e3 boundary (the red-orange border in figure 31b or 31e), again
R — —oo. This is obvious because the WlLf% solutions have an extra ¢-bounce with
respect to the Wfé% solutions near their left UV fixed point. This is not happening on
the right UV fixed point so Ry remains finite.

From the properties above, we may understand the behavior of £ in figures 32a and 32b.

Close to e; boundary since Ry, — —oo we expect that w(L) — 0 and therefore £ — 0 as well.

WlL éw et solutions, go(_R) # 0 and £ obtains a finite value.

Close to the e4, we approach to
On the other hand, close to the e3 boundary we have the same situation as e; therefore
again we see that & — 0.

As the final property of type WH%, we can plot the dependence of C';, and Cg in terms
of the left and right dimensionless curvatures, see the diagrams in figures 33a and 33b.

3.6.3 Multi-p-bounce and multi-A-bounce solutions

In addition, in the above solutions, one may find geometries that connect the UV QFTs with
more than two p-bounces. An example of such solutions with three p-bounces is sketched
in figure 34a. For example, for solutions similar to the specific solution in figure 34a, this
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Figure 33. As we change Sy along a pg = constant line in the red region in figure 28a we can read
Cp, and Cp in terms of the dimensionless curvatures. For example in the above figures, the black
curve is at pg = 3.25 and the black one at ¢y = 4.

space is located on the left hollow white region (surrounded by the blue region) in figure 8.
The space of these multi-p-bounce solutions is the white regions in figure 8.

The holographic coordinate and scale factor as a function of ¢ are given in figures 34b
and 34c. By zooming at the bottom of figure 34c we can see that this flow has three
A-bounces, see figure 34d.

To describe the behavior of the flow better, it would be proper to introduce the
following variables,

Q(u):%gb2—V20, Q:2 s (3.13)

@-1)

The variable ) and its first u derivative across the flow, track precisely A bounces and
(p-bounces, as () vanishes at both, as seen from (3.13). Moreover, Q changes sign at
A-bounces but not p-bounces.

We have plotted @ in terms of u in figure 34e for the specific flow in figure 34a. The
zero points of @ of the graph show the points that either S = 0 (p-bounces) or W = 0
(A-bounces). Near the left and right of each ¢-bounce, Q have the same sign (at these
points the color of the graph changes), but for the A-bounces ) changes its sign (this
happens just for the blue part of the graph).

In general, and for a generic potential, we expect that most of the full (Sp, o) plane
of parameters will be filled with regular solutions unlike the cases with single boundaries.
Typically, the set of regular solutions corresponds to finite values for po and Sy, but as
these values become larger and larger, eventually solutions tend to run to ¢ — oo and
the solutions become singular. It would be interesting to test this conjecture in top-down
scalar potentials, like in [19, 20].

4 Special flows on the inter-region boundaries

We have seen that the moduli space of solutions involves several distinct boundaries that
separate classes of solutions that have different geometric characteristics. These involve the
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Figure 34. (a): an example of a multi-¢-bounce solution, W% The solid line is W () and dotted
line is S(¢). In this case, a flow connects two UV boundaries on the left UV fixed point after three
p-bounces. Unlike the previous cases, the geometry here has three A-bounces. (b)and (c) show the
behavior of holographic coordinate and scale factor in terms of ¢. Figure (d) is the magnification of
the bottom of figure (c). It shows that there are three A-bounces for this flow. (e): the roots of Q
in equation (3.13) shows the location of p-bounces where the color of the graph is changed and the
location of A-bounces where the blue part of the curve crosses the u axis.
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Figure 35. The space of solutions of W{{' (the orange region), W{{ (the green region) and

WlL S (the blue diagonal lines).

type of theories that are at the end-points of the flow, as well as the number of ¢-bounces
(i.e. the number of times the scalar changes direction along the flow).

4.1 Crossing from the W{:g to the W{:f region

On the border between type W and type W{¥ regions shown in figure 8, one may find a
degenerate type of flow, shovvn in figure 35. The standard WlLf solutions start as usual
at the UVy, fixed point and end on the same UV on the other side. But exactly at the
boundary, this flow splits into two clearly distinct pieces: one is a flow from the UV}, to
the intermediate minimum of the potential at ¢;. This is a + flow near the minimum and
therefore the minimum becomes a new AdS boundary, see figure 36a. Overall this is a
(Max—, Min,) type of flow. This is the W7 LM fow we defined in section 3.

The remaining flow is a (Max_, Min_) flow starting at the UV} fixed point (UV
boundary) and ending at the minimum of the potential with — branch flow. This is possible
because for this limiting solution Rp = 0. This flow is what we defined as a WOL (1)\/[ ™ type
flow in section 3. This degeneration into the Wy LMing | WLMm’ flow is shown graphically
in figure 36b.

As we approach the minimum of the potential from the left, we can find the expansion
of W and S. In this case, there is just one branch (the + branch) for negative curvature
slices. As ¢ — ¢ for W < 0, we have

2(d — 1 A
wo= 2D B sy R i (4.1a)
14 20
A
R 2
T, = Kool 55 4. (1.1¢)
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Figure 36. (a): an example of a flow between a maximum and a minimum. For the solid curves,
(Maz_, Min,) is a flow between a UV fixed point at maximum ¢ = 0 and another UV fixed point
at the minimum ¢ = ¢;. For the (Max_, Min_) part of the solution, the minimum is an IR fixed
point. The dashed curves show the flipped image of the solid curves. The black dotted curves are
other possible flows with the same UV fixed points. (b): at a fixed ¢ when the value of Sy is exactly
on the border of type ngf and type WlLlL, we have the WlL (1)\/1 ™+ pranch solution (the middle flow).
If we increase or decrease the value of Sy we have the Wf§ or WlLf solutions respectively.

where Ay = d/2+ /d?/4 + m?{? > 0. The expansions of the scalar field and scale factor
are given by

p(u) =p; — <,0+€A+6_A+“/£ + (4.2a)
2 p2A 2/Ay p2
u PP T on u/l Rlo+] ¢ —2u/l
Alu)=A - e e 4.2b
(W) =4+ 7= Sa=D° wdd—1 © T (4.2b)

On the other hand, as shown in [11], the minus branch solution near a minimum of the
potential exist only if RVY = 0, and since T = 0 in that case, this implies that S = W’ and

we have

oo MDA (430)

A
5—2—7\90—@1’4"“7 (4.3b)

where A_ =d/2 — \/d?/4+ m?(? < 0. We also obtain

o(u) = p1 — cp_ﬁA— e BA-u/t , (4.4a)
2 p2A_
u =L “9A_u

For WlL (1)\/[ + and WO%VHHO solutions we have the following properties:

1) The space of solutions is a one-dimensional curve Sy = Sp(pg) which is the joint border of
type W{j{f and WlLlL regions. This is shown as blue diagonal lines in figure 35. A similar
type of solution also exists in the joint border of WH2 and W1L2L regions, see section 4.5.
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2) The (Max_, Min) branch of the solution: there is a UV7, fixed point at the maximum
¢ = 0 and the QFT at this point is characterized by the parameters Ry, (source) and
Cr (vev). At the minimum of the potential, at i, there is another UV fixed point
(associated to the W, branch solution there) and it can be reached as u — +00 so that
eA®) 5 50,18 The QFT at this point has only one dimensionless parameter R, because
the + branch is a flow purely driven by a vev. This parameter can be thought of as the
ratio of the curvature to the vev of the irrelevant operator (that is a modulus in such a
case). Since ¢_ = 0 for W, branch, equation (4.2a), then according to the relation (3.3)
the value of £ — oo for (Max_, Min, ) solutions.

3) The (Max_, Min_) branch of the solution: the flow connects a UV fixed point to an IR
one. There is a UV, fixed point at the maximum ¢ = 0 but with R = 0 (as we discussed
already, close to the a4 in type Wf§ or equivalently by in type WlLlL, log(—Rf) = —00).
The minimum ¢; is an IR fixed point at v — —oo and eA(®) — 0. Since there is no
boundary at the IR fixed point, no QFT lives here so the ratio of couplings is meaningless.

To show the behavior of the above branches, we have sketched W in figure 36a. To
draw this figure, we have used the potential in figure 6 which at the minimum ¢ = 4.31 the
AdS length scale is £ = 0.76 and moreover at that minimum, Ay = 4.25 and A_ = —0.25.
The dashed curves show the flows between left UV fixed points and the fixed point at a
minimum of the potential with W > 0 near the fixed point. Other independent flows with
a right UV fixed point are sketched with black dotted curves in this figure.

In figure 36b we have shown two flows very close to the (Max_, Min) flow (which
the one in the middle of the three flows). At fixed g, as we decrease Sy away from its
value on the border, a ¢-bounce appears and the flow returns to the left UV. But when we
increase Sy a little, the flow continues until it reaches the right UV fixed point.

To follow what is happening to the geometry as we approach the boundary, we have
drawn the holographic coordinate and scale factor of three different RG solutions in
figures 37a and 37b. In these figures, all curves are sketched for a fixed value ¢y = % in
the space of solutions. As we increase the value of Sy towards the bs boundary where the
WlL (I)VI ™+ solutions exist, we move from the green curve to the black curve.

Figures 38a and 38b show the behavior of the holographic coordinate u(p) and scale
factor A(y) when a WIL (I)V[ ™+ golution appears. The red curves describe the (Max_, Miny)
branch, a flow between two UV fixed points one on the maximum and the other on the
minimum of the potential. The blue curve shows that the (max_, Min_) branch is a flow
between a UV fixed point at maximum ¢ = 0 and an IR fixed point at the minimum ¢ = ¢;.

We now consider a fixed value for g and try to change the value of Sy near the joint
border of type Wfé% and type WflL , see figure 39a as we move along the vertical red dashed

line at g = 3.7. In summary, we have the following properties close to the joint border:
1) Close to the boundary (around Sy = 1.4) that part of the flow which connects to the UV7,
with W > 0 gradually turns into the (Maz_, Min,) branch or the ng/hu solutions.

At the boundary, the value of the dimensionless curvature for the UV}, fixed point of

18We should note that for a fixed point at W > 0, the minimum is a UV fixed point too but at u — —oo.

~ 51 —



u(e)

50

40f
30f

20}

So=1.82374

Sp=1.823

P1

A@)

60

50

40

30

20

So=1.82374

Sp=1.823

So=18

P1

o
IN)
EN
o
®
ol
N
ESN
o
®

Figure 37. The behavior of (a): the holographic coordinate and (b): the scale factor at po = 3.5 as
the flow solutions in type WlLlL move towards the by boundary (as Sy increases) where the WlL (I)VI e

solution exists.
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Figure 38. The behavior of the holographic coordinate and scale factor in terms of ¢ for the

WlL (1)\/1 ™+ and W(f (I)VI ™= flows. The red curve belongs to the WlL g/l ™+ pranch and the blue one to the

LMin

Wy ~ branch in figure 36a.

(Maz_, Min_) branch is given by the value of the curvatures (R = R;) at the joint
boundary (see the orange-green border in figure 39b).

2) As we move towards the joint border, the value of the dimensionless curvatures Rpr
and Ry both tend to zero, see figure 39c This is expected because as we move closer
and closer to the border, this part of the flow turns into the Max_, Min_) branch or

LMin_

Woo solutions and it corresponds to the solutions with flat slices.

In figure 40, we have shown the overlap of values for dimensionless curvatures in type
Wfé% and WlLlL . The curves are drawn for different fixed values of .

It is clear from figure 36a, that in the (Max_, Min ) part of the flow, there are two
parts: a standard one, starting at UV7, and another one near the minimum of the potential.
In this second part that becomes asymptotically long, ¢ is very near the minimum, and
stays there for a long period, but the scale factor changes very fast. If we look at the scalar
equation (2.6) in this regime, the last term is essentially negligible and the approximate
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Figure 39. (a): shows the space of solutions in type Wfé% and WlLlL region and their joint boundary.
(b): the behavior of dimensionless curvature for left UV boundary when we move from region Wfé%
to WlLlL (c) The dimensionless curvatures on the UV} or UV fixed points of the flow tend to zero
as one approaches the boundary.

Log(-Rry)

Figure 40. Type W{{! (blue curves) and type Wi} (red curves) overlap of dimensionless curvatures.
The curves are demonstrated for different constant values of .
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equation to solve is
$+dAp=0= @ ~e . (4.5)

Substituting in the other equations (2.4), (2.5) we find that ¢? is subleading to the other
terms and can be dropped. From (2.5) the main contribution comes from the value of the
potential at the minimum and therefore

. 1 U
A~ A=— 4.6
e 7k (4.6)

and space is AdS near that point with a boundary close by. As the curvature terms in the
equations are subleading, we arrive at the solution which we would find in a flat-sliced case,
arriving at the minimum of the potential with a plus branch solution. However, this does
not imply that the solution near this AdS boundary has zero boundary curvature, but as
usual, near AdS boundaries, the curvature although a source, is subleading compared to
the source of the metric.

However, on the other side of the ¢-bounce, the (Max_, Min_) part, the story is
different. According to the plots above, the scale factor decreases slowly to a minimum
and this minimum approaches zero as we approach the transition solution. Again here, the
solution is seen to be a — branch solution arriving at the minimum and the curvature of
the slice is subleading. The two solutions meet at the ¢-bounce.

The key property in this class of solutions is that, because of parameters, there is
an intermediate regime in which the slice curvature is subleading to the other terms in
the equations.

4.2 Walking

The solutions near the boundary between the Wf§ and WlLf regions, studied above, are
examples of “walking” solutions. As can be seen in figure 37, in the middle of the flow,
near the intermediate minimum of the potential, the scalar flows very slowly while the scale
factor changes at the same time by many orders of magnitude. This is a classic example of
“walking” associated with an intermediate fixed point. For all flows that are not exactly on
the boundary of Wf{f and WlLlL , this minimum is never reached, and eventually the flow
departs and returns to UVp,.™

Walking here is triggered by being close to the boundary between the two classes of
solutions, and which describes the transition between ending in UV}, and ending at UVp.
This is distinct from the walking described in the class of models of V-QCD, [63], where the
walking obtained there, below the conformal windows is controlled by parameters?® that
appear in the bulk action. Here, the parameter is a boundary condition of the equations.

4.3 Flow fragmentation and the generation of a new boundary

The generic solution discussed in this paper can be interpreted as having two boundaries.
In our ansatz, they are located at u — foo. If the slices are compact constant curvature

19 An example with such a type of flow, with an intermediate near fixed point has been observed in a
non-Lorentz-invariant example in [62].
20In that case the parameter is the ratio of flavors to colors.
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Figure 41. Schematic representation of flow-fragmentation and the generation of an extra boundary.

hyperbolic surfaces, then the solutions are standard wormholes with two boundaries. If the
slices are copies of AdSg, then the solutions are describing interfaces between the two copies
of the boundary at 4+-oco, which form parts of the total boundary of the bulk solutions.

However, as we described above, the degeneration of the single wormhole solution as we
approach the boundary between regions Wlfjé% and WlLlL leads to a composite solution that
is composed of a direct sum of two solutions. The first, the —+ part is a solution with two
boundaries. The first boundary is always at UV}, and exists always. The second boundary
appeared in the limit, and is at the minimum of the potential. The —— part of the solution
is a solution with a single boundary at UV}, that existed always. It has developed now
an end-point at the minimum of the potential, where the size of the slice has shrunk to
zero and the solution ends. Therefore, at the degeneration limit, at the minimum of the
potential both a boundary and an end of space are generated for the two pieces of the
solution. We call this limiting phenomenon, flow-fragmentation. It has been also observed
in other curved flows in [11]. We denote it schematically in figure 41.

The existence of flow-fragmentation suggests that in the gravity landscape, the number
of boundaries of the wormholes is not a property that is topologically distinct, but the moduli
space of solutions involves a fractionalization/degeneration of solutions with a different
number of boundaries. The phenomenon suggests that there might exist a (topological)
algebra of flows, but whether this is true, or what are the rules is not clear yet.

Flow-fragmentation is an interesting phenomenon, but it is not yet clear to us what
the implications of this phenomenon for holography are, and what is the interpretation for
Euclidean wormholes.

4.4 Crossing from type WlL,lL to type W{jé region

To find the behavior of the dimensionless parameters more explicitly, we consider moving
along a vertical line from the upper border of W1L2L type space of solutions down to the g
axis in the type WlL{: region, see figure 42a. By crossing this border, the relevant coupling
of the QFT on the UV} boundary with W > 0 changes from negative to positive values.
This can be seen in figure 42b where the blue curve with an extra bounce belongs to the
WlLQL region and the flow without the extra bounce is a WlLlL type solution.

Results are summarized as follows:

1) As we already explained in type W1L2L solutions, close to the border of blue and green
regions in figure 43a, on both sides R; — —oo while Ry remains finite and continuous
(see figure 43b). The reason is the existence of an extra p-bounce point at negative
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Figure 42. (a): type W{{ and W space of solutions. (b): two flows of type W% and type Wi
at o = 2.2 (red vertical dashed line) near the border (a point where the red horlzontal and vertlcal
dashed lines are joined). The blue curve with two bounces belongs to the WlLQL region and the flow
with one bounce is a W{j{‘ solution.

So
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R

(b)

Figure 43. (a): space of type W{ and W4 solutions and their joint boundary. We move from
WlLlL region to WL region on a constant ©o. (b,c): the behavior of dimensionless curvature R;
when we cross the boundary from region I/VL1 or WfZL on a constant ¢g = 2.2. The horizontal red
dashed line denotes the location of the boundary nearly at Sy ~ 0.95.

values of ¢ for the W{jQL solution. At this border, the coupling of the left QFT vanishes
and according to equation (2.21), the ratio of two dimensionless couplings also vanishes.
Therefore, this is a solution that is pure vev on the initial UV, side.

2) On the upper bound of the blue region again a divergence for R; curvature is happening
because the region beyond the blue region belongs to other types of flows with multi-¢-
bounce (more than three) solutions.

3) On the lower bound of the green region R; ~ R because it is close to the S-type region
where the solutions are symmetric.

4.5 Crossing from WLR to WLR and WL2 regions

To complete our analysis we also consider moving on a constant line ¢ = g in the type
W{jﬁ' space of solutions, into the type W{j or type W regions, see figure 44. As an
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Figure 44. Type W{jé?', WILéL and WlLf% space of solutions.
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Figure 45. (a): an example of flows of type W{* (ends on UVg) and type W{§ (ends on UVy)
with g = 3.2 and Sy near the border of these reglons. (b): an example of flows of type Wf{f and
W with @ = 4.

example in figure 45a we have sketched two flows with the same pg = 3.2 but different
values of Sp. In this case, both flows have a bounce at negative values of ¢ but the final
UV fixed point is different. Similarly ﬁgure 45b shows two flows with pg = 4, one in the
type Wl and the other in type W region. According to these flows, we observe the
followmg properties:

1) As we cross the border into the type W region, that part of the flow which connects

to the UV, with W > 0 gradually tends to the W; (I)VI "+ branch or the Wy LM by pe
solutions. At the boundary, the value of the dimensionless curvature for the UV, fixed
point of Wiy LMing 4 ranch is given by the value of the curvatures at the joint boundary,
see figure 46a. On the other hand, the value of the dimensionless curvature Ry tends to
zero from both sides of the border, see figure 46b (note that the distance to zero is due
to the finite numerical cut-off). As we move closer to the border the flow tends to the

LMi .
Wi "+ golutions.

2) If we move towards the WlL region the situation would be different. Since in type W

we have an extra ¢-bounce at ¢ < 0 near the left UV fixed point, we expect at the UV

(L)

boundary ¢’ change its sign and it becomes zero when we choose Sy on the border
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Figure 46. Dimensionless curvatures vs. Sg as we cross from type W[ to type Wi region in
figures (a) and (b) and as we cross from type W[ to type Wi} region, figures (c) and (d).

between the red and orange regions. Therefore we see Ry, tend to —oo in figure 46¢ on
both sides of the border. Since there is no similar ¢-bounce near the right UV fixed
point the value of Ry reaches a finite value at the border, see figure 46d.

4.6 Corners

Consider we are moving inside the orange region in figure 10a. All solutions inside this
region correspond to the W{jé% or (Max_, Max_) solutions. We are now looking to the
deformation of the flows as we move towards the corners of this region i.e. the points where
boundaries are intersected:

e a3 MNay corner: as a specific point in the space of solutions, let’s move towards the
So = 0 along the constant g = ¢ i.e. the minimum of the potential. This is depicted
in figure 47a, where the dashed curve gradually changes to a solid curve as we decrease
So- The behavior of holographic coordinate and scale factor are sketched in figures 47b
and 47c. These figures show that as the corner the (Maxz_, Maz_) solution splits into
three different solutions. The first one is the flat solution (Maxz_, Min_) stretched
between the UV boundary and the minimum of the potential. The second one is an
AdS solution located at the minimum of the potential ¢ = ¢; and the third one is a flat
solution (Min_, Max_) which is stretched between the minimum of the potential and
UVg boundary.
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Figure 47. Along the fixed line ¢y = ¢; i.e. the minimum of the potential, see figure 10a, if we
decrease the value of Sy down to zero, gradually the dashed curves in all figures above move toward
the solid curves. In the above curves the dashed curves have Sy = 0.5 and the solid ones Sy = 0.01.
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Figure 48. When we move towards the top corner of the orange region in figure 10a, the
(Max_, Maz_) solution gradually tends to the (Max,, Maz) solutions.

e a) Nay corner: if we move towards the Sy =~ 2.98 along the constant ¢y = ¢ i.e. the
minimum of the potential, then the (Max_, Max_) solution gradually tends to the
(Mazy, Maz, ) solution which both Ry, and Rr go to —oo. This is sketched in figure 48.
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Figure 49. As we move towards the left or right corners of the orange region in figure 10a the
(Maz_, Max_) solution gradually tends to above solutions. (a): splitting of solution on the left or
ay Nay corner. (b): splitting on the right or as Nas corner.

Figure 50. (a) Space of solution with its boundaries. (b): the ratio of two relevant couplings, &,
near the boundaries.

e a; Nay corner: if we move towards the Sy =~ 2.19 and ¢y =~ 3.32 we arrive the corner
where two az and a4 boundaries are intersected. In this case, the (Max_, Max_) solution
gradually splits into the (Maxy, Miny) and the flat solution (Min_, Max_). This is
sketched in figure 49a.

® as Nag corner: if we move towards the Sy =~ 2.19 and g =~ 5.33 we arrive the corner
where two ap and as boundaries are intersected. In this case, the (Max_, Max_)
solution gradually splits into the flat solution (Maxz_, Min_) and (Miny, Mazxy). This
is sketched in figure 49b.

4.7 Summary of the results

In this section, we have summarised all the previous results in the table 1.

e In the first column different possible solutions related to the space of solution in
figure 8 are given.
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Type Ri Ry | & Region Section

4.1, 3.5.1
(Max_,Maz_) | fin | fin | fin | Colored regions 341,351,
3.6.1, 3.6.2
ai, bl, 4.5, 4.4,
M Max_ - fi
(Maw, Maz—) | —oc | fin | 0} 00 (61 e2) | 3.6.1, 3.6.2
(Mazx—,Mazy) | fin | —oo | 00 as 3.4.1
(Mazx_,Miny) | fin | fin | o

S5, a4, d2 4.1, 4.5
(Min_, Max_) 0 0 -
(Mazx_, Miny) 0 fin | oo

@ as 3.4.1
(Min_, Max_) 0 0 -

S fin fin 1 bg, d4 3.5.2
(Mazxy,Mazry) | —oo | —00 | - ap Nag 4.6
(Miny,Maxy) | fin | —oco | -

©® az Mas 4.6

(Mazx_, Min_) 0 0 -
(Maxy,Miny) | —oo | fin | -
D a; Nay 4.6
(Min_, Max_) 0 0 -
(Maz_, Min_) 0 0 -
@
AdS\Min fin fin | fin azNay 4.6

D
(Min_,Max_) 0 0 -

Table 1. In this table we address the properties of different types of solutions in the space of the
solutions. For example a1 Nas means the intersection point of a; and as boundaries. The boundaries
in the fifth column are defined in figure 50a, or 8. The information of the second and third columns
are also portrayed in figures 51a, 51b.

e The second and third columns give the information on dimensionless curvatures for
the initial and final boundaries of the RG solutions. To have a better view, we have
shown this information on the boundaries in figures 51a and 51b.

e The fourth column gives the ratio of two relevant couplings of the boundary QFTs.
This ratio for example does not exist for (Min_, Max_) or (Max_, Min_) because
Min_ is an IR endpoint. The behavior of this ratio near the boundaries is sketched
in figure 50b.

e The last two columns show the region of validity and the section which we have
discussed that type of solution.
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Figure 51. (a) and (b): the behavior of R; and R at boundaries.

5 Four-parameter solutions

In a boundary theory which is the product of two QFTs, there are in principle four
dimensionful parameters, namely the two UV curvatures RY V,RfUV and the two UV
relevant couplings ga@, ap(_f).

In the previous sections, we have extensively explored a three-parameter family of
solutions. As discussed in subsection 3.2, in the bulk, the three independent parameters
are ¢ (the position in field space of the A-bounce), Sy (the derivative of the scalar field at
the A-bounce), and ug, the position of the A-bounce. As we have seen, these three “bulk”
parameters can be traded for three dimensionless “boundary” parameters, for example, the
dimensionless curvatures R; s at the initial and final boundary and the ratio of the initial
and finite couplings £ defined in equation (3.3).

In this section we show how to extend the solution spaces by adding the missing fourth
parameter, without having to solve the Einstein equation from the start: the new solutions
are constructed piecewise using as building blocks the solutions we have already encountered.

This completes the solution space, as now a generic point in the boundary field theory
parameter space can be, in principle, associated with a bulk solution.?!

We begin to illustrate the construction in the case of pure AdS gravity, then we

generalize it to the scalar flows.
5.1 Pure gravity

We consider pure Euclidean gravity in d+1-dimensions with a negative cosmological constant,

d(d—1)
72
The Einstein equation is solved by an AdSg-sliced AdS441, which is discussed in detail in

A=— . (5.1)

appendix A. We first write a generalization of the metric (A.5):

ds? = du® + cosh? (u _eu()) dsa,e- (5.2)

2'More precisely, the space of bulk solutions has the same dimensionality as the space expected in the
boundary theory. The correspondence may not be one-to-one, i.e. there may exist choices of the boundary
parameters for which no bulk regular solution exists.
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The position of the A-bounce in the metric (5.2) is at ug. This is now left arbitrary, as
it is an integration constant of Einstein’s equations. In fact, ug can be set to zero by a large
diffeomorphism v — u+ug. However, this changes the boundary condition at both u = +00
and therefore affects the source of the metric. Therefore, ug is a physical parameter of the
metric as we shall see below.

The space-time (5.2) is again global Euclidean AdS,,1, as one can see by writing the
embedding space coordinates generalizing (A.1) as:

X_1 = {cosh(u — ug) coshr coshr, (5.3)
Xo = ¢sinh(u — up),

X4 = {cosh
X; = fcosh

u —

)
)

up) sinh 7 cosh r,
)

( d—1
(u — ugp) sinh 78, i=1...d—1, ZQ%zl,
i=1

where 7, r and €); are global coordinates on Euclidean AdS; and €); are angles parametriz-
ing S%72. As before, the coordinates above describe the connected component of the
manifold (A.1) with positive X_;.

Now take two such metrics (5.2) with different up and glue them at the A-bounce, i.e.
where the argument of the cosh vanishes. This results in the following metric:

du? + cosh? (%) ds?M, —co < u<uy,
ds® = (5.4)
da? + cosh? (ﬂ_#) dsfw, Up < U < +00.

Each side is diffeomorphic to AdS4y1 so it solves the bulk equations.

In general, when joining two geometries at a codimension-one interface with no localized
energy density, one must ensure that Israel’s junction conditions are satisfied: both the
induced metric on the interface and the extrinsic curvature (roughly the derivative of
the metric normal to the interface) must be continuous. Both conditions hold for the
ansatz (5.4), for any value of uy, g:

1. The induced d-dimensional metric is manifestly continuous;

2. The extrinsic curvature K, satisfies:

1 _
Ky o 5 tanh <“ g“L) , (5.5)

on the left, and a similar expression on the right. Both vanish at the junction.

Therefore (5.4) is a well-defined solution of the bulk Einstein’s equation. In particular, all
higher derivatives are continuous.

It is not hard to show that the space-time (5.4) is again the full Euclidean AdSg1; in a
different coordinate system. To see this, we can go to the embedding space RV ¥*1 with the
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definition (A.1), and this time we define the following local coordinates:

X_1 ={cosh(u —up) cosh7 coshr
X4 = lcosh(u —up)sinh 7 coshr
Xo<0: < 5.6
0 X; = Lcosh(u — ur) sinh 1€ U= (5.62)
Xo = ¢sinh(u —up)
X_1 =/lcosh(u —upr) cosh T coshr
X4 = lcosh(u —upr)sinh 7 coshr
X0>0: > . 5.6b
0= X; = {cosh(u — up) sinh 7 =R (5.6b)
Xo = {sinh(u — uR)

These coordinates lead to the metric (5.4) and they clearly cover the whole hyperboloid,
just like the coordinates (5.3).

The geometry (5.4) has two UV boundaries with AdS; geometry at u — —oo and
@ — —o00. The CFT parameters are the two boundary AdS lengths /1, ¢r (or equivalently
the AdS curvatures Rgv, R%V). Their ratio is the only dimensionless parameter. These are
the only parameters as there is no scalar field, therefore no relevant coupling deforming the
two CFTs.

Near each boundary uw — £o0, the metric (5.4) takes the form:

u 2u u
du? + e % [iefdsfu+0<e2é)] u — —00,
ds® ~ (5.7)
dﬂ2—|—e% {ie‘wdsie—l—O(e_?)} U — +00.

From this expression we can read off the asymptotic geometries at u — Fo0o: they are two
Euclidean AdS; space-times with lengths

KL E_L
EL:§elL, lr=ge & (5.8)

Notice that by freely choosing uy, and ur we can change the boundary parameters indepen-
dently. This is not possible if we limit ourselves to the “global” solution (5.2) with u =@
and ur, = ur = up: in this case we can change the ratio of the curvatures but not each one
independently. Thus moving from the ansatz (5.2) to the piecewise geometry (5.4) allowed
us to introduce one extra parameter and match the number of source parameters of the
boundary CFTs.

More generally, one could have done the gluing at a generic point (not necessarily the
extremum of the Cosh function) by defining:

du? + cosh? (%) dsfu, —00 < U < Uy,
ds® = (5.9)
dii2 + cosh? (%) ds2,, <1< +oo,

where uy is arbitrary. Then Israel’s junction conditions are satisfied if 4, is chosen as:

Uy = Uy — (U, — UR) . (5.10)
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Junction

CFT,

Figure 52. The two-parameter pure gravity solution is obtained by gluing two halves of two
different solutions across a junction at fixed u, in such a way that the metric and the extrinsic
curvature are smooth. This way one can freely choose both length scales on each UV boundary.

Notice that (5.9) can also be written as:

du2+f(u)d337€, —00 < U < Uy,
ds? = (5.11)
du® + f(a — 0)ds],, Uy +0 < U < +00,
where
f(u) = cosh? <u—£uL) , 0 =uRr —uy . (5.12)

It is perhaps worth explaining in more detail what the expression (5.11) means. The
manifold we have constructed here is schematically represented in figure 52. It is composed
of two pieces: each one is a manifold equipped with a system of coordinates and a metric,
corresponding to the upper and lower lines of equation (5.11). Each of these half-manifolds
has a boundary at finite radial direction, given respectively by the hypersurfaces u = u, and
U = us + 6. In addition, each of them has a single UV boundary, at u — —oo and @& — +o0.
In the interior, each component manifold is a solution of the same Einstein equation. The
two boundaries are then identified, and the two pieces are glued together to result in the
full manifold. Since at the interface the metric and extrinsic curvature (and in fact, all
higher u-derivatives of the metric) are continuous, the gluing can be done without adding
any localized energy density.

Notice that the two half-manifolds are trivially diffeomorphic to each other, for example
by the change of coordinates @ = u + § performed on the right half-manifold. However,
importantly, this diffeomorphism acts nontrivially on the UV boundary at u — 400 and it
scales the boundary conditions (the leading order Fefferman-Graham metric) by a factor
exp d/L. Therefore, the manifold obtained by gluing the two halves in equation (5.11) is
physically (in the sense of the UV boundary data) different from the e.g. the one described
by equation (5.2), although they are locally diffeomorphic.
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Finally, unlike the parameter &, we stress that changing the gluing point u, does not
introduce an extra degree of freedom to the space of solutions, because it can be reabsorbed
in a diffeomorphism together with a redefinition of the parameters uy; and ug. Thus
changing u, one moves from one solution to another in the same class.

5.2 Einstein-Dilaton gravity

Following the previous section, a piecewise solution which automatically satisfies Israel’s junc-
tion conditions (continuous A(u) and ¢(u) with continuous derivatives) can be constructed
using the following recipe:

1. Take any of the solutions from section 3 connecting two AdS, with a given scale factor

and a given dilaton profile (A(u), p(u));

2. Define the following piecewise solution by gluing the two half-solutions:

Au), u < Uy,

A= (5.13)
A —9), Ux + 0 < U < +00,
o(u), U< Uy,

Y= (5.14)
o(a—9), Us + 6 < U < +00.

Like the case of pure gravity discussed in the previous section, this geometry is composed
of two manifolds smoothly joined at an interface, with a scalar field defined in each half
and smooth at the junction.

We now have four dimensionless parameters: the three we had in section 3.2 for the
continuous solution(namely Sy, ¢o and ug) plus the extra independent parameter 6/¢. If

the parameters of the solution (5.13)—(5.14) are:

RVV, R?V, @, 3! are four UV (dimensionful) parameters of the continuous solution (A, @),

_ . . _ f
RV =R/, ol=¢ ., R{V=R{. o=l (515)

The two dimensionless parameters R; ; are unaffected, but the third one ¢ is rescaled.
Notice however, that the effect of § on the individual couplings is different than the effect

of the parameter v in equation (3.4), (3.6). One can then use a combination of uy and ¢
f

(or equivalently uy, and up as in the previous subsection) to separately change ! and ¢
Therefore, this extra parameter completes the full space of expected independent
couplings of the solutions. As in the case of pure gravity, the choice of the gluing point u,
is not an extra parameter in the space of solutions (for simplicity, it can be taken to be the
turning point of the scale factor).
As a final remark, notice that dimensionless vev parameters, C; y are insensitive to 0,
but according to (2.20) the vevs of boundary operators change as

(0) = (0,  (O5) = (054", (5.16)
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6 Single-boundary solutions

In the previous sections, we have seen that hyperbolic-slicing holographic flows connect two
asymptotic AdS regions, and can be interpreted as the holographic dual to two coupled
CFTs defined on AdS, each with a relevant deformation turned on. This begs the question:
what is the holographic description of a single CFT on AdS? In this section, we put forward
a possible answer.

In the family of solutions we have studied, there is a special class of geometries which
can help answer this question: these are the type S solutions, corresponding to the points
on the horizontal axis in the parameters space shown in figure 8. In these solutions, the
scale factor and the dilaton turn around at the same point. Notice that they asymptote to
the same UV extremum on the left and the right.

Type S solutions are Zs-invariant under (u — ug) = —(u — ug). Therefore, to obtain
a single-sided solution, one can simply take a quotient by Zs of a type S solution. The
resulting geometry is regular at the fixed point © = ug since at this point both the scale
factor and scalar field radial derivative vanish: this means there is no need to introduce a
localized dilaton potential term at the IR end-of-space u = ug, to absorb boundary terms
in the variation of the action. Furthermore, these solutions have the correct number of
dimensionless parameters to describe a single CFT: since Sy = 0, they are parametrized
by the single dimensionless parameter g, which can be traded for R on the boundary.
This is the only dimensionless combination one can form from the boundary curvature and
deformation mass parameter ¢_ in a single CFT.

Thus, one possibility is that the holographic dual of a single QFT on AdS is the
Zo-symmetric quotient of a left-right symmetric two-boundary solution.

In general, this prescription breaks part of the conformal symmetry on AdS. To see this,
it is convenient to analyze the situation in the simplest case in which the dilaton is treated
as a probe, and the bulk theory is a pure gravity with a negative cosmological constant. In
this case, the appropriate two-sided solution is AdS411 in Ads-slicing coordinates, given in
equation (5.2), in which we can set ug = 0 for simplicity:

ds® = du® + (cosh? %)dsie» u € (—00,+00). (6.1)

For concreteness, we will write the slice metric in Poincaré coordinates,

22 .
ds?w =2 (dz2 + dmz_l) , (6.2)

and we take the slice-AdS length to be equal to the bulk-AdS length ¢ for simplicity. The
single-sided solution is obtained by restricting the range of u to (—oo, 0].

To study correlation functions of dimension-A operators O in the d-dimensional bound-
ary theory on AdSy, we add a probe scalar of a given mass m? = A(A — d), whose action
we take as:

1 .
S = —%/du/dda:\/—g (9" a0 +m*Q| | (6.3)

where ¢ is the metric tensor in equation (6.1).
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Boundary correlators are obtained by the usual holographic prescription: solve the bulk
field equation with given source ¢_ in the UV, evaluate the action on-shell and differentiate
with respect to the source. Holographic correlators in the geometry (6.1) were studied
in [51]. Here, we borrow their results and refer the reader to that work for details.

Let us first describe the full two-boundary geometry. In this case there is a copies of
the CFT on each boundary v — £o00, and we can turn on two independent source gp(__)

(+H)

and ¢’ on the two AdS; space-times at u — +oco. Therefore there are four types of

boundary correlators,
Gii(z, 27— .f/) = (04 (7, f)Oi(zl, f’)} , (6.4)

and the on-shell action will be a boundary term of the form, schematically:
Son—shell = / (w(__)G__go(__) + go(_+)G++<p(_+) + <p(__)G_+g0(_+) + cp(_+)G+_<p(__)) . (6.5)

Out of the four correlators in (6.4) only two are independent, since by the Zs-symmetry of
the background G__ =G, and G_y =G4 _.

In a single-sided solution, there is a single operator O(z,¥) and correspondingly a
single source: one must give a prescription to relate the two sources ¢ ’ and <p_+ . The
correlator one obtains will then be a linear combination of G__ and G_4. In particular,
the single-sided solution one obtains by a Zs-orbifold around u = 0 correspond to picking
a Zy-even solution for the bulk scalar field, ¢(—u, z,Z) = ¢(u, z, ). This is equivalent to
introducing an IR brane at u = 0 with a Neumann boundary for the scalar field. In this
case, the boundary correlator is [51]:

1 1 1

O(z,2)0(¢, = — + 6.6
(0= 2)0( N 22 |(coshL —1)®  (cosh L + 1)2 (6.6)

where we have defined: e o
coshL:1+(Z_Z)2;,|m_x| . (6.7)

We have:
N2 = 2

coshL — 1= (z=Z) +|7 -7 =C(z,%,7,7), (6.8)

227
(z+ 2?2+ |7 - &)?

hL+1=
Ccos + 92

The operator O in the theory with Neumann boundary conditions is related to the operators

of the £ CFTs by:

Oz, 7) = \}5(0*(2’“?) +0_(2,7)). (6.9)

The quantity C(z,Z,2',7’) in (6.8) is the conformal distance between the points
(z,%,2',7) on the boundary AdSy. It has the interesting property that it is covariant
under coordinate transformations generated by conformal killing vectors of AdSy (which
exist in the same number as flat space conformal killing vectors) [64]. In other words, the
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conformal distance behaves just like the Euclidean distance in flat space under conformal
transformations. On the contrary, the geodesic distance (which is given by L in (6.7)) does
not satisfy this property.

In a conformally invariant quantum field theory on AdSy, one then expects the correlator
to be conformally covariant in a similar way as its flat space counterpart and given by:

1 1 ! 1
28 [C(z, 2,2, 7)) 2% (coshL — 1)~

(6.10)

i.e. the first term in (6.6). The presence of the second term in (6.6) breaks conformal
invariance. This is related to the fact that only certain boundary conditions at the z — 0
boundary of AdSy preserve full conformal invariance [65], and the holographic single-sided
solution defined above using Neumann boundary conditions is not compatible with these
conformal boundary conditions.

One can construct different, more general single-sided solutions if one abandons the
idea of imposing Zs-symmetry on the two-sided geometry: simply cut off the space by a
general IR brane and assume some boundary at © = 0. For example, if one were to impose
Dirichlet boundary conditions for the scalar ¢ at u = 0, one would find [51]:

1 1 1
O(z,2) 07, 7)) p = = - ) 6.11
0= 2)0( ) 2% | (cosh L —1)®  (cosh L +1)° (6.11)

This also differs from the conformal result (6.10).

One may then ask the question of whether there exists a definition of IR boundary
conditions such that, at least in the probe scalar case, the holographic correlator reproduces
the equation (6.10). The answer is affirmative but, as we show below, these “conformal” IR
boundary conditions cannot be encoded in a local brane action at v = 0.

The most general, local, linear boundary condition can be obtained by adding to the
action (6.3) a quadratic term localized on the brane,

Siw=-% [ V=, (6.12)
u=0

where v, is the induced metric at v = 0 and p is a constant. Upon varying S + Srr one
obtains the bulk equation and the IR condition:

¢

u

From equations (6.6) and (6.11) it is clear that the conformal boundary correlator (6.10) is

81

(z,Z,u=0)=pe(z,Z,u=0). (6.13)

given by the linear combination of the Neumann and Dirichlet results:

(002, H)O(, &) eont = +

5 [(O(z, )02, @) p + (O(2, )02, Z))N] . (6.14)

Recall that the holographic boundary correlator is, schematically, given by the derivative of
the bulk-to-boundary Green’s function, i.e. a solution of the bulk field equation with unit
source, obeying the corresponding boundary condition:

(O(z,7)0(#, f’)>D,N ~ (0uKD N) (%, 27—, u=0), (6.15)
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where on the left-hand side Kp y are the bulk-to-boundary Green’s functions obeying
respectively Dirichlet and Neumann boundary conditions at the IR brane. Therefore, the
linear combination (6.14) is obtained by choosing 1 in (6.12) so that the boundary conditions
at u = 0 pick the following bulk-to-boundary Green’s function:

1
Keont = 5 (KD + KN) . (616)
This combination is characterized by the property:
O K
(8uKcont) (u = 0) = 9uKp) Koont(u = 0). (6.17)
KN u=0

Recalling that Kconf is a solution of the bulk field equation, and comparing with (6.13)
suggests that we should identify the parameter p with the quantity:
_ (auKD)
Ky

This cannot be correct, however, because the right-hand side is not a constant but a

L (6.18)

non-trivial function of the boundary points. This implies that it is impossible to obtain a
conformal correlator by any choice of local action at the IR boundary of the type (6.12).

If we are willing to use a non-local action, the way to proceed is to go to “momentum
space” along the slice, i.e. by decomposing the d + 1 Klein-Gordon equation

Oas10 = m’e, (6.19)

into eigenmodes of the slice Laplacian, namely writing ¢(u, z, &) = F),(u)$,(z, Z) and, using
the metric in the form (6.1), writing equation (6.19) as:

4

12
9% + d tanh ud, + cosh > u (1/2 - M)] F,(u) = m*F,(u), (6.20a)

m@@@=(f—“4”>@<>7 (6:200)

In the form above, the (complex) number v determines the eigenvalue of the slice-AdS
laplacian. The boundary condition at v = 0 is then imposed on the function F', and its
general form

Fl(u=0) = u(v)F,(u = 0), (6.21)

where p is, in general, a function of the slice Laplacian eigenvalue v. One then writes the
brane-localized action as a decomposition over a complete set of eigenmodes (parametrized
by v and spatial momentum conjugate to Z), i.e schematically

dd 11{2 .
/dy/ G 1) B B (6.22)

where @(v, E) are “Fourier modes” of the field p(u = 0), adapted to the eigenvalue equation
in AdSg4. One can then go back to position space using the AdS analogue of the Parseval
formula for the Fourier transform, which results in a non-local action on AdSy

Shrane = /dde’dd‘lx AT (2,2 3 - &) (2, B) (2, 1) (6.23)
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where u(z, 2,7 — 7’) is obtained from pu(v) by an appropriate integral transform. The
interested reader can find the technical details in appendix D. There, it is also shown that
the expression of 1 in momentum space which results in the conformal correlator is:

2tan(Z (v — 1 3 v 2 3 v 2 .
() = (27T(2 1) ’r (4 . ’;) r (4 +2- ;) (cos(my) + sin(mv)) . (6.24)
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A AdS-slicing vs. global coordinates

Here we want to relate the R x S%!-slicing (usually referred to as global coordinates) and
AdSg-slicing of AdS441, and the structure of the respective conformal boundaries.
We work in Euclidean signature. The embedding space definition of FAdS;y1 is:

d
—- X X+ X =17 (A1)
i=1
e R x S%l.slicing
It is useful to explicitly split S¢1 = [0, 7] X S92 since in hyperbolic slicing only an
S9=2 appears:
X_1 =/cosh® coshp, (A.2)
Xo ={sinh pcosf,
X4 = {sinh coshp, i
X; = lsinh p sin6 €, i=1...d—1, doai=1,
i=1

with ranges p € [0, +00), § € [0, 7], P € (—o0 + 0).

The metric reads:
ds® = * [dp2 + cosh? pdyp? 4 sinh? p (d92 +sin? ng_Qﬂ . (A.3)
e FEAdSg-slicing
Define:

X_1 = {coshu cosht coshr (A.4)
Xy ={sinhu
X4 = fcoshusinh 7 coshr

d—1
X;=/coshusinh7Q;, i=1...d—1, doai=1,
=1

71—



with ranges u € (—o0,4+00), r € [0, +00), T € (—00 + 0).

The metric reads:

ds? = (2 [du2 + cosh? u <dr2 + cosh? rdr? 4 sinh? r dQ?l_Q)} . (A.5)

Both coordinate systems cover the full EAdSg;1 manifold: comparing (A.2) and (A.4) we
see that the two sets of local coordinates cover the same range of X_; ... Xy, namely the
connected component with X_; > 0 of the manifold defined by equation (A.1). Therefore
they are both global charts on Euclidean FAdSj.

The two charts may be directly related by the following transformation:

inh
cosh p = coshu coshr, cosf = SR U v=r, (A.6)

(cosh2 wcosh? r — 1) v

and its inverse:
cosh p

, — . AT
(0082 0 sinh? ) 2 v .
p+1

sinh u = cos@sinh p, coshr =

The AdS boundary is at p — +o0o. From (A.6), we can see that this corresponds in the
hyperbolic slicing to taking either u — +oo with r finite (reaching the two disconnected
EAdSy boundary slices) or r — 400 with u finite (going to the boundary along a slice).
Notice that in the latter case, § — /2.

From the last consideration, it may seem that all the slice boundaries at any w collapse
to the equator of the S%2 at p — oo, which is a codimension-2 hypersurface in the full
manifold and a codimension-1 hypersurface of the boundary. One may worry that this
makes any non-trivial function f(r, ), which does not go to a u-independent constant as
r — +o00, ill-defined. This question is not well-defined as it is, since neither the S ! at
p — o0 nor the corresponding limits in hyperbolic slicing are part of the FAdS;,1 manifold.
For example, it is clearly not true that in the limit » — oo all slices converge: take two points
on two different hyperbolic slices, with coordinates A = (ua,74,Q) and B = (ug,rp, %),
such that r4 =rp, Q4 = Qp, ua # up. The distance between these two points is

d(A,B) ={llua —up|, (A.8)

as one can immediately see from (A.5), and it stays finite as we move the points to the
slice-boundaries 74 = rg — +00. Therefore there is no sense in which all slices converge,
and a nontrivial function of u as » — oo is certainly allowed.

The question becomes more interesting if we pose it in the conformal compactification
of the space. In this case, the answer depends on which conformal compactification we use,
which is related to the choice of the space where we define the dual CFT.

In global coordinates, we can go to the conformal compactification by defining:

tan =sinhp, &€ [0,7/2]. (A.9)
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The metric (A.3) becomes:

ds® =

—F: |d€? + dyp? + sin? € (d6? + sin® 0 G, | - (A.10)
The boundary is at £ = w/2. The conformal compactification is obtained by removing the
prefactor (cos&)~2. The boundary (which now does belong to the manifold) ¢ = 7/2 has
geometry Ry X S=1_ Therefore, this is the appropriate conformal compactification if we
want the CFT to live on Ry X S9=1 In this case, the locus @ = /2 with fixed 1/ and fixed
); is a single point on the boundary, and any regular function must have a single value at
this point.
Let us now consider hyperbolic coordinates (A.5). Defining the new coordinate z by

tan% :tanhg, z € [—g,g] ) (A.11)
brings (A.5) in the form:
2
ds® = os2 s [dz2 + (d’r2 + cosh? rdr? + sinh? r dQ?l_g)} . (A.12)

If we remove the conformal factor, we obtain the factorized space-time [—3, 5] x EAdSy,
which has two copies of EAdS, as its boundary. This is the right conformal compactification
if we want to study (two copies of) a CFT on EAdS;. In the metric (A.12), unlike the
conformal compactification (A.10), going to the slice boundary r — co at fixed 7 and €;
does not shrink the space to a point, but it leaves the segment [—m/2,7/2],. Therefore, in
this conformal compactification, points on different slices stay at a finite distance when we
move towards the slice boundary, as we noted previously.

One may argue that the conformal compactification (A.12) has not made the full
boundary compact, as the slice-boundaries are still of infinite size and an infinite distance
away. This can be remedied by further (conformally) compactifying the manifold (A.12) to
bring also the slice-boundary at a finite distance. This is easily done as in (A.9), but now
applied to the coordinate r: defining

tan 8 = sinhr, (A.13)
brings (A.12) to:

52

ds? = ————
cos? z cos2 3

|d7% + dB? + cos? Bd=? + sin® B3, | | (A.14)
where § € [0,7/2] and z € [—7/2,7/2]. Now, it is clear that going to the slice boundary
B — m/2 shrinks any distance along z to a point, however, the boundary doesn’t have the
geometry of FAdS; anymore. Thus, this conformal compactification does not describe
CFTs on FAdS,.

In fact, it is not hard to see that the conformal boundary of the manifold (A.14) is
again R, x S9!, To see this, first notice that the metric in the square brackets in (A.14)
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is locally the same as R, x S¢, where S¢ is written in a combination of polar-spherical
coordinates: to see this, define S? as

YE4+YE4+...Y2=1, (A.15)

and choose polar coordinates in the (Y, Y1) plane and (d — 1)-dimensional spherical coordi-

nates in the remaining directions:

Yy =cosf cosz, (A.16)
Y1 = cos 3 sin z,

d—1
Yiy1 =sin g Q;, i=1...d—1, > aF=1.
i=1

One can easily check that the metric is the same as that of the (3, z, ;) factor in (A.14).

To cover the whole S¢ once, we need 3 € [0,7/2] and z € [—7,7]. However, the
manifold we arrived at in (A.14) has z € [—7/2, /2], therefore it is only half of an S?: the
half corresponding to Yy > 0. Its boundary is the intersection of S¢ with the hyperplane
Yy = 0, which is 9L

B First order equations

In this appendix, we write the first-order equations in various forms, to elucidate
their structure.
In terms of W, S, T defined in (2.10), the equations of motion (2.4)-(2.6) are given by

2
S% — SW' + ST=0, (B.1a)
d 2 2
— —S5°=-2T+2V = B.1b
Q(d—l)W S +2V =0, ( )
d
/ - — / = . Bl
SS 2(d—1)SW Vi=0 (B.1c)
We also have the identity

T w
- = B.2
T (d-1)S (B-2)

We can simplify this system by eliminating T algebraically so that we are left with the
following equations

2 —1)82 — "4 oV = B.
2(d—1)W +(d )S* —dSW'4+2V =0, (B.3a)

d
e SW V' =0. B.3b
SS 230d—1) S Vi=0 (B.3b)
The system can be converted into a second-order equation for a single variable. Solv-
ing (2.13a) algebraically for S gives

AW’ VEW?Z Z8(d— 1)V — 2dW?
Si == + )
2(d —1) 2(d — 1)

(B.4)
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which indicates that for all real solutions we have the bound
2 _

W2 < aw’= 4(d - 1)
-2 d

The remaining equation can be converted into a non-linear second-order differential equation

for W

V. (B.5)

(a(aw’)? —2w?) = 8(d— )V ) (4(d = YV’ + W' ((d + 2)W — 2dW") )*
= (= 2dA(W)2W" 4 4(d — VW' —8(d— 1)V (W — W)
+ 2dW2W + d(d + 2)W (W2 — 2dW3)2 . (B.6)
Another approach is to solve (2.13b) for W

20d—-1) (V' , 2(d—1) 52
wo 2DV _g) MWDy g8y g

and then substitute in (2.13a) to obtain a second order equation for S
2(d—1 2 2(d—1
(A= 1+2) g5, 2= 1)

(a1t 2V (@ s A

2(d —1)838" + 528"

(V')? =0. (B.8)

Assuming the scale factor plays the role of energy scale,?? the holographic beta function
can be expressed as

_dy _ S(e)
B(e) = 5 = ~2d = D5 s, (B.9)
We can express then
2
gY W _V' _d§ o= VA DS+ 2 - D (B.10)
S 2(d-1) S B’ dsS ’ ’

Differentiating we obtain

1 [2B8(BV +d(d—1)V')
2d (d—1)52

B = + 8% —2d(d-1)|, (B.11)

from where we obtain

28 (BV + d(d — 1)V")
(d—1)(2df' — B2+ 2d(d— 1))~

Differentiating once more, we obtain a second-order differential equation for 5 in terms of
the potential V'

26 (BV +d(d—1)V") ]’ N 2d [ 26 (BV +d(d—1)V")
)

(d—1)(2dp' — 42 +2d(d — 1 B L(d—1)(2dp — 52 +2d(d — 1))

S? =

(B.12)

—2v’.
(B.13)

22This is not however clear here, as the scale factor is no longer monotonic. A proper interpretation is
obtained if we think of these solutions as two different QFTs with an interface.
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C Solutions near critical points

Since the equations of motion are not exactly solvable we solve these equations numerically
and it should be necessary to know the expansion of solutions in the vicinity of some specific
points. For negative curvatures (AdS slices) we have the following expansions [11]:

C.1 Asymptotic solutions near extrema

At each extremum of the potential, we have a UV fixed point. Close to the UV fixed point
at ¢ = ¢, we consider the scalar potential has an expansion of the form (m? > 0 for
maxima and m? < 0 for minima)

_ m2
Vi) = -2 T o + Ol — o)) (©1)

e Maximum of the potential: Near the maximum of the potential, the solution of
equations of motion (2.13a) and (2.13b) for W and S has two branches [11]. For the minus
branch as ¢ — ¢, the solutions have the following expansions

_20d-1) | A 2 R =  C A
A Cd |
S——7\90—90m|+7AJ|<P—80m| +y (C.2b)

where dots stand for higher power expansion terms and R and C' are constants of integration

Ay =d/2+/d2 /4 —m22. (C.3)

Since 0 < m? < d?/4¢* therefore 0 < A_ < d/2 and d/2 < A, < d. Moreover, the plus
branch is described by the following expansions

and we have defined

2(d—-1 A R =

W= 2 G+ gl el e (C42)
A

Sy ="l —oml+ . (C.4b)

The plus branch as is discussed in [11], can be arrived at by a specific rescaling of the
minus branch. In other words, the plus branch is the upper envelope of the family of minus
branch solutions parameterized by C. Given the above expansions, we can solve p(u) and
A(u) from (2.10) to obtain the scalar field and scale factor for the minus branch (from now
on, we just discuss the minus branch so we ignore some subscripts)

Cd |p_|A+/A- NN

_ A A_u/e
P(u) = pm + L7 T A (4280 (C.5a)
2 2A_ 2/A_ 2
g w20 anwe  RIe-ITTC supe
A(u) = A- 7 8(d—1)e 4d(d=1) e (C.5b)
d/A_ pd
_ Ay Clp-| ¢ edu/ﬁ_{_”.,

d(d — 1)(d — 2A_)

where ¢_ and A_ are two constants of integration.
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When ¢ — ¢, we can use the symmetries of equations of motion (2.13a) and (2.13b)
to write the expansions again. As we see, W — W S — —S and dp — —dy is a symmetry
of these equations so we can write the solutions as

N Q(d—l) A_ 9 R ﬁ C ﬁ

W= ¢ +y(90 (Pm) +@"P QOm’ +?’(,0 (,Om’ + - (C6a)
A Cd oy

S = —(571e = oml + 1 lo = oml B 4. (C.6b)

Again, we can read the expansions of p(u) and A(u)

NN
o) = pm— (-t A ol GHETIS Aedet) e
2 p2A_ 2/A_ 2
U p- ¢ 2A_u/l ,R"(P—’ 4 2u/l
Aw)= A~ 2~ e |
) ¢ 8(d—1) dd(d —1) (C.7b)

AL Clp |44~ pdu/t
d(d—1)(d—2A)

+ ...

In both cases above, the UV fixed point is located at « — —oo and the geometry is
asymptotically AdS space with length scale ¢.

For equations of motion (2.13a) and (2.13b) there is another symmetry as W — —W,
S — —S and dp — dp. In this case for the minus branch as ¢ — ¢} the W and S
expansions are given by

o 2d-1) AL s R 2 C .
A cd 4
S——T\SO—ﬁﬂm‘—mW—@m’ +oeee (C.8b)

To obtain the scalar field and scale factor it would be enough to replace 4 — —u. Therefore
we can read the expansions of ¢(u) and A(u) as follow

N
b A emAu/t Cd|p_|2+/ NN

o(u) = om A (d—3A) e (C.9a)
2 p2A_ 2/A_ p2
u PR onwge Rle- [T o
Alu)=A_+ - — - C.9b
() TITRA-DC 4d(d —1) (C.9b)
A (/A pd
_ +Clp-| ¢ e/t
d(d—1)(d—2A_)
In the same way as ¢ — ¢,,, we have the following series expansions
20d—1) A_ , R 2 C &
= - - a5, —¥m) — 7, —¥m| T — — ¥m| Ty 1
w 7 57 (P = em)” = le — oml 71— eml 5+ (C.10a)
A_ Cd Ai_l
_ . — o | A e 1
S=—le—eml+ lv — ol + (C.10D)
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and also

A, Cdlp_|A+/A- CAuu
o) = om = (potSed It TUEL bt ), (eat)
2 20 2/A_ 2
_ u Pt onupe Rle-I77C aup
A(u)—A_+£ 8(d—1)6 4d(d=1) e (C.11b)

AL Clp_ |44 d o—du/t
dd—1)(d=2A)

+..

In these two last cases, the UV fixed point is located at © — 400 and again the geometry
is asymptotically AdS space-time with length scale ¢.

e Minimum of the potential: As we approach the minimum of the potential from the
left, we can find the expansion of W and S. In this case, there is just one branch (the +
branch) for negative curvature slices. As ¢ — ¢; for W < 0, we have

_ 2d-1) A, . R &
A
S+:7+|(,0—(,01‘+"‘, (C.l?b)
R

where Ay = d/2 + \/d?/4 + m?(2 > 0. The expansions of the scalar field and scale factor
are given by

p(u) = g1 — pylBre Bl (C.13a)

2 p2A 2/Ay g2
Alu) = Ay + w_ Me—mw/f — Me—%/f 4.

¢ sd=1) 4d(d = 1) : (C.13b)

On the other hand, as shown in [11], the minus branch solution near a minimum of the
potential exist only if RVY = 0, and since T = 0 in that case, this implies that S = W’ and
we have

_2d-1) A )

A
572—7\90—@1“"“, (C.14b)

where A_ =d/2 — \/d?/4 + m?{? < 0. We also obtain

o(u) = 1 — (p_ﬁA_efA_u/e + (C.15a)
2 EQA,
Alu) = A_ + % - %e*m‘“/f S (C.15b)

C.2 ¢-bounces, IR bounces and A-bounces

For a generic point x = g — ¢ consider an expansion for scalar potential as follow

V(z) = Vo + Viz + Vaz? + O(2%). (C.16)
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e p-Bounce point: at this point, the expansion of the W, S and T when = — 07 are

given by
B 4d—-1D)Vo+dWE 1+ (d—6)Wi(4(d— 1)V + dW}) 3
W=m dd—1)S, 6d(d — 1)252 z+0(@2),
(C.17a)
B AW, 36(d — 1)V + 36(d — 1)*>Va + d(d + )W} 3 2
5 =SV 3d—1)" 36(d — 1)25, vz +0(@7),
(C.17Db)
4(d —1)Vy + dW} 2wy 1 12(d—1)Vo — (d — 9)dW} 3
T = - .
d—1) ( T 3d(d— 1252 T O(z?))
(C.17c¢)

At the p-bounce point, the flow does not stop, ¢ = S2 # 0. The expansions at each point
are parametrized by Wi and the value of Sy is fixed by potential, Sy = £/2V;. As we
see, there are two branches at this point, depending on the sign of Sy. In this case, the
flow reaches the p-bounce point ¢g from one branch and then it bounces and returns from
the other branch. The value of Wj is not arbitrary and since V{ < 0 it should be chosen

carefully because we need to have a negative value for 7. In fact (C.17¢) suggests that
W12 < —4(d—1)V0.

d
e IR-bounce: at this point, W and S simultaneously tend to zero, but the flow does not
stop here, ¢ # 0. As x — 0T the flow goes to the fixed point from the left. The expansions
of W, S and T around this point are given by

W = gi\/%JrO(x), (C.18a)
S =81Vr+0O(z), (C.18b)
T ="Vo+OWx). (C.18¢)

Two branches are depending on the choice of S1 = +4/2V;. The solution with a minus sign
is the mirror image of the solution with a plus sign. The solutions of the scalar field and
metric near the IR fixed point u = ug are given by

52
o(u) = po — Zl(u — u0)2 , (C.19a)
N2
ds? = du? + 240 <1 + stidsd’g : (C.19b)
IR

where Ay is the integration constant and ¢7, = d(d — 1)/|Vp| and dsidsm is a AdS; metric
with length scale a. Since A(ug) = p(up) = 0 we can continue the geometry for u > ug by
gluing its mirror image around ug. This geometry is regular since the metric and scalar
field, as well as their derivatives, are all continuous across ug. There is an exception when
V1 = 0 or when (g is located on the minimum of the potential.
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e A-bounce: at this point, S(x) # 0 so the flow does not stop but since W (x) = 0 the
scale factor reaches a minimum (or a maximum). As z — 07 the scale factor decreases and
then after the A-bounce it increases. The expansions of W and S are given by

_ ((d—1)Sp 2Vo> <d+1_ Vo) 2 3
W = <d + 5 x + 248 dS Viz® + O(z?), (C.20a)
S =5+ ?m + O(2?), (C.20b)
0
S (S3—2V)((d— 1)S3 +2Vp)
T =120 220 0 2 3. 2
Vo 5 1(d—1)ds? =+ O(x?) (C.20c¢)

All the above extremal points may occur when the flow approaches from the right. In this

situation, we can use the above expansions for x = ¢ — .

C.3 No ¢p-bounce at an extremum point of a potential

Previously we have assumed that the bouncing point does not coincide with an extremum
of the potential. In this section, we study the possibility of a bouncing flow when the
bouncing point is an extremum of the potential. For convenience we write here again the
two first-order equations that we solve:

d

— W2 —1)8% - 4oV = 21
2(d—1)W +(d—1)S? —dSW' +2V =0, (C.21a)

ST
S8 = sV - V' =0. (C.21b)

Near an extremum ¢ = @1, the potential can be expanded as:
B Va 2
Vig) = Vot 2 (p—p1) 4o (C.22)

First, we analyze if there can be a ¢-bounce on an extremum. For a ¢p-bounce, we
demand that

»=0, O #0. (C.23)
This can be translated to that near ¢ = ¢
1dS?
S=0 —— #0. C.24
R (c24)
Let us assume that near ¢ = @1, to the leading order:
1dS? S
- _ =0 2
2dp 2 (C.25)

where Sy is a constant. Integrating this equation with the condition that S(¢;) = 0 we find

S = Z‘:SO\/(,O — 1. (0.26)
Since S5’ is finite, and V' — 0, eq. (C.21b) demands that, near ¢ = ¢
1

W e (C.27)
¥ =¥
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Therefore, near ¢ = @1, we can use the following expansions:

Sp)=Ve—w1[So+Sive—p1+S2(p—¢1)+---], (C.28)
1
W(p)= —=[Wo+Wive—p1+Walp—p1)+---]. C.29
(¢) Vaj%ﬂ 0o+ W 1+ Wa ( 1) ] (C.29)
Substituting this into egs. (C.21a)—(C.21b) we find:
1 —
So=0, We=0, W, =42 (dd)vo,
1 AV —dVp + 4(d — 1)Vh

S1 = 2[\/1_di\/ T (C.30)

Since Sy = 0, we can conclude that there can not be any (-bounce on an extremum of the

potential. Writing
d(d—1)

Vo=——7pm—> (C.31)
1

we can write

2(d—1) 1 Al
Wi i S1 5, (d \ d® + V2£1> 0 (C.32)

where

1
Ay = 3 (d +4/d? + 41/22%) : (C.33)
Using the definition
W=-2d-1)A, (C.34)
we find that to the leading order:
A=CF L, (C.35)
4
where C' is an integration constant that we can set to zero. Using
LWZ—SQ—QTHV:O (C.36)
2(d—-1) ’ ’
we can observe that near ¢ = ¢
T=0. (C.37)
Since
T = Re 24 ~ Re*r (C.38)
For T'~ 0 and W; = _2(d€1—1), it requires
either R =10, or u — +00. (C.39)
For the latter case, since
AW 5 o0, (C.40)
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this is a UV. We are now going to analyze the case for which R = 0. In this case, we have

the following equation:
d

— W2 -W"?4+2V =0. 41
sV W =0 (C.41)

First, we analyze if there can be any ¢-bounce on an extremum of the potential. We
can pass from the curved case to the flat case by setting S = W’. Therefore we take the
following expansion:

3 5
W'(p) = Ve —¢1 §W1+2W2\/80—<P1+§W3 (p—p1)+-|. (C.42)
Integrating this once we find:
W(p)=Wo+Wi(p— o)™+ Walp—p1)"+ -, (C.43)

where W) is an integration constant. Inserting this into eq. (C.41), and solving order by
order we find:

Vo(1 —d) 1| dWy d>W§
Wo = +2¢ 25—V, = Wy = - | 220 4 16V . (C.44
0 d ) 1 07 2 8|:d—1 62+(d_1)2 (C )

Since W1 = 0, we conclude that there can not be any bouncing solution on an extremum of
the potential. We take

d(d—1) 2(d—1)
_ _ e 4
Vo z Wo 0 (C.45)
Then W5 becomes:
1 Ay
Wy=——(d+/d? 4€2V>:—. C.46
T ( AR 20, (C.46)
Integrating
W=-2d-1)A, ¢=W, (C.47)
we find that to the leading order:
u
Alw) = -+, (C.48)
4
7Aiu
p(u) = o1 +pze 0 (C.49)
For a maximum, Ay > 0, eq. (C.49) implies that u — +oo. In that case, since e — oo, this

corresponds to a UV. On the other hand, for a minimum A, > 0 and A_ < 0. Therefore
for (4) solution we require u — +o00, which again corresponds to a UV. For (—) solution,
A_ < 0, which requires ©u — —oo which corresponds to an IR. We can summarize all these
by the following.

There can not be any p-bounce exactly on an extremum of a potential. A maximum
always corresponds to a UV. A minimum is an IR only for a (=) type flat flow. It can act
as the UV for both curved and flat flow for the (+) type of solution.
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D Bulk equations and boundary transforms in AdS-slicing

In this appendix, we provide some technical details on the calculation of correlators in the
presence of AdS slices, discussed in section 6.

We use a probe scalar field to study the 2-point functions on an AdS,; boundary metric.
Since the coordinate system (6.1) studied in details in appendix A is not singular except
at u — 00, boundary conditions at both infinities are required to solve the equation of
motion (6.19). The equation of motion in question is reproduced here

Qa1 = m2p. (D.1)
The laplacian of AdSy.; is written, using the coordinate system (6.1), as
0441 = 02 + dtanhud, + coshu™ 20y, (D.2)

where [ is the laplacian of AdSy. The scalar ¢ is decomposed into a basis of functions
Y (k@) defined as eigenvectors of [Jy. In the following, we use Poincaré coordinates (6.2) for
the slice AdSy to build these eigenfunctions. Their eigenvalue is parametrized as

DdY(E’V) (Z,f) — [l/2 _ <CH>2] Y(E’l’) (Z, j‘) . (Dg)

The Fourier decomposition in the AdS, basis reads,

-

dk - .
o(u, 2, 7) = / — / day ) (7, §)(u,ia, k) , (D.4)
Rd-1 R

(27)
where v = i and @ are the AdSg-Fourier mode of the field ¢. The equation of motion (D.1)
for ¢ is separable because the laplacian is replaced by the eigenvalue (D.3). Solutions
of (D.1) are then obtained using the separation of variables

G(u, v, k) = F,(w)o(v, k) . (D.5)

The radial part of the equation of motion (D.1) is then given by

d—1\2
F!(u) + dtanh uF! (u) — (coshu) 2 l(ﬁm)Q —2 4 (2) ] F,(u)=0. (D.6)
This is solved using associated Legendre functions. The most general solution is given by a

linear combination of Legendre functions of the first and second kind denoted respectively
by P/ and Q).

F,(u) = Mcoshu) ™2 [Q]_, ,(tanhu) + bP]_, (tanhu)] , (D.7)

—-1/2 v—1/2
where b and A are integration constants and -y is defined by
2

v = (fm)? + dZ . (D.8)
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To implement Dirichlet and Neumann boundary conditions at v = 0, the general solu-
tion (D.7) needs to be written explicitly in terms of the integration constants at u = 0.
This is obtained using formulae 8.6 of [66]. In particular, the Dirichlet condition F,(0) =0
fixes the constant b to the value

- 1
bDlrlchlet _ gtan (;T (l/ _ 5 + 7)) , (Dg)
whereas Neumann condition F/(0) = 0 fixes b to the value
1
bNeumann — _g cot <7; (l/ _ 5 + 7)) . (DlO)

The constant A is fixed by using the asymptotics of Legendre functions at the boundary
U — —00,

E,(u) — Ae'A- 2AT+ e

U——00 e

(bCOS(T(’I/) — ;rsin(ﬂy)> , (D.11)
along with the unit-source boundary condition

F,(u) — =e's-. (D.12)

U—>—00

Using the values for pPirichlet and pNeumann given in (D.10) and (D.11) and the values of A
for each solution using (D.12), one can obtain the particular solution (6.16) which is a sum
of Dirichlet and Neumann solutions. The result is given by

peonformal —g cot . (D.13)
This solution leads to the conformal correlator (6.10). An important remark is that a
solution satisfying (D.13) has a source on the u — —oo boundary, but has zero source on the
opposite boundary u — +o0. Indeed, the asymptotic behaviour of the general solution (D.7)
at u — +o0 is given by
Ay T
F,(u) — = )\e_“A*2T+£) (b sin(my) + ;TCOS(W’)/)) . (D.14)
T

U——+00

This leading term cancels in the conformal case (D.13). Therefore, the conformal solution
corresponds to a solution with zero-source on the opposite boundary.

Next, we rewrite the conformal condition (D.13) as a condition on a brane located at
u =0 (6.21) at which point the scale factor has a minimum. Taking the action for a brane
at uw =0 in (6.12), writing it in momentum space using (D.4), the boundary condition for
@(u = 0,v,k) (the position of the “IR” brane) is given by

Fl(u=0)=pv)F,(u=0). (D.15)

The expression of u(v) is obtained by taking the solution which satisfies (D.13), and
evaluating it (as well as its first derivative with respect to u) at u = 0 using the formulae
8.6 of [66]. The result is given by

wu(v) = 2tan (g (U— ;)) r

This can be is simplified to the form of eq. (6.24) using Euler’s reflection formula.

3L v
1T3t9

1 v (D16)
it5ta

NN

+
+

[SIANENIIN
N2 N2

~ 84 —


https://personal.math.ubc.ca/~cbm/aands/page_334.htm
https://personal.math.ubc.ca/~cbm/aands/page_334.htm

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited. SCOAP? supports

the goals of the International Year of Basic Sciences for Sustainable Development.

References

1]

2]

J.M. Maldacena, The Large N limit of superconformal field theories and supergravity, Adv.
Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200] [INSPIRE].

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [INSPIRE].

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/9802150] [NSPIRE].

O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large N field theories, string
theory and gravity, Phys. Rept. 323 (2000) 183 [hep-th/9905111] INSPIRE].

D.Z. Freedman, S.S. Gubser, K. Pilch and N.P. Warner, Renormalization group flows from
holography supersymmetry and a ¢ theorem, Adv. Theor. Math. Phys. 3 (1999) 363
[hep-th/9904017] [INSPIRE].

J. de Boer, E.P. Verlinde and H.L. Verlinde, On the holographic renormalization group, JHEP
08 (2000) 003 [hep-th/9912012] [INSPIRE].

M. Bianchi, D.Z. Freedman and K. Skenderis, How to go with an RG flow, JHEP 08 (2001)
041 [hep-th/0105276] [INSPIRE].

E. Kiritsis, F. Nitti and L. Silva Pimenta, Ezotic RG Flows from Holography, Fortsch. Phys.
65 (2017) 1600120 [arXiv:1611.05493] INSPIRE].

U. Girsoy, E. Kiritsis, F. Nitti and L. Silva Pimenta, Ezxotic holographic RG flows at finite
temperature, JHEP 10 (2018) 173 [arXiv:1805.01769] [InSPIRE].

F. Nitti, L. Silva Pimenta and D.A. Steer, On multi-field flows in gravity and holography,
JHEP 07 (2018) 022 [arXiv:1711.10969] NSPIRE].

J.K. Ghosh, E. Kiritsis, F. Nitti and L.T. Witkowski, Holographic RG flows on curved
manifolds and quantum phase transitions, JHEP 05 (2018) 034 [arXiv:1711.08462] [INSPIRE].

D. Bak, M. Gutperle and S. Hirano, A Dilatonic deformation of AdSs and its field theory dual,
JHEP 05 (2003) 072 [hep-th/0304129] [INSPIRE].

A .B. Clark, D.Z. Freedman, A. Karch and M. Schnabl, Dual of the Janus solution: An
interface conformal field theory, Phys. Rev. D 71 (2005) 066003 [hep-th/0407073] [INSPIRE].

E. D’Hoker, J. Estes and M. Gutperle, Ten-dimensional supersymmetric Janus solutions, Nucl.
Phys. B 757 (2006) 79 [hep-th/0603012] [INSPIRE].

D. Gaiotto and E. Witten, Janus Configurations, Chern-Simons Couplings, And The
theta-Angle in N = 4 Super Yang-Mills Theory, JHEP 06 (2010) 097 [arXiv:0804.2907]
[INSPIRE].

D. Gaiotto and E. Witten, S-Duality of Boundary Conditions In N = 4 Super Yang-Mills
Theory, Adv. Theor. Math. Phys. 13 (2009) 721 [arXiv:0807.3720] [INSPIRE].

— 85 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1023/A:1026654312961
https://doi.org/10.1023/A:1026654312961
https://arxiv.org/abs/hep-th/9711200
https://inspirehep.net/literature/451647
https://doi.org/10.1016/S0370-2693(98)00377-3
https://arxiv.org/abs/hep-th/9802109
https://inspirehep.net/literature/467202
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://arxiv.org/abs/hep-th/9802150
https://inspirehep.net/literature/467400
https://doi.org/10.1016/S0370-1573(99)00083-6
https://arxiv.org/abs/hep-th/9905111
https://inspirehep.net/literature/499969
https://doi.org/10.4310/ATMP.1999.v3.n2.a7
https://arxiv.org/abs/hep-th/9904017
https://inspirehep.net/literature/497764
https://doi.org/10.1088/1126-6708/2000/08/003
https://doi.org/10.1088/1126-6708/2000/08/003
https://arxiv.org/abs/hep-th/9912012
https://inspirehep.net/literature/511036
https://doi.org/10.1088/1126-6708/2001/08/041
https://doi.org/10.1088/1126-6708/2001/08/041
https://arxiv.org/abs/hep-th/0105276
https://inspirehep.net/literature/557370
https://doi.org/10.1002/prop.201600120
https://doi.org/10.1002/prop.201600120
https://arxiv.org/abs/1611.05493
https://inspirehep.net/literature/1498589
https://doi.org/10.1007/JHEP10(2018)173
https://arxiv.org/abs/1805.01769
https://inspirehep.net/literature/1671830
https://doi.org/10.1007/JHEP07(2018)022
https://arxiv.org/abs/1711.10969
https://inspirehep.net/literature/1639481
https://doi.org/10.1007/JHEP05(2018)034
https://arxiv.org/abs/1711.08462
https://inspirehep.net/literature/1638397
https://doi.org/10.1088/1126-6708/2003/05/072
https://arxiv.org/abs/hep-th/0304129
https://inspirehep.net/literature/617017
https://doi.org/10.1103/PhysRevD.71.066003
https://arxiv.org/abs/hep-th/0407073
https://inspirehep.net/literature/654115
https://doi.org/10.1016/j.nuclphysb.2006.08.017
https://doi.org/10.1016/j.nuclphysb.2006.08.017
https://arxiv.org/abs/hep-th/0603012
https://inspirehep.net/literature/711617
https://doi.org/10.1007/JHEP06(2010)097
https://arxiv.org/abs/0804.2907
https://inspirehep.net/literature/783715
https://doi.org/10.4310/ATMP.2009.v13.n3.a5
https://arxiv.org/abs/0807.3720
https://inspirehep.net/literature/791356

[17]

[18]

[19]

[25]

[26]

[27]

[28]

[34]

E. D’Hoker, J. Estes and M. Gutperle, Ezact half-BPS Type IIB interface solutions. I. Local
solution and supersymmetric Janus, JHEP 06 (2007) 021 [arXiv:0705.0022] InSPIRE].

K. Jensen and A. O’Bannon, Holography, Entanglement Entropy, and Conformal Field
Theories with Boundaries or Defects, Phys. Rev. D 88 (2013) 106006 [arXiv:1309.4523]
[INSPIRE].

I. Arav, K.C.M. Cheung, J.P. Gauntlett, M.M. Roberts and C. Rosen, Spatially modulated and
supersymmetric mass deformations of N =4 SYM, JHEP 11 (2020) 156 [arXiv:2007.15095]
[INSPIRE].

I. Arav, K.C.M. Cheung, J.P. Gauntlett, M.M. Roberts and C. Rosen, A new family of AdSy
S-folds in type IIB string theory, JHEP 05 (2021) 222 [arXiv:2101.07264] [INSPIRE].

A. Karch and L. Randall, Locally localized gravity, JHEP 05 (2001) 008 [hep-th/0011156]
[INSPIRE].

T. Takayanagi, Holographic Dual of BCFT, Phys. Rev. Lett. 107 (2011) 101602
[arXiv:1105.5165] [INSPIRE].

M. Fujita, T. Takayanagi and E. Tonni, Aspects of AdS/BCFT, JHEP 11 (2011) 043
[arXiv:1108.5152] [NSPIRE).

M. Gutperle and J. Samani, Holographic RG-flows and Boundary CFTs, Phys. Rev. D 86
(2012) 106007 [arXiv:1207.7325] [NSPIRE].

J.M. Maldacena and L. Maoz, Wormholes in AdS, JHEP 02 (2004) 053 [hep-th/0401024]
[INSPIRE].

P. Betzios, E. Kiritsis and O. Papadoulaki, Euclidean Wormholes and Holography, JHEP 06
(2019) 042 [arXiv:1903.05658] [INSPIRE].

C.G. Callan Jr. and F. Wilczek, Infrared Behavior At Negative Curvature, Nucl. Phys. B 340
(1990) 366 [INSPIRE].

E. Kiritsis and C. Kounnas, Infrared reqularization of superstring theory and the one loop
calculation of coupling constants, Nucl. Phys. B 442 (1995) 472 [hep-th/9501020] [INSPIRE].

E. Kiritsis and C. Kounnas, Curved four-dimensional space-times as infrared regulator in
superstring theories, Nucl. Phys. B Proc. Suppl. 41 (1995) 331 [hep-th/9410212] [INSPIRE].

O. Aharony, M. Berkooz, D. Tong and S. Yankielowicz, Confinement in Anti-de Sitter Space,
JHEP 02 (2013) 076 [arXiv:1210.5195] [INSPIRE].

E. Witten, Instantons, the Quark Model, and the 1/n Ezpansion, Nucl. Phys. B 149 (1979)
285 [INSPIRE].

G. Veneziano, U(1) Without Instantons, Nucl. Phys. B 159 (1979) 213 [nSPIRE].

E. Witten, Current Algebra Theorems for the U(1) Goldstone Boson, Nucl. Phys. B 156
(1979) 269 [INSPIRE].

E. Vicari and H. Panagopoulos, Theta dependence of SU(N) gauge theories in the presence of
a topological term, Phys. Rept. 470 (2009) 93 [arXiv:0803.1593] [INSPIRE].

O. Aharony, D. Marolf and M. Rangamani, Conformal field theories in anti-de Sitter space,
JHEP 02 (2011) 041 [arXiv:1011.6144] [INSPIRE].

S. Giombi and H. Khanchandani, CFT in AdS and boundary RG flows, JHEP 11 (2020) 118
[arXiv:2007.04955] [NSPIRE].

— 86 —


https://doi.org/10.1088/1126-6708/2007/06/021
https://arxiv.org/abs/0705.0022
https://inspirehep.net/literature/749642
https://doi.org/10.1103/PhysRevD.88.106006
https://arxiv.org/abs/1309.4523
https://inspirehep.net/literature/1254589
https://doi.org/10.1007/JHEP11(2020)156
https://arxiv.org/abs/2007.15095
https://inspirehep.net/literature/1809655
https://doi.org/10.1007/JHEP05(2021)222
https://arxiv.org/abs/2101.07264
https://inspirehep.net/literature/1841880
https://doi.org/10.1088/1126-6708/2001/05/008
https://arxiv.org/abs/hep-th/0011156
https://inspirehep.net/literature/537060
https://doi.org/10.1103/PhysRevLett.107.101602
https://arxiv.org/abs/1105.5165
https://inspirehep.net/literature/901430
https://doi.org/10.1007/JHEP11(2011)043
https://arxiv.org/abs/1108.5152
https://inspirehep.net/literature/925046
https://doi.org/10.1103/PhysRevD.86.106007
https://doi.org/10.1103/PhysRevD.86.106007
https://arxiv.org/abs/1207.7325
https://inspirehep.net/literature/1124369
https://doi.org/10.1088/1126-6708/2004/02/053
https://arxiv.org/abs/hep-th/0401024
https://inspirehep.net/literature/642216
https://doi.org/10.1007/JHEP06(2019)042
https://doi.org/10.1007/JHEP06(2019)042
https://arxiv.org/abs/1903.05658
https://inspirehep.net/literature/1724984
https://doi.org/10.1016/0550-3213(90)90451-I
https://doi.org/10.1016/0550-3213(90)90451-I
https://inspirehep.net/literature/286982
https://doi.org/10.1016/0550-3213(95)00156-M
https://arxiv.org/abs/hep-th/9501020
https://inspirehep.net/literature/382001
https://doi.org/10.1016/0920-5632(95)00441-B
https://arxiv.org/abs/hep-th/9410212
https://inspirehep.net/literature/379246
https://doi.org/10.1007/JHEP02(2013)076
https://arxiv.org/abs/1210.5195
https://inspirehep.net/literature/1191464
https://doi.org/10.1016/0550-3213(79)90243-8
https://doi.org/10.1016/0550-3213(79)90243-8
https://inspirehep.net/literature/132029
https://doi.org/10.1016/0550-3213(79)90332-8
https://inspirehep.net/literature/140953
https://doi.org/10.1016/0550-3213(79)90031-2
https://doi.org/10.1016/0550-3213(79)90031-2
https://inspirehep.net/literature/140486
https://doi.org/10.1016/j.physrep.2008.10.001
https://arxiv.org/abs/0803.1593
https://inspirehep.net/literature/781153
https://doi.org/10.1007/JHEP02(2011)041
https://arxiv.org/abs/1011.6144
https://inspirehep.net/literature/878753
https://doi.org/10.1007/JHEP11(2020)118
https://arxiv.org/abs/2007.04955
https://inspirehep.net/literature/1806057

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[52]

[53]

[54]

P. Simidzija and M. Van Raamsdonk, Holo-ween, JHEP 12 (2020) 028 [arXiv:2006.13943]
[INSPIRE].

T. Jorgensen, Compact 3-manifolds of constant negative curvature fibering over a circle Annals
Math. 106 (1977) 61.

J. Fine and B. Premoselli, Examples of compact Finstein four-manifolds with negative
curvature, arXiv:1802.00608.

E. Witten and S.-T. Yau, Connectedness of the boundary in the AdS/CFT correspondence,
Adv. Theor. Math. Phys. 3 (1999) 1635 [hep-th/9910245] [INSPIRE].

M.T. Anderson, Geometric aspects of the AdS/CFT correspondence, IRMA Lect. Math. Theor.
Phys. 8 (2005) 1 [hep-th/0403087] [INSPIRE].

J.-M. Schlenker and E. Witten, No ensemble averaging below the black hole threshold, JHEP
07 (2022) 143 [arXiv:2202.01372] [INSPIRE].

M. Van Raamsdonk, Cosmology from confinement?, JHEP 03 (2022) 039 [arXiv:2102.05057]
[INSPIRE].

P. Betzios, E. Kiritsis and O. Papadoulaki, Interacting systems and wormholes, JHEP 02
(2022) 126 [arXiv:2110.14655] [INSPIRE].

A. Kitaev, A simple model of quantum holography (part 1), talk at KITP, April 7, 2015,
http://online.kitp.ucsb.edu/online/entangled15/kitaev/.

A. Kitaev, A simple model of quantum holography (part 2), talk at KITP, May 27, 2015,
http://online.kitp.ucsb.edu/online/entangled15/kitaev2/.

J. Maldacena and D. Stanford, Remarks on the Sachdev-Ye-Kitaev model, Phys. Rev. D 94
(2016) 106002 [arXiv:1604.07818] [INSPIRE].

J. Maldacena, D. Stanford and Z. Yang, Conformal symmetry and its breaking in two
dimensional Nearly Anti-de-Sitter space, PTEP 2016 (2016) 12C104 [arXiv:1606.01857]
[INSPIRE].

C. Fefferman and C. Robin Graham, Conformal Invariants, in Elie Cartan et les
Mathématiques d’aujourd’hui — Lyon, 25-29 juin 1984, Astérisque S131 (1985) 95.

I. Arav, K.C.M. Cheung, J.P. Gauntlett, M.M. Roberts and C. Rosen, Superconformal RG
interfaces in holography, JHEP 11 (2020) 168 [arXiv:2007.07891] INSPIRE].

K. Hinterbichler, J. Stokes and M. Trodden, Holographic CFTs on mazimally symmetric
spaces: correlators, integral transforms and applications, Phys. Rev. D 92 (2015) 065025
[arXiv:1505.05513] [INSPIRE].

T. Hertog, B. Truijen and T. Van Riet, Fuclidean azion wormholes have multiple negative
modes, Phys. Rev. Lett. 123 (2019) 081302 [arXiv:1811.12690] [InSPIRE].

D. Marolf and J.E. Santos, AdS Euclidean wormholes, Class. Quant. Grav. 38 (2021) 224002
[arXiv:2101.08875] InSPIRE].

U. Girsoy and E. Kiritsis, Ezploring improved holographic theories for QCD: Part I, JHEP 02
(2008) 032 [arXiv:0707.1324] [INSPIRE].

U. Giirsoy, E. Kiritsis and F. Nitti, Exploring improved holographic theories for QCD: Part II,
JHEP 02 (2008) 019 [arXiv:0707.1349] NSPIRE].

— 87 —


https://doi.org/10.1007/JHEP12(2020)028
https://arxiv.org/abs/2006.13943
https://inspirehep.net/literature/1802859
https://doi.org/10.2307/1971158
https://doi.org/10.2307/1971158
https://arxiv.org/abs/1802.00608
https://doi.org/10.4310/ATMP.1999.v3.n6.a1
https://arxiv.org/abs/hep-th/9910245
https://inspirehep.net/literature/509349
https://arxiv.org/abs/hep-th/0403087
https://inspirehep.net/literature/645870
https://doi.org/10.1007/JHEP07(2022)143
https://doi.org/10.1007/JHEP07(2022)143
https://arxiv.org/abs/2202.01372
https://inspirehep.net/literature/2026876
https://doi.org/10.1007/JHEP03(2022)039
https://arxiv.org/abs/2102.05057
https://inspirehep.net/literature/1845792
https://doi.org/10.1007/JHEP02(2022)126
https://doi.org/10.1007/JHEP02(2022)126
https://arxiv.org/abs/2110.14655
https://inspirehep.net/literature/1954961
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev2/
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1103/PhysRevD.94.106002
https://arxiv.org/abs/1604.07818
https://inspirehep.net/literature/1452588
https://doi.org/10.1093/ptep/ptw124
https://arxiv.org/abs/1606.01857
https://inspirehep.net/literature/1467447
https://doi.org/10.1007/JHEP11(2020)168
https://arxiv.org/abs/2007.07891
https://inspirehep.net/literature/1807495
https://doi.org/10.1103/PhysRevD.92.065025
https://arxiv.org/abs/1505.05513
https://inspirehep.net/literature/1372113
https://doi.org/10.1103/PhysRevLett.123.081302
https://arxiv.org/abs/1811.12690
https://inspirehep.net/literature/1705990
https://doi.org/10.1088/1361-6382/ac2cb7
https://arxiv.org/abs/2101.08875
https://inspirehep.net/literature/1842448
https://doi.org/10.1088/1126-6708/2008/02/032
https://doi.org/10.1088/1126-6708/2008/02/032
https://arxiv.org/abs/0707.1324
https://inspirehep.net/literature/755354
https://doi.org/10.1088/1126-6708/2008/02/019
https://arxiv.org/abs/0707.1349
https://inspirehep.net/literature/755401

[56]

[57]

[58]

[59]

[60]

[61]

E. Kiritsis, Dissecting the string theory dual of QCD, Fortsch. Phys. 57 (2009) 396
[arXiv:0901.1772] [INSPIRE].

Y. Hamada, E. Kiritsis, F. Nitti and L.T. Witkowski, Azion RG flows and the holographic
dynamics of instanton densities, J. Phys. A 52 (2019) 454003 [arXiv:1905.03663] [INSPIRE].

Y. Hamada, E. Kiritsis and F. Nitti, Holographic Theories at Finite 0-Angle, CP-Violation,
Glueball Spectra and Strong-Coupling Instabilities, Fortsch. Phys. 69 (2021) 2000111
[arXiv:2007.13535] [iNSPIRE].

S.B. Giddings and A. Strominger, Azion Induced Topology Change in Quantum Gravity and
String Theory, Nucl. Phys. B 306 (1988) 890 [INSPIRE].

M. Montero and C. Vafa, Cobordism Conjecture, Anomalies, and the String Lamppost
Principle, JHEP 01 (2021) 063 [arXiv:2008.11729] INSPIRE].

J.K. Ghosh, E. Kiritsis, F. Nitti and L.T. Witkowski, Holographic RG flows on curved
manifolds and the F-theorem, JHEP 02 (2019) 055 [arXiv:1810.12318] [INSPIRE].

A. Donos, J.P. Gauntlett, C. Rosen and O. Sosa-Rodriguez, Boomerang RG flows in M-theory
with intermediate scaling, JHEP 07 (2017) 128 [arXiv:1705.03000] INSPIRE].

M. Jarvinen and E. Kiritsis, Holographic Models for QCD in the Veneziano Limit, JHEP 03
(2012) 002 [arXiv:1112.1261] [INSPIRE].

E. Alvarez and R. Santos-Garcia, CF'T in Conformally Flat Spacetimes, Phys. Rev. D 101
(2020) 125009 [arXiv:2001.07957] [INSPIRE].

M. Porrati, Higgs phenomenon for 4-D gravity in anti-de Sitter space, JHEP 04 (2002) 058
[hep-th/0112166] [INSPIRE].

M. Abramowitz and 1. Stegun, Handbook of mathematical functions with formulas, graphs, and
mathematical tables, Applied Mathematic Series 55, U.S. Government printing office (1964).

— 88 —


https://doi.org/10.1002/prop.200900011
https://arxiv.org/abs/0901.1772
https://inspirehep.net/literature/810891
https://doi.org/10.1088/1751-8121/ab4712
https://arxiv.org/abs/1905.03663
https://inspirehep.net/literature/1734036
https://doi.org/10.1002/prop.202000111
https://arxiv.org/abs/2007.13535
https://inspirehep.net/literature/1808858
https://doi.org/10.1016/0550-3213(88)90446-4
https://inspirehep.net/literature/22841
https://doi.org/10.1007/JHEP01(2021)063
https://arxiv.org/abs/2008.11729
https://inspirehep.net/literature/1813631
https://doi.org/10.1007/JHEP02(2019)055
https://arxiv.org/abs/1810.12318
https://inspirehep.net/literature/1701244
https://doi.org/10.1007/JHEP07(2017)128
https://arxiv.org/abs/1705.03000
https://inspirehep.net/literature/1598502
https://doi.org/10.1007/JHEP03(2012)002
https://doi.org/10.1007/JHEP03(2012)002
https://arxiv.org/abs/1112.1261
https://inspirehep.net/literature/1080140
https://doi.org/10.1103/PhysRevD.101.125009
https://doi.org/10.1103/PhysRevD.101.125009
https://arxiv.org/abs/2001.07957
https://inspirehep.net/literature/1776989
https://doi.org/10.1088/1126-6708/2002/04/058
https://arxiv.org/abs/hep-th/0112166
https://inspirehep.net/literature/568694

	Introduction and summary
	QFT(d) on AdS(d)
	Proximity and QFT interfaces
	Wormholes and quantum gravity
	Results
	Pure gravity
	Einstein-dilaton gravity
	Space of solutions
	Single-sided solutions

	Discussion and open problems
	The structure of the paper

	Setup
	The first order formalism
	General features of the solutions
	A classification and characterization of flows between extrema of the potential

	Two-parameter flows
	The space of solutions
	How the QFTs on UV fixed points are related to each other?
	The numerical strategy
	Connecting different fixed points
	The W**(LR)(1,0) solutions

	Connecting one fixed point with itself
	Type W**(LL)(1,1) solutions
	Type-S solutions

	Solutions with extra varphi-bounces
	The W**(LL)(1,2) solutions
	The W**(LR)(1,1) solutions
	Multi-varphi-bounce and multi-A-bounce solutions


	Special flows on the inter-region boundaries
	Crossing from the W**(LR)(1,0) to the W**(LL)(1,1) region
	Walking
	Flow fragmentation and the generation of a new boundary
	Crossing from type W**(LL)(1,1) to type W**(LL)(1,2) region
	Crossing from W**(LR)(1,1) to W**(LR)(1,0) and W**(LL)(1,2) regions
	Corners
	Summary of the results

	Four-parameter solutions
	Pure gravity
	Einstein-Dilaton gravity

	Single-boundary solutions
	AdS-slicing vs. global coordinates
	First order equations
	Solutions near critical points
	Asymptotic solutions near extrema
	varphi-bounces, IR bounces and A-bounces
	No varphi-bounce at an extremum point of a potential

	Bulk equations and boundary transforms in AdS-slicing



