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ABSTRACT

In the anti-de Sitter/conformal field theory correspondence, one often finds claims
along the lines that “spacetime emerges from entanglement.” This paper argues
that behind these general statements hide three distinct emergence claims about,
respectively, metric, gravitational dynamics, and topological connectivity. Thus,
despite being advertised with the same terminology, these results are not about the
same spatiotemporal aspects. They can therefore not just be grouped as evidence
for one unanimous conclusion, though they do point in similar directions. The
paper also investigates whether the three emergence claims satisfy two of the
necessary conditions for emergence: Determination and novelty. The paper argues
that none of the emergence claims satisfies the determination condition: More than
entanglement is needed to furnish the emergence basis. Besides entanglement,
the emergence basis for the bulk metric must include the induced metric on the
boundary. Thus, this claim might not satisfy the novelty condition for emergence
that the emergent should be novel as compared to the emergence basis. Likewise,
the emergence basis for topological connectivity seems to include connectivity
whereby this emergence claim is also questionable. The paper concludes that only
gravitational dynamics is novel compared to the fully furnished emergence basis.
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1 INTRODUCTION

Under the title “Spacetime from Entanglement,” Swingle (2018) reviews recent results from
the anti-de Sitter/conformal field theory (AdS/CFT) correspondence and finds them to
indicate that, “[r]Joughly speaking, entanglement is the fabric of spacetime” (346), referring

to it later as “the emergence of spacetime from entanglement” (356).

The AdS/CFT correspondence states that there is a duality between certain theories defined
on (d + 1)-dimensional asymptotically anti de-Sitter (AdS) spacetimes (known as the bulk)
and certain conformal field theories (CFTs) defined on the d-dimensional, asymptotic
boundary of the dual spacetime (known as the boundary). The central result that relates
spacetime and entanglement is the Hubeny-Rangamani-Takayanagi (HRT) formula (2007),
which states that entanglement on the CFT boundary, as quantified by entanglement entropy,
is proportional to areas in the AdS bulk (see Section 2 for further details). Entanglement on
the CFT side is, in other words, related to a feature of the geometry on the AdS side, and this

serves as an important starting point for Swingle.

Swingle, however, is far from alone in taking the HRT formula to indicate that spacetime
emerges from entanglement. Speaking in terms of “geometry” instead of spacetime, Bao
et al. (2019), whose results will be discussed in some detail later, likewise notice that “[t]he
Ryu-Takayanagi and Hubeny-Rangamani-Takayanagi formulae suggest that bulk geometry
emerges from the entanglement structure of the boundary theory” (1; see Section 2 for

more examples).

The philosophical literature has already questioned whether the AdS/CFT correspondence
displays the kind of metaphysical asymmetry necessary for emergence (Dieks, Dongen,
and Haro 2015; Rickles 2013; Teh 2013). This worry also applies to the specific claim that
spacetime on the AdS side emerges from entanglement on the CFT side (Ney 2021, 88). This
paper will, however, discuss some other aspects of this alleged emergence of spacetime from
entanglement that remain unclear in the recent philosophical discussions of this relation
between spacetime and entanglement in AdS/CFT (see, e.g., Bain 2021; Jaksland 2021; Ney
2021): What spacetime means in this context; whether entanglement alone is sufficient to
furnish an emergence basis for spacetime; and, if not, whether spacetime remains sufficiently

novel compared to the fully furnished emergence basis.

The paper finds that at least three distinct emergence claims are advanced by the statements
in the physics literature that spacetime emerges from entanglement. These are claims about
the emergence of the bulk metric (Section 4), bulk gravitational dynamics (Section 6), and
bulk topological connectivity (Section 7). The point here is not to argue that these ambiguities
are examples of philosophical carelessness in the physics literature. Indeed, the context
typically rather clearly reveals which specific spatiotemporal aspect that the emergence
claim concerns. That claims about the emergence of spacetime from entanglement should

be understood in their context like this is rather a note of caution to those philosophers

and physicists alike who are interested in the big picture consequences of these results.

This echoes the general warning of Jaksland and Salimkhani (2023) that “spacetime” is a
rather ambiguous term and that investigations of the consequences of spacetime emergence
are therefore better conducted in terms of specific spatiotemporal aspects. Indeed, the
present paper shows that, if one begins such an investigation from the widespread claim
that spacetime emerges from entanglement, then one will fail to appreciate that behind
this apparent unanimity hides different emergence claims with rather differing degrees
of plausibility.

Investigating the different emergence claims in their specificity is what facilitates this

assessment of whether these claims satisfy the conditions for emergence. More particularly,
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the focus will be on a determination condition and a novelty condition that Section 3 argues
are necessary for emergence (as this term in used in physics). With respect to determination,

the paper finds that, for the emergence of metric, gravitational dynamics, and for topological

connectivity alike, more than boundary entanglement is needed in the emergence basis.

These emergence claims are a kind of contextual emergence claim, in which some of the
emergence basis is left implicit, what will be denoted “contrasting” emergence claims. That
part of the emergence basis is implicit is particularly important for the claim that the bulk
metric emerges from entanglement. Besides entanglement, the necessary boundary data
here include the boundary metric. Thus, if one by “spacetime” means metric (possibly
plus manifold), then both the (alleged) emergent level and the underlying emergence basis

include spacetime. The “fabric of spacetime,” as Swingle puts it, would then comprise of

both entanglement and another spacetime, albeit one with one fewer extended dimensions.

Section 5 therefore questions whether the novelty condition for emergence is satisfied when
the bulk metric is claimed to emerge from boundary entanglement. By contrast, for the claim
that gravitational dynamics emerges from entanglement, none of the implicit elements of
the emergence basis are problematic from the perspective of novelty, as Section 6 argues. In
the case of the claim that topological connectivity emerges from entanglement, it is less clear
what the additional implicit elements of the emergence basis are and, therefore, unclear
whether novelty is satisfied. Section 7 discusses some reasons, though, to be concerned that

novelty might not be satisfied in this case either.

2 THE HUBENY-RANGAMANI-TAKAYANAGI
(HRT) FORMULA

The AdS/CFT correspondence is a (conjectured) duality in string theory. In being a duality,
it conjectures that two apparently very different physical theories are formally isomorphic in
such away that they agree on all their empirical predictions.! In the AdS/CFT correspondence
(in the form considered here), the two theories are: (AdS side) a theory with an asymptotically
anti-de Sitter metric that couples to matter and is subject to equations of motion,? i.e., a theory
of gravity; and (CFT side) a conformal field theory defined on the asymptotic boundary of
its AdS dual which, for typical choices of boundary conditions, entails that the metric on the
CFT side is static,’ i.e., it is a theory without gravity that has one extended* dimension less
than the AdS side. For the universal covering of global AdS, the CFT side can be defined on
an Einstein static Universe. When the extended dimensions of the AdS side are AdS;, the
CFT can be defined on S! X R. This lends the correspondence to an illustration as a cylinder
(see Figure 1), in which the CFT side is defined on the boundary of the cylinder and the AdS
side is defined on the interior of the cylinder (if remembering that this interior must have

asymptotically AdS metric).

1 See De Haro and Butterfield (2018) for how best to theorize what dualities are.

2 In one concrete example of the correspondence, the AdS side consists of a type IIB string
theory defined on AdSs X S°. In the limit where the string length is much smaller than the
characteristic length scale of the spacetime background and the string coupling is much smaller
than one, the AdS side is well approximated by semi-classical (super)gravity on AdSs.

3 In the concrete example of note 2, the CFT side consists of a N = 4 super Yang-Mills theory
defined on a spacetime conformal to the 4-dimensional asymptotic boundary of AdSs. The limit
where the AdS side is approximated by semi-classical gravity corresponds, on the CFT side, to the
limit where the gauge group goes to infinity and the t’"Hooft coupling is large but finite.

4 That this is one extended dimension less is an important qualification since the AdS side, in
the concrete example of note 2, is defined on a 10-dimensional spacetime, but five of them are
compactified (those of S°).
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Bound{y: aM\I/ Bulk M\II

Tous =BUB

The relation between CFT entanglement and features of the AdS geometry, in the form of the
HRT formula, can then be introduced in this way (following Jaksland 2021; Rangamani and
Takayanagi 2017): Consider a CFT state |¥) whose AdS dual is given by a manifold equipped

with a classical asymptotically AdS metric (and matter fields), for brevity denoted My here.

Let My be the asymptotic boundary of My and let X5y, be a Cauchy surface of IMy, i.e.,
Zsmy defines an instant of time on the boundary whose domain of dependence’ is 0My.°
The CFT degrees of freedom have support on Zyy,,. We therefore have [¥) € Hy, where
‘Hy is the CFT Hilbert space. Defining a spatial subregion, B, of Zgpy,, and its complement B
(see Figure 1), the literature discussed below assumes that this Hilbert space decomposes
into a tensor product of Hilbert spaces associated with the degrees of freedom in B and
B, respectively, i.e., Hy = Hp ® H§.7 A state, |¥) € Hsy, is entangled with respect to
the bipartitioning g ® Hz when |¥) cannot be written as a convex sum of products of
pure states in, respectively, Hg and Hy. This entanglement can be quantified using the
entanglement entropy: Sg = — tr(op log(pp)) with the density matrix pg = trz(|®) ().

On the AdS side, consider first a case in which the symmetries are such that the Cauchy

surface on the boundary, Zgpy,,, can be uniquely extended into the bulk as a constant time

5 The domain of dependence of a surface is the set of all those points, p, on the manifold such
that every inextendable causal curve containing p intersects the surface in question.

6 This construction is possible because the AdS asymptotic boundary is globally hyperbolic
even though the AdS spacetime is not.

7 In relativistic quantum field theories including in CFTs, the Hilbert space cannot, in general,
be decomposed like this into a tensor product of Hilbert spaces of open regions, and traces—like
those used below to evaluate the entanglement entropy—are not well-defined. This is because the
algebras of observables with support in local open regions like B and Bare type III von Neumann
algebras in relativistic quantum field theories (Yngvason 2005). The account of the HRT formula
in terms of Hilbert spaces and traces is, therefore, accompanied by the—sometimes only
implicit—introduction of a UV cutoff at the scale 1/¢, in which case the construction is valid
(assuming that the CFT is sufficiently simple and not, for instance, a gauge theory in which an
analog of the HRT formula requires further setup and is still tentative (Kamal and Penington
2019)). A consequence of this is that the entanglement entropy of a given boundary region depends
on the cutoff and diverges for ¢ — 0 (Casini and Huerta 2022). On the AdS side, the CFT cutoff
corresponds to the introduction of a regulated conformal boundary at z = ¢ in Fefferman-Graham
coordinates. See Taylor and Woodhead (2016) for further details on the renormalization of the
quantities in the HRT formula.
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Figure 1 Illustration of the
AdS/CFT correspondence.
With an AdS metric in the
interior, this is more precisely
an illustration of the
universal covering of global
AdS;3. Illustration is taken
from Jaksland (2021, 9676),
CC BY 4.0.



slice, £pr,,-* Let B be the minimum area codimension-2 surface of £y, that is homologous®
to B such that its asymptotic boundary (or endpoints) separates B from B, i.e. B C iMw and
0B = B n 3B (see Figure 1).!° In the limit where the AdS side is a classical theory of gravity,
which on the CFT side corresponds to the large N limit of the gauge group, the original
Ryu-Takayanagi (2006) formula then states that
.

where Area(B) is the area of B.!!

In cases where there is no unique extension of Zsyy, into the bulk, one must consider the
whole family of non-timelike codimension-1 surfaces whose boundary is Z5yy,,. On each of
these, there will be a codimension-2 surface that satisfies the criteria above (remembering
that it might be the empty set, see note 10). The HRT formula, in its reformulation by Wall
(2014), then states that Eq. (1) still holds for the surface among these, B, with maximum
area.!? Wall appropriately refers to these as “maximin surfaces,” but they will be referred
to below as “extremal surfaces” to match the terminology with that of the literature

under discussion.

The HRT formula is part of the general dictionary that exists between the AdS and CFT
sides, and this particular entry states that entanglement entropies on the CFT side are dual
to particular areas on the AdS side. This shows that there, loosely speaking, is a relation
between facts about the spacetime on the AdS side and the entanglement structure on the
CFT side. Swingle, however, makes a much stronger claim. Reviewing the HRT formula
and some results derived from it, he finds that it “justifies the claim that spacetime arises
from entanglement” (Swingle 2018, 354). Swingle is not alone in expressing the implications
of the HRT formula in these stronger terms. Under the telling title “Spacetime equals
Entanglement,” Nomura et al. (2016, 370) refer to the HRT formula for the claim that
“[r]ecently it has become increasingly clear that quantum entanglement in holographic

descriptions plays an important role in the emergence of the classical spacetime.”** Bao et al.

(2019, 3) even describe it as an “expectation” in the literature “that the bulk should emerge
from the entanglement structure of the boundary state.” Burda, Gregory, and Jain (2019, 1)
likewise find that the HRT formula supports “the idea that the bulk spacetime emerges from
the entanglement structure of the boundary field theory;” Van Raamsdonk (2010a, 2328)

8 More precisely for this to be the case, the CFT state must respect a timelike Killing field of
the boundary geometry (Rangamani and Takayanagi 2017, 46).

9 B must be smoothly retractable to B.

10  Some subtleties arise if there are more distinct surfaces with minimum area. Notice, too, that
when B = ¢ and |¥) is pure, B = 0.

11  When moving beyond the large N limit by including 1/N corrections to Sg, the bulk becomes
semi-classical and the right-hand side of the HRT formula will include a subleading contribution
from bulk entanglement. Apart from the subtleties mentioned in note 25, the literature discussed
below assumes that these corrections vanish. The considered emergence claims are about this
counterfactual situation and the evaluation of these claims will keep that in mind. With that said,
there is no reason to expect that future results that take quantum corrections into consideration
will change the present analysis. Whether there is entanglement, too, on the AdS side seems
irrelevant for whether spacetime on the AdS side might emerge from (some of the) entanglement
on the CFT side.

12 Strictly speaking, the covariant generalization of Eq. (1) by Hubeny, Takayanagi, and
Rangamani (2007) is equivalent to the maximin formalism introduced here if the bulk satisfies the
null curvature condition, Rgpk®k® > 0 for null k% where Ry, is the Ricci tensor, or if an appropriate
stability condition is satisfied (Akers et al. 2020).

13 When Nomura et al. (2016) say that entanglement only “plays an important role,” they do
admit that elements other than entanglement could play a role as well. However, for the emergence
claim to be true, these elements can hardly include another spacetime. More on this in Section 5.
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speculates, based on the HRT formula, “that the intrinsically quantum phenomenon of
entanglement appears to be crucial for the emergence of classical spacetime geometry” (see
also Van Raamsdonk 2020, 198); and the HRT formula is among the results that, according
to Bianchi and Myers (2014, 9), “illustrates the role of quantum entanglement as a key

mechanism underlying the emergence of spacetime geometry.”

3 EMERGENCE

Emergence is, in philosophy, often associated with features that, from the perspective of
an underlying level of reality or description, are completely inexplicable. Such “radical
emergence” is the antithesis of reduction and occurs when “novel laws, properties and
processes come from nowhere” (Bishop 2022). However, Wayne and Arciszewski (2009, 855)
notice that “emergence” is used rather differently in the context of quantum physics.
Here, both philosophers and physicists use the term “emergence” when describing how
“classical physics [...] results from quantum processes, that is, that classical physics is
reductively explainable in terms of quantum theory.” On this usage of “emergence,” the
emergent (classicality) comes from somewhere (quantum processes). It is a kind of (at
least weak) reductive explanation whereby inexplicability is not the characteristic feature of
emergence.* Rather, what makes particular (proposed) reductive explanations of classicality
from quantum processes instances of emergence seems to be that the emergent is novel
compared to the emergence basis. The usage of “emergence” among philosophers and
physicists working on the appearance of classicality in quantum physics is, in other words,
more similar to the understanding of emergence proposed by Butterfield (2011a, 2011b) who
explicitly argues that emergence is compatible with reduction.

Building on Butterfield’s proposal, Crowther (2021, 7285) has explicated the “conception
of emergence” that she finds “is now familiar in the philosophy of physics generally, and
the philosophy of QG [quantum gravity] in particular.” On this conception, emergence is a

relation between an emergent and its emergence basis where the relation is such that

» 3

the emergent “is at once dependent on,” “novel compared to,” and “autonomous from’
the emergence basis (Crowther 2021, 7284, emphasis in original). As already indicated,
emergence-talk is frequent too among physicists working on quantum gravity, but neither
Crowther nor anyone else seems to have analyzed whether the usage of “emergence” among
these physicists generally aligns with the understanding that Crowther finds predominant
among philosophers of quantum gravity. This does raise a methodological problem for a
project like this that ultimately seeks to assess these physicists’ emergence claims: What
understanding of emergence should this assessment be based on? When Crowther’s analysis
is used here, it is for two reasons. First, with the emergence of spacetime in quantum
gravity being a particular example of the “emergence” of classicality from quantum physics,
it seems reasonable to expect that physicists also here use “emergence” for a kind of
reductive explanation, i.e., they could well be using “emergence” in the sense explicated by
Crowther. Second, as Crowther states, her explication of emergence is predominant among
philosophers of quantum gravity. And they are among those assessing the metaphysical
implications of results like these that are presented as showing that spacetime emerges from
entanglement. Crowther’s explication and conditions for emergence are, therefore, prone
to be the basis for these philosophers’ assessment of the metaphysical picture that should
be derived from those results. This leaves it open that the usage of “emergence” among

physicists complies with another internal convention. It is worth noticing, though, that

14  This is also the predominant understanding of “emergence” in nuclear physics (Luu and
Meifiner 2021).
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Crowther’s explication has the advantage of maintaining the distinctiveness of emergence
from reduction and a certain conceptual continuity with other uses of “emergence” through
its emphasis on novelty while being weaker than radical emergence. Thus, one might argue
that also the physicists should abide by Crowther’s explication of emergence, if they do not
already do so.

In the assessment below of the claims from the literature that spacetime emerges from
entanglement, the focus will be on Crowther’s novelty condition and an aspect of the
dependence condition. Thus, the discussion will concern whether certain necessary
conditions for emergence (in Crowther’s sense) are met. However, without an assessment of
autonomy and the full dependence condition, no conclusion can be reached about whether

these claims do, in the end, qualify as emergence claims by Crowther’s standards.

Minimally, to meet the dependence condition, the relation between the emergent and the
emergence basis must be appropriately asymmetric. As already mentioned above and as
Crowther (2021, 7289) points out, this asymmetry condition appears to be in conflict with the
standard setup of the AdS/CFT correspondence and, therefore, in conflict with the claim

of Swingle and others that spacetime emerges from entanglement within this framework.

That it is nonetheless relevant to investigate whether these claims meet some of the other
necessary conditions for emergence is because there might be ways that the mathematics
or metaphysics of the AdS/CFT correspondence could be modified such that it would
satisfy the asymmetry condition, a possibility that Crowther (2021, 7290) explicitly mentions
following work by Haro (2017). Furthermore, Crowther (2022, 399) considers whether
the results of quantum gravity research calls for abandoning the asymmetry condition

for emergence.

The other component of the dependence condition concerns the kind of connection that
must be realized between the emergent and the emergence basis. Not every two sets of
elements that are asymmetrically related as well as novel and autonomous from each other
are instances of emergence. This would make emergence too inclusive. The dependence
condition, Crowther (2022, 386) explains, requires that the emergent is “derivable from [...]
and/or supervenient upon” the emergence basis. Supervenience is a necessary condition for
derivability so Crowther’s “and/or” should be read as requiring that the emergent is at least
supervenient on the emergence basis which agrees with Palacios’ (2022, 40) explication of
this kind of emergence and the view that Crowther (2015, 431) herself expresses elsewhere.>
The connection between the emergent and the emergence basis must, in other words, be such

that there can be no difference in the emergent without a difference in the emergence basis.

Conversely, the emergence basis must uniquely determine the emergent. This necessary
determination condition for emergence is a counterbalance to the novelty condition. The
determination condition ensures that one cannot just remove elements from the emergence
basis until novelty is satisfied, and the novelty condition ensures that one cannot just add
the emergent to the emergence basis to satisfy determination. This dynamic is exactly what
will play out below in the investigation of the claims that spacetime (the emergent) emerges
from entanglement (the emergence basis).

The novelty condition for emergence, Crowther (2021) explicates, is the necessary condition
that the emergent is “qualitatively different from” the emergence basis. If the emergent is

just more of the same of some part of the emergence basis, then the novelty condition is not

satisfied, and the emergent does not stand in the emergence relation to the emergence basis.

Again, it is important to emphasize that this understanding of emergence “does not require

15  Butterfield (2011a, section 5.2.2), who otherwise defends a very similar conception of
emergence, argues that supervenience is not necessary for emergence.
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novelty to be the failure of reduction, deduction, explanation, or derivation” (7285). What it
does require instead, though, is not easily formalized. As Butterfield (2011a, 1088) observes,
novelty “is liable to be fixed contextually, and even to be vague or subjective.”

To illustrate this point and how, in general, the determination condition and the novelty
condition will be used, consider the claim that the mind emerges from the brain. For this
claim, determination might fail if the extended mind hypothesis proves to be true since more
would be needed in the emergence basis—something apart from the brain—to determine the
mind. Novelty, in turn, might fail if panpsychism proves to be true since mind would then, in
some sense, already be present in the emergence basis. The qualification “in some sense” is
illustrative of the fact that the judgment whether the novelty condition is satisfied depends
on an often non-trivial assessment of sameness. If our original claim concerned mind in
the form of human-like consciousness, then this could well be argued to be “qualitatively
different,” as Crowther requires of novelty, from the kind of mind that pervades everything
according to some versions of panpsychism. Accordingly, one might therefore find that the
novelty condition is satisfied after all. Such questions about sameness will likewise occur in

the discussions below.

Crowther’s own assessments of novelty in other cases of (alleged) spacetime emergence can
give some direction for these discussions. One is in the context of the quantum gravity
approach known as causal set theory. Here “spacetime” is proposed to emerge from a
so-called causal set, which is a graph structure that consists of events connected by a
partial order relation.!® About novelty, Crowther (2022, 7292) remarks that “causal sets differ
remarkably from spacetime” and goes on to give the example that lengths and durations are
conjectured to be derivable from the causal set while “there is nothing on the fundamental
level corresponding to lengths and durations” (7292).)” How exactly this assessment is made
remains a little vague: What would length and duration look like in a formal representation
like the causal set? Plausibly, Crowther’s “lengths and durations” is a pedagogical way of
referring to the metric tensor.!® If this is the case, then we can understand the novelty as
involving the determination of this mathematical object from a basis that does not include
such a mathematical object.

4 METRIC FROM ENTANGLEMENT

Emergence is not the only concept that needs explication. As Jaksland and Salimkhani
(2023) have pointed out about discussions of spacetime emergence in general, people already
disagree about what spacetime is in general relativity. This entails that, in discussions like
these about spacetime emergence, it can often be ambiguous if not outright unclear what
these discussions are about when they are had in terms of “spacetime.” Furthermore,
as Jaksland and Salimkhani also point out, it can often be very difficult to make any
progress in such discussions until the “spacetime”-talk is replaced with references to the
specific spatiotemporal aspects one is interested in. Crowther’s discussion about spacetime
emergence in causal set theory is a case in point where the actual assessment required the

identification of a spatiotemporal aspect, the metric, before the emergence claim could be

16 It remains a conjecture that spacetime is, in fact, determined by this structure provided by
causal set theory.

17  For novelty and spacetime emergence in loop quantum gravity, see Crowther (2022, 7292);
same for string theory, see Huggett and Wiithrich (2025, chapter 9).

18  See Jaksland and Linnemann (2024) for a further discussion of the non-trivial relation that
lengths and durations have to the causal set including what length and duration might mean in the
first place.
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assessed. Likewise, consider the question how much of bulk spacetime can be recovered
from entanglement entropies using the HRT formula. This is not immediately a question we
can pose to the formalism. What we can ask is whether the bulk metric, signature, dynamics,

topology, etc. can be recovered from entanglement entropies using the HRT formula.

Among these, the bulk metric is the spatiotemporal aspect that is most immediately
associated with the areas of codimension-2 surfaces that the HRT formula relates to boundary
entanglement entropies. These bulk areas are given by the area functional, which can
be expressed in terms of the bulk metric, 8u»» and an embedding function, X*, from the

codimension-2 surface to the bulk manifold:

i XM 0X”
Area(g,X) = Bd (of det(ﬁ ﬁgw) (2)

where 9,X#9,X”g,,, is the induced metric on the codimension-2 surface. In discussions of
the emergence of spacetime from entanglement in the physics literature, the metric is indeed
often the specific spatiotemporal aspect under discussion. And Ney (2021, 81), in the most
recent philosophical discussion of the HRT formula, also focuses on the metric and frames
the discussion as the question of whether “facts about the AdS metric” or “facts about the
entanglement entropy” are more fundamental. However, one important point of this paper
is that this identification of spacetime with metric (plus manifold) is not unanimous in the
physics literature. Others who discuss their results in terms of the emergence of spacetime
from entanglement are concerned with different spatiotemporal aspects as Section 6 and 7
will show. In this and the next section, however, the focus will be on whether the HRT

formula can warrant the claim that the bulk metric emerges from entanglement.

That it is even a possibility that the HRT formula might support the stronger conclusion that
the bulk metric emerges from entanglement is because there can be many instantiations
of the HRT formula for a given AdS/CFT dual. Thus, many areas on the AdS side can be
related to entanglement entropies in the CFT side whereby we would have many instances
of Eq. (2) with different areas on the left-hand side but the same metric on the right-hand

side. Could this be sufficient to determine that metric?

One immediate worry is that these areas are areas of bulk extremal surfaces that, by
construction, are anchored on a Cauchy surface (an instant time slice) on the boundary and
are spacelike everywhere in the bulk. Thus, what is immediately related to entanglement
entropies via the HRT formula is only something spatial, in this sense, irrespective how many
instances of them one might have. Especially in the context of asymptotically AdS spacetime
this can be an important distinction to make. AdS spacetimes are not in general globally
hyperbolic. There is generally no Cauchy surface in AdS spacetime, i.e., no spacelike surface
that is at most intersected once by any timelike curve and whose domain of dependence is the
whole manifold. This entails that there is no spacelike surface such that the initial data on this
surface together with the dynamics determine the rest of the spacetime. The Cauchy problem
is not well-posed in spacetimes that are not globally hyperbolic. This raises the concern that
the HRT formula cannot be used to recover the full spacetime from entanglement irrespective
of how many spatial facts one can recover from it.

In the context of AdS/CFT, however, this problem goes away. The Cauchy problem is well-
posed in AdS spacetime if appropriate boundary conditions are imposed at the full timelike
boundary at spatial infinity (which in Figure 1 is the entire exterior of the cylinder) (Bantilan,
Figueras, and Rossi 2021). And fixing these boundary conditions is necessary for the setup
of the AdS/CFT correspondence. Most evidently, with Dirichlet boundary conditions, which
is the most typical in AdS/CFT (Hubeny 2015, footnote 48), one of the boundary conditions
necessary for a well-posed Cauchy problem includes a choice of induced metric on the
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boundary, and this induced metric also serves as as the metric for the spacetime on which
the CFT is defined (Marolf, Kelly, and Fischetti 2014).2 Thus, the CFT remains ill-defined
without such a choice of boundary conditions, and different choices of boundary conditions
(including the type of boundary conditions) correspond to different versions of AdS/CFT.
That the AdS/CFT correspondence requires that the Cauchy problem is well-posed in the
bulk is, of course, hardly surprising because the CFT side, to be a consistent quantum field
theory, must admit a Cauchy evolution (using unitary evolution of the CFT state). So, to
preserve the duality, the same must be the case on the AdS side, and the Cauchy problem
must therefore be well-posed also in the bulk.® Assuming AdS/CFT, we can, in other words,
be hopeful that the full bulk spacetime can be recovered using the HRT formula despite
all its extremal surfaces being spacelike. We can be hopeful that the areas of the extremal
surfaces that the HRT formula relates to CFT entanglement entropies uniquely determine
the metric in the AdS bulk.

Whether this can be brought to fruition is precisely the problem that Bao et al. (2019; 2021) try
to answer, as detailed below, and the way they frame this problem is very illustrative of
the point of this paper. There are, Bao et al. (2019, 3) explain, two questions one might
ask: “which CFT states correspond to a dual bulk geometry, and how does this geometry
emerge from boundary degrees of freedom? Here we endeavor to answer this second
question: how, precisely, does the bulk spacetime arise from the boundary?” (3). The HRT
formula is the clue for how to answer because, as they state earlier, “[t]he Ryu-Takayanagi
and Hubeny-Rangamani-Takayanagi formulae suggest that bulk geometry emerges from
the entanglement structure of the boundary theory.” More precisely, the HRT formula
relates entanglement entropies to the areas of boundary-anchored bulk extremal surfaces
“so the HRT formula [...] naturally leads to a purely geometric question: do the areas
of extremal surfaces anchored to the boundary of a manifold uniquely determine its
geometry” (4). And while this “problem of determining a bulk metric from the areas of all
possible boundary-anchored extremal surfaces is very overconstrained, and the holography
community often implicitly assumes that such a result must be true” (4), actually showing it

is true is challenging.

Before turning to why this is challenging, notice the two terminological shifts that occur
here. What is initially framed in terms of “spacetime” and “geometry” turns out to be a
question about the bulk metric, as will become even clearer below. Second, questions about
how spacetime might “emerge” or “arise” from the boundary transform into a question about
determining the bulk metric. This is a rather strong indication that Bao et al. (2019) do not
see a contradiction in terms between emergence and determination and that they are rather

endorsing determination as a necessary condition for emergence.

About the question Bao et al. (2019) are raising, one might expect that writing up instances
of the area functional, Eq. (2), for all the possible values of areas of boundary-anchored
extremal surfaces would determine the metric. However, proceeding like this is not easy.
First, from the entanglement entropies, S, only the areas of the extremal surfaces, but

19  For a bulk scalar field, ¢, Dirichlet boundary conditions imply the typical constraint of

AdS/CFT that¢ = z4/2= &/a+m? near the boundary at z = 0 (in Poincaré AdS coordinates) (Minces
and Rivelles 2000). For further details on how reflective Dirichlet boundary conditions allow for a
well-posed Cauchy problem, see Bantilan, Figueras, and Rossi (2021). See Compére and Marolf
(2008) for how to do AdS/CFT with von Neumann and mixed boundary conditions that actually
allow the metric to be a dynamical field on the CFT side.

20  Notice that this still entails that causality requirements in the bulk can be much weaker than
global hyperbolicity. While closed timelike curves are ruled out, bulk spacetimes can be arbitrarily
close to having closed timelike curves and still have a sensible CFT dual (Hubeny, Rangamani, and
Ross 2005).
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not the surfaces themselves, are known via the HRT formula. Thus, besides the metric,
the surface being integrated over, B, and therefore also the embedding function, X9, are
unknown and, importantly, vary for every instance of Eq. (2). What we do know from the
construction of the HRT formula is that the embedding is such that it extremizes Eq. (2) given
the (unknown) metric, 8> and that this resulting extremal surface, B, must be anchored
to B at the boundary. But when starting from the area functional, these conditions must be
imposed separately. Furthermore, determining the metric is complicated because, in Eq. (2),

the known area is obtained from integrating over the metric.

Therefore, Bao et al. (2019; 2021), who offer the hitherto most detailed proof that the
bulk metric is uniquely determined by boundary data, take an approach in which the
metric is solved for in the Jacobi equation. The Jacobi equation is a generalization of the
geodesic deviation equation. Remember from general relativity that geodesics are extremal
1-dimensional surfaces, i.e., curves that are (local) extrema of the length functional. One
can consider a continuous one-parameter family of closely spaced geodesics. The partial
derivative of the geodesic (at each point along it) with respect to this parameter gives the
so-called deviation vector, a vector from each point along that geodesic to points along the
geodesic infinitesimally close to it. The geodesic deviation equation relates this deviation
vector—more precisely its components normal to the geodesic—to the metric via the

Riemann tensor. The equation can be interpreted as capturing how a geodesic varies in

response to small variations of its boundary conditions (Engelhardt and Fischetti 2019, 6-7).

Intuitively, this must depend on the metric because the metric determines what curves are
(local) extrema of the length functional, i.e., geodesics, and, therefore in particular, which
of the curves with a given set of boundary conditions that is a geodesic. How a geodesic
varies when its boundary conditions are varied must therefore depend on the metric (here
via the Riemann tensor). For the same reasons, however, knowing how geodesics vary
in response to changes in the boundary conditions can be used to extract information

about the metric.

Similarly, B is an extremum of the area functional, and we can form a one-parameter family
of such closely spaced, boundary-anchored, extremal codimension-2 surfaces. For this family,
one can likewise define deviation vectors that point from one of these codimension-2 surfaces
to the one that is infinitesimally close. These deviation vectors must also satisfy certain
conditions that depend on the metric and these are captured by the Jacobi equation. More
precisely, the Jacobi equation relates the normal components of the deviation vector of a
continuous family of extremal surfaces to the induced metric and extrinsic curvature of those
surfaces, to the metric, and to the Riemann tensor. In compact form, the Jacobi equation
states that the Jacobi operator, which can be expressed in terms of the aforementioned
elements, acting on the deviation vectors vanishes. Again, the interpretation of the equation
is that it captures how the extremal surface must vary in response to small variations of
its boundary conditions. Thus, the Jacobi operator encodes the facts about the metric that
determine, for a given extremal surface, what extremal surface is infinitesimally close to it
as captured by its deviation vector.

Aswas the case for the area functional, the problem is again that neither the extremal surfaces
nor the bulk metric is known. However, from the HRT formula, we know the area of both the
perturbed and unperturbed extremal surface. Using this information, Bao et al. (2019; 2021)
succeed in solving this partial differential equation for the metric (which is very non-trivial),
and the way they ultimately summarize the results seems promising for the proposal that the
metric emerges from entanglement: “we conclude that the bulk metric in R [the spacetime
neighborhood of B] is fixed by boundary entanglement entropies” (Bao et al. 2021, 3). This
is their answer to the question they, as already quoted, variously state as “how, precisely,
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does the bulk spacetime arise from the boundary” and “how does this geometry emerge
from boundary degrees of freedom.” In the philosophical literature, this conclusion is taken
up by Ney who, with direct reference to Bao et al. (2019), also reports—without going into
the details of the derivation or the interpretation of its conclusions—*“that entanglement
entropies on the boundary are sufficient to uniquely fix the metric (up to diffeomorphisms)
everywhere in the neighborhood of the extremal surfaces” (Ney 2021, 84).2!

Looking closer at the derivation, however, more elements from the boundary go into the
determination of the bulk metric, as Bao et al. (2019, 6; 2021, 3) readily recognize. Besides
the entanglement entropies, the necessary boundary data include the induced manifold,
induced metric, and induced extrinsic curvature on the boundary as well as the embedding
of B into the boundary manifold. This is not too surprising, considering that the Jacobi
equation governs how the extremal surfaces vary in response to perturbations of their
boundary conditions, i.e., how &B relates to §B. To have any hope of determining the
metric with the Jacobi equations, we must at least know what the boundary conditions
are and what boundary conditions are associated with what extremal surfaces, where
the latter also serves to ensure that, instead of the HRT formula just giving us a list of
areas corresponding to CFT entanglement entropies, the list is labeled with the boundary
conditions of the unknown surface that each area belongs to. Knowing this amounts to
knowing B and 6B, which amounts to knowing the embedding from these to the boundary
manifold and knowing the boundary induced metric. Furthermore, we must know the
embedding from this intrinsic geometry to the bulk geometry, which is what is captured by the

extrinsic curvature.

5 DETERMINATION AND NOVELTY

Bao et al. ask “how, precisely, does the bulk spacetime arise from the boundary,” notice that
there is “the expectation that the bulk should emerge from the entanglement structure
of the boundary state,” and give as an answer “that the bulk metric in R is fixed by
boundary entanglement entropies.” Spacetime (meaning the metric) emerges from boundary
entanglement entropies, or so they seem to suggest. However, that the boundary data needed
to determine the bulk metric include more than entanglement entropies immediately raises
concerns about whether the determination condition is satisfied. The emergent, in this case,
is the bulk metric, and the emergence basis is claimed to be entanglement (entropies). And
while the entanglement entropies are part of the boundary data necessary to determine
the bulk metric, this boundary data also include several other elements. The emergence
basis, to comply with the determination condition, should therefore include these additional
elements as well. To satisfy the determination condition, the proposal must be that the
bulk metric emerges from the induced metric and intrinsic curvature on the boundary
as well as the entanglement entropies for known boundary regions. Since Bao et al. are
rather clear that this other boundary data are necessary to determine the bulk metric,
it is arguably rather puzzling why they, in their conclusion, nevertheless only mention
entanglement entropies. The explanation cannot be that they do not intend this to be
an emergence claim because fixing or determining the metric would entail precisely the
same requirement. However, the likely explanation for this omission is not philosophical

carelessness either.

21  AsNey (2021) also notices, this result only determines the bulk metric locally in the
neighborhood of every possible extremal surface. Thus, if there are regions of bulk spacetime that
are not reached by such surfaces, then the metric of those regions will not be determined by
boundary data. It remains an open question, therefore, whether the full bulk metric is determined
by boundary data, but we will not discuss this problem further here.
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Compare the claim that spacetime emerges from or is determined by entanglement to
saying that the thermodynamic property temperature emerges from or is determined by the
average kinetic energy in statistical mechanics.?? Here, the determination condition likewise
appears not to be satisfied. As Bishop and Atmanspacher (2006) point out, the concept
of temperature only makes sense under the assumption of thermodynamic equilibrium
(besides even further assumptions). To satisfy the determination condition, these additional
assumptions must be added to the emergence basis. Nevertheless, there is arguably still a
sense in which it would be correct to say that temperature emerges from or is determined
by average kinetic energy. The purpose might be to differentiate the view of Maxwell from
that of, for instance, Herapath who, in work on the kinetic theory of gas from the 1820s,
proposed that temperature is determined by the average momentum (Truesdell 1975). Such

a contrasting emergence claim is made in a context where certain elements of the emergence

basis, the thermodynamic equilibrium in this particular case, are implied by the context.

For contrasting emergence claims, the determination condition can be implicitly satisfied,
in the sense that once these implicit elements of the emergence basis are included, the
determination condition is explicitly satisfied.

As argued below, all the various statements that suggest that spacetime emerges from
entanglement in the quantum gravity literature should charitably be understood as
contrasting emergence claims. In the case of Bao et al., their whole derivation takes place in
the context of the AdS/CFT correspondence. Here, the boundary manifold and the induced
metric on the boundary must be assumed already when defining the quantum field theory
on the CFT side since these serve as the background spacetime of the CFT and serve to define
the necessary boundary conditions for the AdS side. Many bulk metrics will be compatible
with these boundary conditions, and their CFT duals will therefore all be defined on the same
spacetime background. What Bao et al. show is that the entanglement entropies associated
with boundary regions like B are the only additional elements one needs to know about
the CFT side to determine the bulk metric (in the region R). Entanglement entropy is the
state-specific element on the CFT side that must be added to the generic setup of AdS/CFT to
determine the metric in the regions foliated by boundary-anchored extremal surfaces. Given
this contrast class, entanglement is the element of the emergence basis worth highlighting
just like average kinetic energy in the thermodynamic context. That the emergence basis
contains more than entanglement is made more explicit in some of the other quotation
from Section 2. They contained the qualifications that entanglement “plays an important
role” (Nomura et al. 2016, 370), that it “appears to be crucial” (Van Raamsdonk 2010a,
2328), and that it is “a key mechanism” (Bianchi and Myers 2014, 9) for the emergence of
spacetime, which can be read as signaling that these are contrasting emergence claims in
which entanglement is merely emphasized because it, given the context, is what is worth

highlighting from the emergence basis.

While the claims in the literature that spacetime emerges from entanglement can thereby
be seen as satisfying the determination condition once they are interpreted as contrasting

emergence claims, leaving some of the emergence basis implicit is not without consequence.

In the case in which one, by “spacetime”, means metric, one of the implicit elements of
the emergence basis is another metric. The contrasting emergence claim obscures that a

metric, in the form of the bulk metric, is claimed to emerge from an emergence basis that

22 The relation between temperature and average kinetic energy is often considered a
paradigmatic example of reduction, so some might object that their relation cannot be that of
emergence. Again, however, “emergence” is here used in the sense typical in physics and
philosophy of physics where emergence is compatible with reduction. Indeed, Crowther
(2022, 389) uses temperature to illustrate this understanding of “emergence”.
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includes another metric, namely the induced metric on the boundary. This must make us
question whether the emergent (the bulk metric) is sufficiently qualitatively different from
this emergence basis as required by the novelty condition because the emergence basis, too,
includes a metric. After all, the emergent and the emergence basis now contains the same
kind of mathematical object.

As was the case for human-like consciousness and the kind of mind that pervades everything
according to panpsychism, one might object that the bulk metric and the induced metric
can still be qualitatively different. In the case of Bao et al. (2019; 2021), the bulk metric
is the metric of a 4-dimensional manifold while the induced metric is the metric of a 3-
dimensional manifold. The bulk metric couples to matter and is subject to equations of
motion (the Einstein Field Equations) whereas this is not the case for the induced metric
(more on this in Section 6).2* One might think that the bulk metric and the induced metric
are, at least, the same on the boundary, but even this is not the case. The induced metric
on the boundary, which serves as the background for the CFT, can be expressed in terms of
the bulk metric, but this expression will also depend on the embedding from the boundary
to the bulk manifold. This, in turn, entails that the induced metric on the boundary does
not even determine the bulk metric at the boundary. Only the induced metric together
with the area variations do so (Bao et al. 2019, appendix B). Thus, there is a sense in which
the whole bulk metric (and not just that away from the boundary) is different from the
induced metric on the boundary. Whether this difference is sufficient to satisfy novelty is
perhaps, as Butterfield says, ultimately “vague or subjective.” What is interesting, though, is
that this is not the only case in quantum gravity in which the question arises whether the
determination of one metric from another can satisfy novelty and, therefore, be a candidate
instance of emergence. In the broader context of superstring theory, for instance, one can
find the suggestion that phenomenal spacetime emerges from target space, which implies
that a 4-dimensional metric emerges from a 10-dimensional metric (though Huggett and
Wiithrich (2025) and Matsubara and Johansson (2018) warn against the realism with respect
to target space that this implies).

Though interesting, the question whether the determination of one metric from another can
qualify as emergence will be set aside here. Because, irrespective of whether the emergence
claim of Bao et al. might be vindicated like this, for the question of whether spacetime, in
the meaning metric, emerges from entanglement, it is arguably an important difference
whether spacetime, in this sense, emerges from entanglement or whether it emerges from
entanglement and another spacetime. From the perspective of metaphysics, the former but
not the latter raises questions about empirical coherence, about certain forms of naturalism
(Le Bihan 2018), and about the fate of spacetime-based metaphysical frameworks such as
Humeanism (Matarese 2019; Wiithrich 2020) and (spatiotemporal) mereology (Baron 2020).
The lesson, in other words, is that metaphysicians must be cautious of scientists’ use of
contrasting emergence claims. Contrasting emergence claims can conceal that the novelty
condition is not satisfied, i.e., that the emergent and an element of the emergence basis are
not sufficiently qualitatively different. Contrasting emergence claims can therefore come
across as more remarkable than they actually are. In particular, the contrasting emergence
claim that spacetime, in the meaning metric, emerges from entanglement conceals that a
metric features in both the emergent and the emergence basis. What the results show are
not that a metric can be determined from some pre-metrical entanglement structure, as one
could be lead to think. Rather, the results show how the bulk data contained in the bulk
metric are encoded on the boundary, and this data are distributed between several elements

23 Assuming Dirichlet boundary conditions.
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including boundary entanglement but also the induced metric on the boundary, i.e., this Jaksland
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bulk geometric data are also partly encoded in boundary geometric data. This seems far from DOL: 10.31389/219

any alleged disappearance or non-fundamentality of spacetime one might glance from how
these results are presented.

6 GRAVITATIONAL DYNAMICS FROM
ENTANGLEMENT

Bao et al. (2019; 2021) rather clearly intend their remarks about the emergence of spacetime
and geometry to concern the bulk metric. When Burda, Gregory, and Jain (2019, 1), as
quoted above, propose that “spacetime emerges from the entanglement structure of the
boundary field theory,” the context also clearly indicates that “spacetime” here means metric.
Others who discuss the emergence of spacetime from entanglement are less explicit about
what they mean by “spacetime” and “geometry,” but this can still typically be inferred
from the context. By “spacetime,” Nomura et al. (2016), for instance, seem to mean a triple
consisting of a classical metric, a manifold, and quantum fields, though they never mention
the words “metric” or “manifold.” What is interesting and important for those interested in
the philosophical implications of these results is that, while what is meant by “spacetime”
can typically be gleaned from the context, “spacetime” is not always just another word for
the metric. Swingle, still writing under the title “Spacetime from Entanglement,” reviews
a result developed in Lashkari, McDermott, and Van Raamsdonk (2014), Faulkner et al.
(2014), and Swingle and Van Raamsdonk (2014) and finds that it “further justifies the claim
that spacetime arises from entanglement” (Swingle 2018, 354). What is interesting is that
Faulkner et al. (2014) themselves describe the result as utilizing “a quantitative connection
between CFT entanglement and the dual spacetime geometry?* [...] to understand the
emergence of spacetime dynamics (i.e. gravity) from the CFT physics” (2, emphasis added).
The result, as described in more detail below, is not concerned with determining the bulk
metric from entanglement. Rather, it investigates what constraint the bulk (linearized)
Einstein equations translates to on the CFT side, and the finding is that this is a constraint
on entanglement entropy.

One might argue that discussions of gravitational or “spacetime dynamics” are also still
ultimately about the metric. After all, a metric is what solves the Einstein equations (when
an energy-momentum tensor is given). Thus, when the Einstein equations in the bulk
correspond to a constraint on entanglement entropy on the CFT side, this could be taken
for another result that shows how entanglement determines the bulk metric in support of
the claim that the metric emerges from entanglement. This would, however, be too quick as
evidenced by the results that Swingle reviews. For any given metric, one can split it into a
background metric and a perturbation term. The linearized Einstein equations then describe
the first order perturbation of the Einstein equations only in terms of the perturbation term.
These equations, in other words, describe the dynamically admissible metric perturbations
away from the background metric to leading order. If the background metric is asymptotically
AdS, then the linearized Einstein equations are equivalent to imposing everywhere in the
bulk a local constraint on the relation between the area variation of boundary-anchored
codimension-2 surfaces and the variation of their linearized holographic stress-energy
tensor where the latter can be expressed as an integral over the asymptotic boundary of
the same codimensions-2 surface. The codimension-2 surfaces can be chosen such that
they are extremal, and their area is thereby dual, via the HRT formula, to the entanglement

24 This “quantitative connection” is the HRT formula.



entropy of the CFT region corresponding to the asymptotic boundary of the codimension-2
surface. The linearized holographic stress-energy is in turn dual to what is known as the
“hyperbolic energy” of the same CFT region (Lashkari, McDermott, and Van Raamsdonk
2014, 2), which can be expressed as an integral of the CFT energy density operator over that
CFT region. Requiring that the entanglement entropy variation is equal to the variation in
hyperbolic energy for all such CFT regions thus proves to be equivalent to imposing the
linearized Einstein equations in the bulk (Faulkner et al. 2014; Lashkari, McDermott, and
Van Raamsdonk 2014; Swingle and Van Raamsdonk 2014).° This CFT constraint is known
as the first law of entanglement entropy, and the CFT states that satisfy this dynamical
constraint have an AdS dual that satisfy the corresponding linearized Einstein equations
(see Jaksland and Linnemann 2020, for a non-technical review of this result and a discussion

of some of its other philosophical implications).2®

For present purposes, what is worth noticing about this result is that the background metric
must be given. The result is not determining the bulk metric from boundary data. Rather, it
shows that if the bulk metric is assumed to be AdS, then it is a constraint on entanglement
entropy that ensures that the Einstein equations are satisfied in the bulk. This result is, in
other words, an answer to the puzzle of how there can be gravity in the form of a metric
coupled to matter on the AdS side when there is no gravity on the CFT side. The answer
is, at least to leading order perturbations away from an asymptically AdS metric, that the
gravitational dynamics is encoded in the entanglement structure on the CFT side such that
a particular constraint on the entanglement dynamics captures the dynamics otherwise
encoded in the linearized Einstein equations. Spacetime, in the form of a metric, is present
at both the AdS side and the CFT side, but it is only dynamical on the AdS side.?”’

‘What Swingle discusses in terms of how “spacetime arises from entanglement” concerns
the emergence of gravitational dynamics from entanglement and not the emergence of the
metric. That there are such instances where claims about spacetime emergence are about
the emergence of gravitational dynamics is, however, not surprising because, as Linnemann
and Visser (2018, 5) notice, “[i]n the current GR [general relativity] era ‘gravity’ is often used
synonymously with ‘spacetime’.” Van Raamsdonk (2017) formulates himself more precisely
when, based on the same results, he proposes that “gravitational dynamics can be seen to
emerge directly from the physics of entanglement.” This emergence claim seems to fare
better than the claim that the metric emerges from entanglement (if we still disregard the
asymmetry needed for emergence). Where Section 5 questioned whether novelty was satisfied
for metric emergence because both the emergent and emergence basis (once fully furnished)
include a metric, gravitational dynamics is not included in the emergence basis implied by
the result recounted above. Gravitational dynamics or the coupling of the metric to matter
through a dynamical equation is precisely what is absent on the CFT side, which instead

encodes this dynamics in the dynamics of the entanglement structure. Section 4 speculated

25 Notice that the derivation in all three references is run in the reverse, i.e., from the CFT
constraint to the the linearized Einstein equations and that only the source-free linearized Einstein
equations are obtained from the HRT formula of Eq. 1. The linearized Einstein equations coupled
to matter can be obtained by including quantum corrections to the HRT formula (Swingle and Van
Raamsdonk 2014).

26  Faulkner et al. (2017) have extended this result to second order perturbations, but this is of
no consequence for the conceptual point made here.

27  This echoes the distinction of Linnemann and Visser (2018) who, in the general context of
emergent gravity, remark that there is a difference between “the emergence of both the metric field
and its dynamics (rather than just the dynamics)” (2). They do not, however, go into details about
why they draw this distinction. The discussion here, however, is a way of cashing out this
difference that is relevant too for emergent gravity in general.
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that this difference could also be counted towards satisfying the novelty condition for metric
emergence. After all, it is an important difference between the bulk and boundary metric.
However, because we have the option to state this difference in terms of “the emergence
of gravitational dynamics,” it seems unnecessarily imprecise to state it in terms of “the
emergence of the metric” since the latter statement could be misinterpreted as entailing
the complete absence of a metric on the CFT side. Insisting on the distinction between
the emergence of gravitational dynamics and the emergence of the metric has, at least, the
communicative purpose of distinguishing two emergence claims relating to the metric where

that about gravitational dynamics more clearly satisfies the novelty condition.

What is novel, though, is not dynamics in itself. The AdS side and CFT side are descriptions
of the same physics. Even though the dynamics is captured by different dynamical equations
on each side, the dynamics could even be argued to be, in some sense, the same. What is
novel is gravitational dynamics, dynamics realized by a particular kind of ontological model
that involves the coupling of metric to matter. One might, though, take the debate over the
equivalence of general relativity and teleparallel gravity (Weatherall and Meskhidze 2025)
and that over the difference between modified gravity and dark matter models (Martens and
Lehmkuhl 2020) as indications that distinguishing kinds of dynamics by the ontological
model that realize them might be questioned. Thus, it is with this caveat that gravitational

dynamics on the AdS side is here judged to be novel compared to the CFT side.

The determination condition, i.e., that the emergence basis determines the emergent, is not
satisfied in this case, either, even though Van Raamsdonk (2017), for instance, indicates
that the emergence basis only contains “the physics of entanglement.” In the result that
demonstrates the relation between gravitational dynamics and entanglement dynamics,
more elements on the CFT side besides entanglement are still needed to determine the how

the bulk metric couples to matter, one of these additional elements being a CFT energy.

Thus, van Raamsdonk’s claim that gravitational dynamics emerges from entanglement only
satisfies the determination condition if it is interpreted as a contrasting emergence claim in

which some of the emergence basis is left implicit.

7 CONNECTIVITY FROM ENTANGLEMENT

When Van Raamsdonk (2010a, 2328) in another paper concludes “that the intrinsically
quantum phenomenon of entanglement appears to be crucial for the emergence of classical
spacetime geometry,” the findings, however, neither concern gravitational dynamics nor
the determination of the bulk metric. In the investigation leading up to this conclusion,
van Raamsdonk considers a CFT defined on a particular manifold, A = R X SU-1 with
Hilbert space H 4 and a copy of this system, i.e., another CFT defined on the distinct but
identical manifold, B, with the identical Hilbert space ‘H . The composite system, in other
words, is defined on the manifold X = A L B (where U is the disjoint union), and states of
the composite system, [¥), are in H,4 ® Hp. One of the states of the composite system is
the product state of two identical energy eigenstates |¥p) = |[Ef') ® |EE). The AdS dual of
|Wp), My, consists of two copies of the AdS dual of |E{*) = |EE): “the product state is dual
to the disconnected pair of spacetimes” (2324). Things change, however, if the composite
CFT state is instead a thermofield double state,

|¥r) = \/_ 2 e FERIER) ® [EF). ©)
This is a non-separable state, i.e., the two subsystems are entangled. While these subsystems

are still defined on distinct manifolds, the thermofield double state, Van Raamsdonk
(20104, 2324) observes, “corresponds to the (connected) eternal AdS black hole” (see Figure 2
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for its Penrose diagram). Based on this, Van Raamsdonk (2010a, 2325) argues that, “In this
example, classical connectivity arises by entangling the degrees of freedom in the two [CFT]
components.” Thus, when van Raamsdonk, as quoted above, summarizes this and related

» &

results as involving the “emergence of classical spacetime geometry,” “spacetime” here seems

to mean “classical connectivity.”

Py P

What van Raamsdonk means by “classical connectivity” is also somewhat ambiguous,
and he never states this more precisely. From the above discussion, the most immediate
understanding of “connectivity” is the topological property of connectedness. This is a
property of topological spaces, such as manifolds, that, loosely, captures whether the space is
one whole or consists of multiple distinct topological spaces. Formally, a topological space is
disconnected if it is the disjoint union of two non-empty, disjoint open subsets. For manifolds,
but not for topological spaces in general, connectedness is equivalent to path-connectedness.
A topological space, Y, is path-connected if, for every two points x, y € Y, there is a continuous
path between the two points through that space, i.e., if there is a continuous function, f,
from the unit interval to Y such that f(0) = x and f(1) = y. Arguably, path-connectedness
aligns better with the notion that van Raamsdonk has in mind.

Evidently, on the CFT side, there is no such path from a point in A to a point in B. X—the
manifold on which the CFT is defined and the asymptotic boundary of the AdS dual—is
therefore path-disconnected and, by implication, topologically disconnected. The same holds
for the AdS dual of the non-entangled, product state [¥p). The AdS eternal black hole, which
is the dual of the entangled, thermofield double state, [¥7), is, by contrast, path-connected.
There is a continuous path between every two points of its manifold. Thus, van Raamsdonk’s
claim seems, more precisely, to be that, for a CFT on X, bulk topological (path-)connectivity
emerges from entanglement. He does indicate, though, that the scope of the conclusion is
not limited to a CFT on X when he summarizes the results as showing that “the emergence
of classically connected spacetimes is intimately related to the quantum entanglement of
degrees of freedom in a non-perturbative description of quantum gravity” (Van Raamsdonk

2010a, 2323), in which the “non-perturbative description” is the CFT description.?

28  The argument uses the HRT formula to monitor what happens to the area of the extremal
codimension-2 surface that separates the two asymptotic boundaries in the eternal black hole
when entanglement is removed between the two CFT components. When entanglement is
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Figure 2 Penrose diagram of
the eternal black hole. The
regions I and II lie outside

(r > n,) the black hole (region
IV). Region III is a white hole.
At each point, there is an
implicit d — 1 dimensional
sphere that scales as r4-1.
Adapted from Jaksland

(2018, 4).
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In a companion piece, van Raamsdonk makes more precise what he means by “intimately
related to” when he “conclude([s] that entanglement is necessary for a bulk picture in which
the two regions of spacetime are connected” (Van Raamsdonk 2010b, 15, emphasis added).
The two regions that van Raamsdonk is referring to here are those separated by a boundary-
anchored, extremal codimension-2 surface through the bulk. More precisely, the proposal
is that there must be entanglement on the CFT side between the regions separated by the
endpoints of that extremal surface for the two corresponding bulk regions to be connected.
Because “connected” is here a relation between two regions, van Raamsdonk cannot mean
the global property of being (path-)connected. Rather, what he means by “connected” must
be that, for every two points, one on each side of the extremal surface, there is a path
through the bulk between those two points. However, if both regions are themselves path-
connected, then this does entail that the whole manifold is path-connected. Thus, we can
still understand it in terms of the global topological property of path-connectedness when
van Raamsdonk proposes that entanglement is necessary for “the emergence of classically

connected spacetimes.”?

Assessing this emergence claim promises to be especially clean because the emergence
claim only concerns the presence and absence of entanglement rather than the details of
the entanglement structure, as was the case for the emergence of metric and gravitational
dynamics. Again, the question is whether the emergence claim satisfies the determination
and novelty conditions. In the general case, van Raamsdonk already states that entanglement
is only necessary for the emergence of bulk connectivity, i.e., more elements are needed
to determine that the bulk is (path-)connected. Indeed, when van Raamsdonk writes that
“entanglement appears to be crucial for the emergence of classical spacetime geometry,” it
might be interpreted as a clear signal that this is a contrasting emergence claim. Entanglement
is not the only element in the emergence basis, but it is “crucial,” by which he might mean

that entanglement is the element of the emergence basis that is worth singling out.*

For a CFT on X, however, van Raamsdonk says that connectivity “arises” from entanglement
between the degrees of freedom in A and B, which might suggest that entanglement, in this
case, is the only element in the emergence basis. However, also in this case, the determination
condition is not satisfied. Because the parameter {3 in the thermofield double state is inversely
proportional to the temperature of the black hole and an AdS black hole has a finite smallest
temperature, the black hole will cease to exist for large but finite 8. For large but finite 3, the
AdS dual is instead two copies of thermal AdS (Chen 2019, 848), i.e., a (path-)disconnected
spacetime. However, for all finite 8, [¥7) remains an entangled state. Thus, the degrees of
freedom in A and B can be entangled while the dual spacetime is disconnected. Even for a CFT
defined on X = A U B, entanglement can at most be a necessary condition for connectivity.
Also here, more elements than entanglement must be included in the emergence basis to

satisfy the determination condition.

removed, this area goes to zero, which Van Raamsdonk (2010a, 2326) takes as evidence for the AdS
manifold becoming disconnected. For more on this argument, see Jaksland (2018) and Bain (2021).

29  Inthe companion piece, van Raamsdonk also states the narrower conclusion for a CFT on X
in these slightly different terms: “If product states correspond to completely disconnected
spacetimes, it follows that any spacetime in which the two asymptotic regions are connected must
be described by an entangled state” (Van Raamsdonk 2010b, 13). By talking about how the “the two
asymptotic regions are connected,” van Raamsdonk must here mean that there exists a path in the
topological sense between the two regions through the spacetime. The existence of such a path is a
question that can be asked with respect to two given subsets of a topological space whereas
topological connectivity is a global property of the topological space.

30  Bain (2021, section 3) elaborates on this point by showing that boundary entanglement
underdetermines the bulk topology.
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What extra elements to include in the emergence basis remains, however, unanswered
for both a CFT on X and in the general case. Something can still be said about the
novelty condition by considering the full CFT side, which must be sufficient to determine
connectivity, though not all of it might be necessary. In the case of a CFT defined on the (path-
)disconnected manifold, X, in the state [¥7), there is a rather clear difference in properties
between the emergent AdS side and the CFT side that contains the emergence basis. The
AdS side is (path-)connected whereas the CFT side is not. Thus, (path-)connectivity is a new
property of the emergent topological space that is not shared by the topological space of the
emergence basis. In one sense, though, there is already much connectivity on the CFT side.
After all, both A and B are (path-)connected topological spaces. The global property of being
path-disconnected is a logical compound property that consists of a conjunction of instances
of the relation of there being a path between two non-empty subsets of a topological space.
On the CFT side, there are numerous instances of such paths. There just happens not to
be any such paths between subsets of A and subsets of B. In other words, only the global
logical compound property is new compared to the emergence basis whereas instances
of the component relation of this logical compound property are already present in the

emergence basis.

One might argue that the requirement of qualitative difference in the novelty condition
precisely seeks to rule out that trivially complex properties such as logical compound
properties can be considered emergent. Under this assumption, the novelty condition is not
satisfied for emergent path-connectedness if the existence of a path between two subsets
is part of the CFT emergence basis.>! And this will be the case unless the AdS side can be
path-connected even when no paths exist between any subsets on the CFT side, i.e., in a case
where the CFT side is totally path-disconnected. To my knowledge, the literature contains
no such result, though, and further investigation here is beyond the scope of this paper.
What can be said, therefore, is that more than entanglement is needed on the CFT side to
determine topological path-connectivity on the AdS side, and it remains unclear whether

novelty is satisfied by the fully furnished emergence basis.

8 CONCLUSION

The AdS/CFT literature contains numerous variants of the claim that spacetime emerges
from entanglement. This paper has shown that behind these generalizing statements
hide three distinct claims about the emergence of different spatiotemporal aspects
from entanglement: metric, gravitational dynamics, and topological connectivity. This
disambiguation is not meant to suggest that this is a cause for any confusion where physicists,
for instance, mistakenly rely on results pertaining to the bulk metric to make derivations
about gravitational dynamics. Rather, that there are three distinct claims being made with
the same words is of consequence to those physicists and philosophers alike who draw
the big picture implications of these individual results. Despite being advertised with the
same terminology, these results are not about the same spatiotemporal aspects and they can
therefore not just be grouped as evidence for one unanimous conclusion, though they, of

course, point in similar directions.

Furthermore, this paper has shown that more than entanglement is necessary in the
emergence basis for all of the three distinct emergence claims. In the terminology adopted

here, all of them should be understood as contrasting emergence claims in which some

31  One cannot avoid this problem by refocusing the emergence claim on path-disconnectedness
because entanglement is not necessary for path-disconnectedness. Disconnectedness does not
supervene on entanglement in violation of the determination condition.
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of the emergence basis is left implicit. For the claim that gravitational dynamics emerges Jaksland 21
Philosophy of Physics

from entanglement, this is of little consequence. For the claim that the metric emerges from DOL: 10.31389/219

entanglement, however, explicating the implicit elements of the emergence basis reveals that
it already contains a metric. Thus, this claim might not satisfy the condition for emergence
that the emergent should be novel as compared to the emergence basis. If, by spacetime,
we mean metric (plus manifold), then spacetime is present on both the AdS and CFT side.
For the claim that connectivity emerges from entanglement, it remains unknown how to
complete the emergence basis, but if this emergence basis includes paths between subsets, it

was argued that this emergence claim might not satisfy novelty either.

This paper can, in other words, be seen as giving three warnings to those who are interested in
the philosophical or big picture implications of the spacetime from entanglement hypothesis:
(a) “Spacetime” is used to refer to different spatiotemporal aspects in different contexts;
(b) The emergence claims should, at least in all the cases studied here, be understood
as contrasting emergence claims which leaves parts of the emergence basis implicit; (c)
The implicit emergence basis might include elements that are not sufficiently qualitatively
different from the emergent to actually qualify as possible instances of emergence.
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