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Abstract

This paper introduces the physics and philosophy of strange metals, which are char-
acterized by unusual electrical and thermal properties that deviate from conventional
metallic behaviour. The anomalous strange-metal behaviour discussed here appears
in the normal state of a copper-oxide high-temperature superconductor, and it can-
not be described using standard condensed-matter physics. Currently, it can only be
described through a holographic dual, viz. a four-dimensional black hole in anti-de
Sitter spacetime. This paper first introduces the theory of, and specific experiments
carried out on, strange metals. Then it discusses a number of philosophical questions
that strange metals open up regarding the experimental evidence for holography and
its realist interpretation. Strange metals invert the explanatory arrows, in that usual
holographic arguments are seen as giving explanations of the bulk quantum-gravity
theory from the boundary. By contrast, the aim here is, by using holography, to
explain the experimentally discovered and anomalous properties of strange metals.

Keywords Holography - Strange metals - Condensed-matter physics -
Emergence - Explanation - Scientific realism

1 Introduction

Condensed-matter physics has proven to be an important and rich avenue for advances
in experimental and theoretical physics. An important class of systems studied in
condensed-matter physics are strange metals. Although strange metals have been
studied experimentally for several decades, their only known theoretical description
is through a version of holography in AdS-CFT, called “semi-holography”. In short,
semi-holography is a hybrid version of holography where a weakly-coupled field—

We dedicate this paper to the memory of Umut Giirsoy, who tragically passed away on 24 April 2025,
during the last stages of the paper’s completion.
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here, a fundamental fermion—is coupled to a strongly-coupled composite operator in
a CFT that has a holographic dual. (For a more detailed description, see Section 2.2.)

This connection between condensed-matter physics and AdS-CFT is interesting
for a variety of reasons. As a theory of quantum gravity, AdS-CFT would itself bene-
fit from the empirical support and precise testing that one envisages could come from
strange metals. Likewise, the philosophical study of holography could advance by
going beyond its string-theoretic realizations and, through experimentation, establish
contact with the real world in a true “experimental philosophy”, akin to what we have
seen for quantum-information theory. Philosophy can bring clarity to issues that are
important for both experimentalists and theorists, like the emergence and explanatory
value of the strange-metal phase of a material. For these reasons, it is natural to say
that strange metals and their holographic description lie at the interface of theory,
experiment and philosophy.

Because of this close intertwining between theory, experiment and philosophy in
a set of mutual dependency relations, where the current limitations of each approach
can, to some extent, be mitigated or, at least, eased by the virtues of the two others,
we will argue that strange metals are a privileged locus for doing natural philosophy.
In this paper, we aim to initiate such a bootstrapping approach to strange metals
and their holography. Thus, after reviewing the basic theoretical and experimental
features of holographic strange metals, we highlight a number of philosophical ques-
tions that they raise and some avenues for how to resolve them.

In short, a strange metal is a metal whose behaviour is not described by the stan-
dard Fermi-liquid theory that is used to explain the phenomenology of most known
metals. One important class of strange metals that we will focus on in this paper is the
cuprates, or copper-oxide superconducting materials that contain layers of copper and
oxygen atoms. They are high-temperature superconductors, and the strange-metal
phase is the phase above the critical temperature, where the superconductivity is lost.

The anomalous behaviour of a strange metal includes the linear temperature depen-
dence of the resistivity, which for the optimal doping level (with the highest super-
conducting critical temperature) spans from just above the critical temperature up
to the material’s melting point. Thus, in contrast to normal metals, no quadratic(72)
dependence of the resistivity on the temperature is seen at low temperatures, as well
as no saturation in the resistivity at high temperatures. Other anomalous features
include a momentum-dependence of the exponent describing the power-law behav-
iour of the self-energy of the electrons, observed using precision angle-resolved pho-
toemission spectroscopy (ARPES) experiments, which are a sophisticated version of
the photoelectric effect.

From the point of view of physics, strange metals are interesting both because
of these unexplained anomalous behaviours and because it is believed that under-
standing the strange-metal phase of a material is crucial for understanding high-tem-
perature superconductivity. Moreover, modelling strange metals using holographic
and semi-holographic tools prompts interesting questions about the conceptual role
of semi-holography in this kind of theoretical and experimental work: in particular,
whether its use is explanatory in a substantive sense, or whether it is a mere compu-
tational device, and whether the gravitational dual to a strange metal can be said to
emerge.
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Furthermore, holographic strange metals raise the intriguing possibility that these
experiments might provide concrete experimental evidence for the physical signifi-
cance of a holographic description. This means that the experiments could provide
evidence for the behaviour of a physical system whose modelling depends crucially
(perhaps even essentially) on a holographic description.

Such claims about the role of semi-holography in experimental confirmation invite
careful conceptual investigation, which we begin in this paper to undertake. As a start-
ing point for the “bootstrapping” we discussed above, we have chosen four philo-
sophical topics, and we address the corresponding questions: emergence, explanation,
scientific realism and the distinction between semi-holography and holography. Emer-
gence has received significant attention both in the physics and philosophy literature on
dualities, and holography in particular: thus we can adapt that analysis to cast light on
strange metals. Does the strange-metal phase emerge, or does the black-hole descrip-
tion emerge from the strange metal? Explanation and scientific realism allow us to
explore the possibility of using evidence from holographic strange metals to support
holography: Does holography provide explanations for strange metals? And, given the
available evidence, should a scientific realist be committed to the holographic features
of strange metals? Finally, the distinction between semi-holography and holography
is a foundational question for holographic strange metals, since it aims to clarify the
conceptual framework behind the application of holography to strange metals.

By engaging with the experiments, the theory and the philosophy of strange metals
and semi-holography, we aim to set the stage for a fruitful discussion and to give philoso-
phers of physics and philosophically-minded physicists the tools to explore the founda-
tions of holographic strange metals.! We take philosophy of physics to be central to this
endeavour, because the questions that we are facing combine technical and conceptual
aspects: answering them requires both careful attention to the technical detail of the phys-
ical description of strange metals, and conceptual rigour in understanding these models.

This paper is structured as follows: Section 2 gives an overview of the basic theo-
retical underpinnings of holographic strange metals and reviews the experimental
evidence for them. Section 3 discusses the philosophical issues that they raise and
how to approach them. Section 4 concludes.

2 Theory and Experiment

This Section introduces the theoretical and experimental aspects of strange metals.
Section 2.1 first discusses the difficulties of describing strange metal within the con-
ventional framework of condensed-matter physics. Section 2.2 introduces the idea of
“semi-holography” as a variation of AdS-CFT, and Section 2.3 discusses semi-holog-
raphy as an alternative framework where strange metals can be modelled success-
fully. Finally, Section 2.4 reviews the current status of strange-metal experiments.

!'Note that there is a rich philosophical literature on dualities, and holography in particular. Relevant works
are: [13, 14, 18, 20, 31, 33, 38, 41]. However, most of this literature does not discuss the question of the
empirical evidence for holography. To the best of our knowledge, the only paper that directly addresses
this topic is [12], which focusses on cases that are very different from the one we discuss in this paper.
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2.1 Condensed-Matter Physics

The study of metals has played a major role in condensed-matter physics, leading ulti-
mately to the “Standard Theory of Metals” that is based on the famous Fermi-liquid
theory of Landau and explains the phenomenology of many known metals. However,
nowadays we still find “strange” metals that elude our understanding and require the
development of new physical theories. To understand the reasons behind their name
we have to define what we mean by “normal” metals. In a simplified picture, a metal
consists of a lattice of fixed atoms with conduction electrons that are loosely bound
to these atoms and can readily hop from one lattice site to the nearest neighbour (or
next-nearest neighbour, etc.). Importantly, these electrons are fermions subject to the
Pauli principle that states that there cannot be two electrons in the same quantum state.
Due to this restriction and neglecting interactions, the electrons thus form a liquid
with quantum states filled up to a Fermi surface, and the low-energy excitations cor-
respond to adding a particle to or removing a particle from the Fermi sea just above or
just below the Fermi surface. The crucial insight of Landau, made in the context of a
different system of fermions, namely liquid *He, was that the interactions between the
electrons, irrespective of the strength of the interactions at the lattice (ultraviolet) scale,
often still allow for a low-energy (infrared) description in terms of fermionic particles
and holes, although they are not the original particles of the non-interacting theory.
Indeed, these emergent particle-like excitations have different effective properties than
electrons of the standard model of particle physics, possessing for example a different
mass and magnetic moment, and are consequently referred to as quasiparticles. The
resulting Fermi-liquid framework then provides a weakly interacting picture to study
the physical properties of metals, even when the interactions between the electrons are
moderately strong. This led to an understanding of many metallic properties such as,
for instance, the specific heat, the magnetic susceptibility, and the T2 dependence of
the resistivity at low temperatures 7. Building on Fermi-liquid theory, the Bardeen-
Cooper-Schrieffer (BCS) theory of superconductivity then explains why common met-
als become superconductors when cooled sufficiently close to absolute zero.

Strange metals as the normal state phase from which high-T, superconductors
are born. In 1986, an experiment on a copper-oxide compound brought to light the
phenomenon of high-temperature superconductivity, sparking a new experimental
and theoretical interest in this class of materials referred to as the “cuprates”. As the
precise mechanism causing their high superconducting critical temperatures is still
unclear, there is hope for the possibility of achieving even room-temperature super-
conductivity, which makes this problem of particular practical appeal. The strange
metal of interest to us here is the normal, i.e. non-superconducting, phase of these
high-T,. superconductors and it is an example of a non-Fermi-liquid metal, showing a
very different behaviour compared to that of normal metals that fall under Landau’s
successful Fermi-liquid framework. Perhaps the most famously strange property of
this phase is the anomalous behaviour of the resistivity, which is exactly linear in 7
from the lowest temperatures reached just above the critical temperature for super-
conductivity to the highest possible temperatures before the material melts. This lin-
ear resistivity is a universal feature of all strange metals. For this reason we focus our
paper on the study of holographic models dual to field theories which deliver such
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a linear behaviour, although there are other anomalous features that characterize the
strange-metal phase in the cuprates, such as the doping and temperature dependence
of the Hall number and the Hall angle.

2.2 Semi-Holography and AdS-CFT

The AdS-CFT correspondence gives a concrete realization of the holographic princi-
ple relating field theory to gravity in one higher dimension (for short, we will simply
speak about “holography”). Holography is regarded as a standard tool for model-
ling strongly correlated quantum systems, not only in high-energy [4] but also in
condensed-matter physics (see [28, 46] for reviews). Briefly, the correspondence—in
the form that will be relevant for us here—relates Einstein’s theory of gravity in the
bulk of a d + 1-dimensional? spacetime with a black hole at the centre, see Fig. 1,
to a strongly coupled, non-gravitational theory of a quantum thermal state on the
d-dimensional boundary of this spacetime [24, 32, 43].3 It maps the collective trans-
port— denoted by the current J at the black point in Fig. 1 [26] — to fluctuations near
the horizon — at the white point — through propagation of a bulk wave A4 toward
the black hole. Universal properties of horizon geometry then lead to constraints on
transport, see e.g. [30, 37].

The original formulation of holography maps the computation of the correlation
function of composite operators such as the current J in Fig. 1 on the boundary to the
dynamics of a corresponding bulk field 4 in the bulk. However, this original formu-
lation does not allow for the calculation of single-particle correlation functions. For
instance the single-electron Green’s function G(w, k) with w and k denoting the fre-
quency and momentum respectively, is a fundamental observable, directly measured
by angle-resolved photoemission spectroscopy (ARPES) experiments (see Section
2.4), that cannot be obtained using the original formulation of the correspondence. A
fundamental difference between correlation functions of single-particle and compos-
ite operators is that the former satisfies the so-called “sum-rule”, i.e. the integral over
frequency of the imaginary part of G(w, k) is unity, while the latter does not [27].

Semi-holography was first introduced in [22] to remedy this situation. The idea
here is to couple a canonical field x to a composite operator O in the strongly coupled
quantum theory - which is usually taken to be a conformal field theory (CFT) - by
introducing a coupling proportional to gxOT in the action, where g is a coupling con-
stant. In addition, one assumes that the elementary field x has a standard kinetic term.
This allows for two separate channels for propagation of x on the boundary quantum
theory: (i) it can propagate via the standard kinetic term which leads to the standard
Green’s function of the “would-be” free x field Giree(w, k) , or (ii) it can turn into O
which propagates through the CFT correlator (OTO) and turns back into . Clearly,
the second channel can repeat multiple times and summing over all number of repeti-
tions produce a Green’s function of the form G (w, k) = 1/[Giree(w, k) + |g|2(OTO)].
In this way one obtains the standard form of the Green’s function for an interacting
field y with the self-energy term given by X (w, k) = |g|2(OTO)). One maps only this

2There may be additional “internal” dimensions in the bulk.

3For a review of gauge-gravity dualities oriented towards a philosophical audience, see [19].
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A Y
Black’

hole ,

Fig. 1 Sketch of the holographic correspondence, from [26]

self-energy part, X, holographically to the bulk gravity theory. That is, one computes
Y by considering propagation of a bulk field ¥ dual to the operator O in the black-
hole background, hence the name semi-holography. One can therefore view the two
aforementioned modes of propagation of the x field as (i) on the boundary and (ii) in
the bulk with the vertex representing coupling of x with the operator O; see Fig. 2.
As we will discuss in more detail in the next section, because of this hybrid con-
struction semi-holography cannot, as such, be viewed as holography. However, as was
first understood in [27], and as we review below, this undesired feature can be side-
stepped by realizing that the same conclusion can be achieved within a holographic
framework, by allowing for alternative boundary conditions for the bulk fields. To
illustrate this, consider the standard holographic dictionary in which we view the
boundary value of the bulk field ¥ as the source for the corresponding boundary oper-
ator O. Now instead of considering x as an additional elementary field on the bound-
ary, we can identify it with the source of the operator O, hence x = lim,_,o ¥ where
the boundary is located at z = 0.* It turns out, see [27] and [9], that one can define
the variational problem of the bulk action in a way that is consistent with the addition
of an arbitrary boundary action that depends on this source x which we can choose to
be the kinetic term for x. This makes the source x dynamical. Therefore, instead of
fixing it, we take the path integral over this dynamical source. This then, immediately
leads to the same Green’s function G(w,k) = 1/[Gee(w, k) + |g|>(OTO)]. This
corresponds to an alternative quantization of the AdS bulk theory, where - instead of

4For technical reasons one usually takes this at a finite but small value.
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Fig. 2 Two channels of propagation for the boundary elementary field x
in semi-holography: on the boundary, and through the bulk

% (k)

X (k)

.

fixing the boundary value of the bulk field ¥ - one integrates over it, fixing instead
another source which is the Legendre conjugate of x. In this way, we can subsume
semi-holography into a holographic framework with an alternative choice of bound-
ary conditions: we reduce semi-holography to holography.

2.3 Semi-Holography and Strange Metals

In the context of bottom-up model building, the question arises regarding the ingre-
dients requiredfor a semi-holographic description of strange metals. As the strange-
metal phase occupies a large area in the doping and temperature-dependent phase
diagram of the cuprates, its thermodynamics is described by a chemical potential p
and a temperature 7. Using the holographic dictionary, the spacetime background of
the Dirac equation requires that the theory of gravity is coupled to electromagnetism,
i.e. the Einstein-Maxwell theory.’As we discuss below, the resulting theory has one
important feature in common with strange metals, but nevertheless it is not an appro-
priate theory for a strange metal. This is because a defining property of the strange
metal is its linear temperature dependence of the resistivity. To be able to reproduce
this we need the black-hole entropy to also be linear in temperature. Physically this
can be qualitatively understood from the fact that in holography the viscosity of the
dual quantum field theory is proportional to the entropy density, and since the resis-
tivity is proportional to the viscosity we need a black-hole entropy proportional to 7.
The black-hole background in Einstein-Maxwell theory is well known, and is known
as the Reissner-Nordstrom solution. Its entropy is not linear in the temperature, and
in fact it is non-zero at zero temperature, which implies that this solution is unstable
and a phase transition will occur at low temperatures to another black-hole solution.

5The argument is as follows: boundary temperature corresponds holographically to black hole tempera-

ture, and a chemical potential for a conserved U(1) charge on the boundary corresponds to a bulk U(1)
gauge field. The minimal, two-derivative effective bulk theory that contains these two ingredients is the
Einstein-Maxwell gravity theory.
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To remedy this situation, we add an additional scalar field to the model, which
results in the Einstein-Maxwell-Dilaton theory. A class of black-hole solutions
exists in this theory, which are characterized by a dynamical critical exponent z and
a hyperscaling violating exponent 6. The black-hole entropy is then linear in the
temperature if the condition 6/z = —1 is satisfied. This will reproduce the linear-in-
T resistivity of the strange metal as we have seen. However, there is one more piece
of experimental information that needs to be incorporated for an appropriate model
of a strange metal. Angle-resolved photoemission spectroscopy (ARPES) measure-
ments of strange-metal cuprates [39] along the so-called nodal k-space direction
(along the tetragonal Brillouin diagonal) have shown that the imaginary part of

the electron self-energy very accurately conforms to the “power-law-liquid” result

Y (w, E) o w?®, where o is doping dependent. Crucially, these recent ARPES data
[39] have also shown that « is also k-dependent: a(k) = o[l — (k — kr)/kr]. At
optimal doping (maximal superconducting critical temperature), « = 1/2 and then
the observed frequency and temperature dependence of the imaginary part of the
self-energy is - bar the k-dependence - equal to that of the famous marginal Fermi
liquid. Consequently, at the Fermi energy, the power-law exponent o becomes
momentum independent and obeys power-law scaling with a critical exponent that
depends on the strange metal’s doping level. This fully conforms to the picture of
the physics of the strange metal being governed by a quantum-critical phase, in
contrast to a quantum-critical point, which, as we will argue next, makes it ideal to
model with holography.

To incorporate this last piece of experimental information while having the
electron self-energy dominated by its frequency dependence, we consider the
limit z — oo, in which case semi-holography will give a self-energy of the form

B (w, k) oc w(—w?)"*~1/2 with the momentum dependence only entering via the
exponent vi. It should be noted that the Reissner-Nordstrom black hole also leads
to a self-energy of this form with the dynamical exponent z = oo, but unfortunately
without having a linear-in-7 resistivity. Within the Einstein-Maxwell-Dilaton theory,
all requirements to correctly model a strange metal can be fulfilled by considering the
simultaneous limits § — —oo and z — oo, with §/z = —1. In this context, the Gub-
ser-Rocha model plays a special role as it gives a fully analytic black-hole solution

exactly valid in this combination of limits, leading to 1. = 2qfvp|k| /1, where vp is
the Fermi velocity [25]. Note here especially the proportionality of the exponent v
to the dimensionless charge of the Dirac fermion ¢, which makes it ideal to describe
the strange metal as a critical phase by simply making ¢ doping dependent such that

v = a|k|/kp, with hkp the momentum of the Fermi surface [34].

2.4 The ARPES Experiments
In this Section, we discuss how the self-energy of the electrons in strange metals can

be probed experimentally. In the context of this paper, it is of particular interest to use
experiments to check whether or not the self-energy displays the expected frequency
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dependence that is computed via holographic methods. However, we do mention
here that the experimentalist team behind [39] first observed the tell-tale signs of the
k-dependence of the self-energy in the ARPES data without prior knowledge of the
holographic predictions.

The experimental tool providing access to the (w, T') dependence of the self-energy
is Angle-Resolved Photoelectron Spectroscopy (ARPES).® This technique employs
the photoelectric effect to measure the properties of the electrons in a strange metal.
A clean surface of the sample under investigation is exposed to a photon beam of
sufficient energy, and electron emission from the surface follows on absorption of a
photon. The resulting photoelectrons are analyzed using a spectrometer that tracks
both their emission angle 6 with respect to the sample normal and their kinetic energy
Fiin. From these quantities, the energy and wave vector k of the electrons in the
occupied part of the band structure can be extracted.

An illustration of an ARPES experiment is shown in Fig. 3. Photoelectrons are
emitted from the sample (grey disk) after photon absorption. An electrostatic lens
system then sorts these photoelectron into beams with respect to their 6 values, deliv-
ering them at a slit that forms the entrance to the energy analysis part of the experi-
ment. The hemispherical energy analyzer then disperses the photoelectrons in the
direction perpendicular to the entrance slit, such that a 2D image of photoelectron
signal vs. 6 and F\;, is formed on the detector. Kinematic and energy conservation
considerations enable straightforward conversion of this 6 and Ey;, information to
the number of photoelectrons versus binding energy (or £ — Er) and the k, , wave
vectors relevant for quasi-2D electronic states such as those of the cuprate strange
metals investigated, for example, in [39].

The next step is to relate these practically measurable quantities to the microscopic
properties of the underlying material. We define the current of photoelectrons emitted
from the sample as I (k, w), with momentum k and frequency w, and this depends on
three main factors as follows:

I(k,w) = Ih(k,v)Ak,w) f(w). (1)

The last term, f(w), is the Fermi-Dirac distribution. The first term, Iy (k, v/), is pro-
portional to the square of the magnitude of the one-electron matrix element that links
the initial and final states: |M; f|?. This involves k, the photon energy v, and is sensi-
tive both to details of the experiment such as the choice of photon energy, intensity
and polarization of the light, geometry of the experiment, as well as to microscopic
quantities such as the identity of the atomic orbitals from which the band structure
is built up.

It is the ability of ARPES to provide access to a measurable signal proportional to
the second factor in (1), A(k, w) - known as the single-particle spectral function - that
places it centre-stage, as this yields direct information on the dispersion relation and
the lifetime of the electronic states of even a strongly interacting electron system such
as the strange-metal cuprates. Note that A(k,w) f(w) is precisely equal to the initial

For a recent review of ARPES methods, see [47].
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Fig. 3 Schematic of the workings of an electron energy Hemispherical analyzer

analyzer in an ARPES experiment P ~ Photoelectron

\\ trajectories
-

Kinetic Energy K

Energy

Momentum

energy-momentum distribution of the electrons to which the probability to emit an
electron from the material by a photon should clearly be proportional.

An important property of the spectral function, and one that makes it especially
relevant to the semi-holographic modelling of strange metals, is that it can be written
in terms of the self-energy 3(k, w) of the electron, in the following way:

| (k) ,
Tlo—a/h— (ke + ] )

Ak, w) = —

where ¢y is the initial energy of the electron, ¥’(k,w) is the real part of the self-
energy, and X"’ (w, k) is the imaginary part. Hence, X (k,w) = ¥'(k,w) + X" (k, w).

By expressing the spectral function in terms of the self-energy ¥ (k, w), we now
see how we can connect the holographic modelling of strange metals to experimental
data. In particular, by conducting ARPES experiments, we come to know about the
spectral function of a metal, and hence about its self-energy. At the same time, we
know that we can compute the self-energy, and its real and imaginary parts, from
semi-holographic considerations, in particular by relating it to the Green function
G(w, k) for the boundary field x, as we discussed in Section 2.2. Holographically,
this corresponds to a computation in the near-horizon geometry of a charged black
hole, as we discussed in Section 2.3. In this way, changes in the geometry of the holo-
graphic dual to a certain strange metal are mapped to quantities that can be measured
experimentally, allowing us to compare the semi-holographic prediction for the self-
energy with the ARPES data.

Recently, Smit et al. [39] carried out careful, high-resolution ARPES experiments
on simple, single-band cuprate strange-metals, and found that 3" (k,w) displays a
power law exponent that changes as a function of doping, pointing to a quantum criti-
cal phase, and also found that these power law exponents «(k) are also momentum
dependent, as predicted by semi-holography, discussed above in Section 2.2. Thus,
semi-holography does indeed provide, at least for the case of the self-energy of the
electron, the right description of the appropriate ARPES experiment on a real-life
strange metal.
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3 Philosophical Issues

Section 3.1 first discusses the relation (and the distinction) between semi-holography and
holography, which will be important in the sequel. Section 3.2 then discusses the sense
in which the low-energy systems (viz. the strange metal, and its associated black hole)
can be said to emerge. Here, we view emergence as a balance between (i) novelty and
autonomy of one level, relative to another level (usually, a macroscopic level is compared
to a microscopic level), and (ii) dependence of the macroscopic level on the microscopic
level. This is relevant for semi-holography, because it is a low-energy description that
shows novel behaviour and is largely independent of the details of the UV theory, while
being rooted in it. Section 3.3 then asks an important question about the relation between
the strange metal and the black hole: namely, whether the behaviour of the strange metal is
explained by either the black hole, or by semi-holography. Given the difficulties in model-
ling and understanding the behaviour of strange metals (see Section 2.4), it is important to
have a clear idea of the degree to which semi-holography does, or does not, explain. Sec-
tion 3.4 then assesses the status of the black hole that is introduced by semi-holographic
methods: the question is whether there are conditions under which one can think of this
black hole as a real physical system, or whether it is always a mere calculational device.
This question is also prompted by the fact that, even though the ARPES experiments
favour one side of the semi-holographic relation, the theoretical description is, at least
in some cases, symmetric, so that the two systems appear to be theoretically on equal
footing. The question of scientific realism then aims to reconcile these two perspectives.

3.1 Semi-holography vs. Holography

In this Section, we discuss the first philosophical issue that is raised by the modelling
of strange metals using semi-holography: namely, the distinction between hologra-
phy and semi-holography. The first question is whether semi-holography is a kind of
holography, or whether it is a distinct formal framework. The reason why we focus
on this issue first is that it will prove crucial in understanding the various other philo-
sophical issues: namely, emergence, explanation and scientific realism.

We begin by (i) discussing the relationship between semi-holography and holog-
raphy in terms of empirical evidence: under what conditions is evidence for semi-
holography relevant for holography? We then go on (ii) to discuss why one might
want to take holography and semi-holography to be two distinct formal frameworks.
Finally, (iii) we discuss arguments in favour of holography and semi-holography
being two species of the same genus, namely, duality.

Note that, by “distinct formal frameworks”, and by referring to holography and
semi-holography as a “species of duality”, we mean the distinction between a dual-
ity and a quasi-duality. For our purposes here, a quasi-duality is a relation that does
not map all the boundary degrees of freedom into the bulk, but only some of them.”

"In general, a quasi-duality is a map that is close to a duality, but falls short of being a duality either by not
being bijective, or by not respecting all the structures. Here, being “close to a duality” can be either by an
approximation or limit (e.g. tuning a parameter) or by focussing on a subset of states or of quantities. For
a discussion, see [18]. Eskens [21] develops a notion of effective dualities through a rigorous account of
approximate isomorphism and limiting operations.
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Thus our question in this section can be rephrased as follows: whether semi-holog-
raphy is a duality, like holography, or (as it at first sight appears) a quasi-duality.

A further related point is as follows: recall, from the discussion in Section 2, that
the bulk and boundary theories related by semi-holography only apply for a specific
set of parameters, i.e. in the IR regime of the strange metal, where they give a univer-
sal description of its low-energy physics. In other words, they give an effective, low-
energy description of the microscopic physics of the strange metal. In the philosophy
of duality, this amounts to saying that semi-holography is an effective duality (or, if
semi-holography is a quasi-duality, an effective quasi-duality), namely, a relation that
approximates a duality in a regime of parameters: in this case, in the IR, and thus falls
short of being a duality.

However, note that given the current lack of a clear picture for the microscopic phys-
ics of the strange metal, we will only focus on philosophical issues concerning the dual
theories related by semi-holography in this paper, and ignore their relation to the more
fundamental, microscopic physics of strange metals. Such investigation goes beyond
the scope of the present paper (and beyond the state-of-the-art of research in physics),
and thus we will set it aside, so as to now discuss our three points, one by one:

(i) Semi-holography and empirical evidence. In distinguishing holography from
semi-holography, there is a central point in our exploration of the foundations of
semi-holographic modelling of strange metals, beyond its intrinsic interest as a novel
area of physics research: the possibility of using experimental relevance from strange
metals to gain empirical evidence for the physical significance of a holographic the-
ory, in the sense that the experiments could provide evidence for the behaviour of a
physical system whose modelling depends crucially (perhaps even essentially) on
a holographic theory. In what follows, we will dub this type of evidence empirical
evidence for holography.®

Our argument is as follows: the claim that strange metals can provide empirical
evidence for holography, in the sense just specified, is based on the use of holography
to model strange metals: and so, if laboratory data show key characteristics of the self-
energy of strange metals that require holographic methods for their successful descrip-
tion, then it is at least prima facie reasonable to take this as evidence for holography.
More precisely, if holography plays a crucial, ineliminable role in deriving and explain-
ing the experimental evidence for strange metals, then we take this to be evidence that,
at least partially, confirms the holographic framework used to model strange metals: a
claim which we take to be in line with standard reasoning for other scientific theories,
where if a theory plays a crucial role in explaining a certain piece of empirical evi-
dence, then that evidence is taken to at least in part count in favour of that theory.

However, if semi-holography really is a distinct formal framework from holog-
raphy, then there is no obvious reason to think that the empirical support for semi-
holography, gained from strange metals, should extend to holography. Thus we

$Note that one might worry that there is an ambiguity here: the evidence that we are taking as evidence
for holography could just as well be taken as evidence for the field theory side of the holographic dual-
ity. From our perspective, this rests crucially on the question about the explanatory role of holography in
modelling strange metals: a question that we will return to in Section 3.3. In the rest of this section, we
will work under the assumption that it makes sense to speak of empirical evidence for holography, and
postpone discussions of explanation in holographic strange metals until Section 3.3.
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cannot hope to use strange metals to gain insights into the structure of holographic (as
against semi-holographic) theories in particular, and of quantum gravity in particular.

(i1) Semi-holography is not holography. A straightforward argument, though one
that we will criticize in point (iii) below,” towards the claim that semi-holography and
holography are indeed two distinct formal frameworks, is as follows. As we saw in
Section 2, semi-holography involves a holographic map that only involves a subset
of the boundary degrees of freedom, rather than all of them. For this reason, semi-
holography is an asymmetric relation, and cannot be represented as a straightforward
equivalence between the bulk and the boundary. On the other hand, holography does
involve all of the boundary degrees of freedom. Hence, it is a symmetric relation, and
it can be straightforwardly represented as an equivalence relation. Therefore, since
a symmetric and an asymmetric relation cannot be the same relation, holography
and semi-holography encode different relations between the bulk and the boundary,
and so they are two different formal frameworks. In particular, it follows that semi-
holography is best seen as a quasi-duality, which, as we have discussed above, does
not map all the boundary degrees of freedom into the bulk.

Indeed, to further expand upon the previous argument, one might observe that
dualities are understood in the literature as encoding symmetric relations between
theories, and in particular they are equivalence relations [18, Chapter 2]. Hence, in
conjunction with the above discussion, it follows that while holography is a duality,
semi-holography strictly speaking, is not, but, as we said, is rather a quasi-duality;
thus confirming our initial suggestion that the two relations are to be kept distinct and
cannot be part of the same formal framework.

(iii) Semi-holography is holography. While the observations made in (ii) might
seem to endanger the use semi-holography to model strange metals, and thereby gain
empirical evidence in favour of holography, it is not clear that the distinction between
holography and semi-holography that we just articulated is as stark as it at first sight
appears. Thus, in spite of our previous discussion, two main arguments can be made
in favour of taking semi-holography to be a kind of holography.

The first is based on an observation in [22], who point out that although the bound-
ary fermion central to the semi-holographic modelling of strange metals does have a
holographic dual in principle, this holographic dual is not included in the semi-holo-
graphic setup because its gravitational dual would be highly quantum, and so useless
for computational purposes. The reason for this lies in the fact that semiclassical
gravitational fields are dual to composite operators on the boundary theory; however,
the boundary fermion is not a composite operator, and so its bulk dual cannot be a
semiclassical field: the bulk dual must be a highly quantum configuration. This argu-
ment points to the fact that the asymmetry in semi-holography is of a fundamentally
pragmatic character, having to do with what is computationally useful, and less with
the fundamental structure of the bulk-to-boundary map. In particular, what this argu-
ment indicates is that we can have two theories that are holographic duals, but which
look semi-holographic for all computational purposes, since the degrees of freedom

%Indeed, in later sections, both (ii) and (iii) will be considered and studied with regard to their implications
for various philosophical issues.
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necessary to make the bulk-to-boundary map a duality are highly quantum and there-
fore not useful for computational purposes.

Another argument for there being a closer relation between semi-holography and
holography rests on our discussion in Section 2. Recall that there are purely holo-
graphic derivations of the semi-holographic setup [27]; these constructions allow
us to understand the semi-holographic modelling of strange metals in purely holo-
graphic terms, thus restoring the duality between the bulk and (a different theory on)
the boundary. In particular, such constructions imply, analogously to the argument
given above, that the apparent asymmetry between the bulk and the boundary of
semi-holography is ultimately a pragmatic matter, stemming from our choice of a
specific regime in which to study the relation between the bulk and the boundary, but
without any fundamental import on the nature of the relation between the bulk and
the boundary theories.

These two arguments suggest that the initial concern discussed in (i), that the
experimental relevance for semi-holography is irrelevant for holography, is not so
worrisome after all. For, while the two formalisms appear prima facie distinct, the
use of a holographic framework with an alternative choice of boundary conditions
brings them together, and we can see semi-holography as a kind of holography. In
the following sections, we will discuss how other philosophical issues about semi-
holography depend on this ability or inability to subsume semi-holography within a
holographic framework.

3.2 Emergence

This section focuses on the question of the relation between semi-holography and
emergence. The notion of emergence is often used to explain the relation between a
theory for a macroscopic system that exhibits complex behaviour, and the theory for
its microscopic components. Thus introducing a conception of emergence helps us to
understand the relation between these two levels as a balance between: (i) the novelty
and autonomy of the macroscopic level with respect to the microscopic level; and (ii)
the dependence of the macroscopic level on the microscopic level.!”

In the case of semi-holography, the main distinction between levels will be
between the high-energy UV theory and the low-energy IR theory.!! The emergent
description is then rooted in a microscopic UV theory, some of whose general fea-
tures are known: but the IR theory is independent of the details of the UV theory, and
it is robust with respect to small changes in the UV. This then illustrates the motiva-
tion we gave in the preamble of this section: the notion of emergence allows us to
understand the rootedness of the macroscopic level in the microscopic level, without
having to worry about all the microscopic details.

We begin by recalling a standard conception of emergence. Then we will use this
conception to identify three different cases as cases of emergence which are depicted
in turn in Figs. 4, 5 and 6 below.

10For recent discussions of emergence in the philosophy of physics literature, see for example [1, 2, 10,
15, 23, 29].

' Additionally, in Fig. 5 below, we also discuss horizontal emergence, between two low-energy theories.
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Quantum gravity

Emergence Emergence

Semi — holography (duality)

Black hole

Fig. 4 Emergence beside semi-holography: they lie along different axes, as in the discussion of ques-
tion (B)

Semi — holography (no duality)

Black hole

Emergence

Fig.5 Emergence of the black hole from the strange metal, under the assumption that semi-holography
is not holography, as discussed in the context of question (C). In this case semi-holography is not a
duality

A conception of emergence and an example. We kick-off by using the concep-
tion of emergence by [1, p. 921], which has been very influential in the recent phi-
losophy of physics literature:

I shall take emergence to mean: properties or behaviour of a system which are
novel and robust relative to some appropriate comparison class. Here “novel”
means something like: “not definable from the comparison class”, and maybe
“showing features (maybe striking ones) absent from the comparison class”.
And “robust” means something like: “the same for various choices of, or
assumptions about, the comparison class” ... I shall also put the idea in terms of
theories, rather than systems: a theory describes properties or behaviour which
are novel and robust relative to what is described by some other theory with
which it is appropriate to compare.

Thus in Butterfield’s account, the distinctive features of emergence are novelty and
robustness, relative to an appropriate comparison class. Also, emergence applies to
both systems and theories (including the properties that theories describe): and we
will adopt both usages of the word “emergence” below. To illustrate this conception
of emergence, we use a well-known example:

The example of water: novelty and robustness A well-known example of emer-
gence is the formation of liquid water from the underlying water molecules, when
the spacing between them is very small, much smaller than the wavelength of the
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Emergence

Semi — holography (duality)

Black hole

Fig. 6 Emergence of the black hole from the lower-dimensional theory in the context of question (C),
thanks to a combination of the RG flow, and semi-holography. Here, semi-holography is assumed to
be holography

excitations of liquid water.'? Rephrased in terms of theories: hydrodynamics can be
seen to emerge from the underlying molecular theory by - under certain conditions -
taking an appropriate limit. To unpack this claim, we need to discuss the novelty and
robustness of the emergent properties: this will also help us to illustrate the relevance
of the notion emergence for semi-holography later on.

Hydrodynamics has novel properties relative to the comparison class (viz. the
molecular theory), for example in that it is a continuum theory that describes water as
having macroscopic properties such as viscosity. These properties are novel because
they are absent from the comparison class (namely, the molecular theory is not a con-
tinuum theory, surely not in the sense of hydrodynamics; nor does it have a viscosity).

The properties of water are also robust, because they are the same for various
choices of the comparison class. For example, there are many configurations of the
water molecules that give rise to the same hydrodynamic state. Thus, since emer-
gence relates many microscopic states (i.e. a whole comparison class) to a single
macroscopic state with emergent properties, emergence is an asymmetric relation.
More generally, we cannot exchange the theory that emerges and the theory (or set of
theories) that it emerges from, and that form the comparison class.

Emergence and reduction are compatible. In principle, one can of course derive
the continuum properties of water from the microscopic theory by taking a limit, and
calculate the value of the viscosity in terms of the parameters of the microscopic the-
ory, such as the density of the molecules, the temperature, etc.. Yet the hydrodynamic
behaviour is novel: and, in this sense, Butterfield [1, 2] and others have cogently
argued that emergence and reduction are compatible: novelty of behaviour is the
main feature of emergence, and it is compatible with the mathematical derivability of
one theory from the other.!?

121 addition, other factors such as inter-molecular bonding, which is weak individually yet collectively
significant, must also be considered.

13This notion of emergence has been further developed in [15], where novelty is explicated as novelty of
reference, which can be cashed out in terms of a criterion, that the linkage and interpretation maps do not
commute.
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Having introduced emergence in general, we now turn to semi-holography:
Emergence and semi-holography. There are three main questions about emer-
gence in connection with semi-holography in the context of strange metals:

(A) whether there can be emergence of the bulk theory from the boundary theory,
when these are also duals (i.e. in our case (iii) from Section 3.1);

(B) whether the strange metal emerges in the IR; and

(C) whether the black hole emerges.

Question (A) is a general point about the relation between emergence and duality,
which we will argue are at odds with one another. This implies that, when answering
questions (B) and (C), we need to first resolve this tension. To do that, we will build
on the distinction made in Section 3.1, between the opposing cases that semi-holog-
raphy is holography, and that it is not holography. Question (C) is in part motivated
by the general idea of spacetime emergence in quantum gravity, as in discussions of
gauge-gravity dualities it is sometimes said that the bulk spacetime emerges from the
CFT. The question then is whether something similar can (or cannot) be said about
semi-holography.

The above list of questions and the presented cases of possible emergence are not
meant to be exhaustive. Also, our aim here is not to give a detailed answer to each of
them: rather, as we discussed in Section 1, we list the most significant and interest-
ing cases of emergence and, by using tools that have been introduced in the recent
literature on dualities and emergence, we sketch answers to the above questions in
the context of semi-holography.

Consequently, in answering these questions, we will focus on three emergence
scenarios that we label as: vertical, horizontal and diagonal, depicted below in Figs.
4-6, respectively. The vertical and diagonal cases, both possess a vertical component,
assume that semi-holography is a duality because it can be successfully derived from
a holographic theory (see point (iii) in Section 3.1). In the horizontal emergence sce-
nario, semi-holography is not a duality, i.e. that the reduction is not successful, which
we recall - from (ii) in Section 3.1 - is an open question.

So, we now go on to answer the three questions (A)-(C) posed above:

(A) Emergence is at odds with duality: no horizontal emergence.

First, we note that there is an objection to having emergence across a duality rela-
tion, as a duality is a symmetric relation (see (ii) in Section 3.1), while emergence is an
asymmetric relation, as described in the last paragraph of the discussion of the exam-
ple of water. Therefore, a single relation cannot be a case of both duality and emer-
gence'* and if semi-holography is a duality, then the conclusion would be that there is
no horizontal emergence, i.e. no emergence “in the direction of the duality relation”.

If one wanted to deny this conclusion, then one first either needs to deny the prem-
ise that semi-holography is holography, or secondly one would need to deny the
horizontal nature of the emergence itself. This amounts to breaking with the general
assumption that emergence and duality have to be the same relation. In the former,
semi-holography is then only a quasi-duality, and since this is an asymmetric rela-

" For a detailed discussion of this argument, see [20] and [14].
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tion, it is compatible with emergence, and therefore we can combine emergence with
semi-holography. We will return to this case again in our discussion of the answer
to question (C), below. The latter is in line with the holographic derivations of semi-
holography discussed in point (iii) of Section 3.1, which - by making semi-holography
a duality - brings semi-holography back into alignment with holography. This does
mean that we need to find a way to distinguish semi-holography from emergence, and
consequently we require a different relation (of emergence) to the horizontal case,
and a “vertical” component needs to be added.

(B) Emergence beside semi-holography: vertical emergence.

To address this question, we discuss a second way in which a duality can be com-
bined with emergence: namely, there can be emergence if - in addition to the two theo-
ries being duals - each dual has a parameter such as a distance, or an energy scale that
can be used to “tune” the emergent behaviour. This means that emergence takes place
along the direction of the tuning parameter and since duality and emergence are now
“along different directions” as illustrated in Fig. 4, they are not at odds with one anoth-
er.”® In holographic dualities, the energy scale at which we probe the CFT, namely in
the UV or in the IR regime, would be a natural candidate for such a tuning parameter.

Consequently, there is a straightforward sense in which, similar to the emergence
of the macroscopic properties of liquid water from the underlying molecular dynam-
ics, we can speak of the emergence of strange metal properties (such as the linear
dependence of the resistivity on the temperature and the momentum dependence of
the self-energy) in the IR. These emergent properties are novel, because they are in
general not possessed by the UV theory. They are also robust, as they are independent
of the details of the UV theory because there can be many different quantum field
theories or condensed-matter theories in the UV that lead to the same IR behaviour. '®

(C) Horizontal and diagonal emergence. Unlike the emergence of the strange
metal, where our answer to question (B) only considered vertical emergence, there
are in principle two routes by which the black hole could emerge from the QFT:
either in the horizontal or in the diagonal direction. The distinction between these
two routes follows from distinguishing between the cases that semi-holography is
not, or is holography.

If semi-holography is not holography (in the sense of point (ii) in Section 3.1),
then we can have emergence of the black hole in a straightforward sense: namely, the
black hole emerges as a low-energy description of the strange metal, similarly to how
liquid water emerges from the underlying molecular interactions and structure. In this
situation, regardless of the specific UV completion, the black hole gives an effective
and very useful description of the semi-holographic system, illustrated in Fig. 5.

However, if semi-holography were to be holography, then again we would need to
deal with the tension between emergence and duality as discussed above in the con-
text of question (A). Since there is a duality in the IR, so that the black hole is - within

15De Haro and Butterfield [18, §14.3.] call this option ‘emergence beside duality’.

16Since question (B) is about the emergence of the strange metal, the consideration of Fig. 6, which also
contains a vertical direction along which the strange metal could emerge, does not add anything new here.
The reason that Fig. 6 distinguishes itself from Fig. 4, is in the emergence of the black hole, which is rel-
evant for the discussion of question (C).
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a certain regime of parameters - dual to the strange metal, then neither the black hole
nor the strange metal can emerge from the other. They are equivalent descriptions of
the same “invariant physics”. This “invariant physics” is described mathematically
by the set of correlation functions of the theory in the IR, and what the gravity dual
adds to this is a connection to a classical gravity theory that enables the interpretation
in terms of the horizon of a black hole.!”

This approach - in order to get interesting emergence of the black hole across the
duality - necessitates consideration of the energy scale of the dual CFT, as we also
did in the discussion of question (B). As Fig. 6 illustrates, the black-hole horizon can
then emerge from the UV QFT by a combination of firstly the renormalization group
(RG) flow towards the IR, and, secondly the duality map that allows the reinterpreta-
tion of the strange metal as a black hole. The properties of the black hole, such as
the presence of a horizon, are clearly novel with respect to the UV QFT, and they are
also robust, in that they are independent of the UV completion for the same reason as
before: namely, that the emergent IR physics is independent of the UV,

Note that the difference between Figs. 4 and 6 is in what Butterfield’s conception
of emergence calls the comparison class. In Fig. 4, the comparison class is a gravi-
tational theory (some theory of quantum gravity, such as string theory, for example).
In Fig. 6, the comparison class is a lower-dimensional theory in the UV. This can be
a conformal field theory, a condensed matter theory, or some other quantum theory:
we can have very different theories here, as the IR behaviour is largely independent
of the details of the UV.

In Section 3.4, we will return to the question of the realist interpretation of the
emergent physics.

3.3 Explanation

The last two sections pointed to interesting puzzles in the foundations of semi-holog-
raphy, both of which have explanation in common. Point (i) in Section 3.1 can be
seen as being about whether or not holography explains the empirical evidence for
semi-holography, when viewed through the lens of whether experimental evidence
for semi-holography is relevant to holography. In a related manner, Section 3.2’s
focus on emergence, naturally ties into questions of explanation, since the use of the
notion of “emergence” itself arises, as we have stressed, from a desire to explain.
On the one hand, emergent phenomena are taken to have a degree of novelty and
explanatory autonomy from their fundamental constituents. On the other hand, estab-
lishing that one theory emerges from another theory is usually understood as provid-
ing an explanation for the features of the emergent theory that we did not have before,
i.e. one that is given in terms of its microscopic constituents.

Therefore, this section focuses on explanation in the context of the semi-holo-
graphic modelling of strange metals.'® Our goal here is to understand, under which

17 Several authors have stressed the idea of a ‘common core theory” behind two duals: see, for example, De
Haro and Butterfield [18, Sections 1.1, 2,2, 12.2, 12.4] and [31].

18 For an introduction to philosophical issues regarding explanation, see either [45], or for a more in-depth
discussion, Chapter 6 of [11].
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conditions holography can be said to play an explanatory role for the behaviours of
the strange metal that are well-described by holography, rather than it being merely
an efficient computational device. In the following, we will explain (a) why one might
be sceptical about the explanatory value of holography; (b) how one might overcome
such scepticism and judge holography to be explanatory of relevant strange-metal
data; and (c) how this task crucially depends on whether semi-holography is a kind
of holography, which formed the core of Section 3.1.

Note that we focus in this section on the possibility of using holography to explain
the properties of strange metals, rather than focusing on the opposite explanatory
direction from holography (and field theory/strange metals) to the gravitational
black-hole dual.!” Explanations of empirical evidence from holography and field
theory to gravity would be more natural and interesting if one were to find candidate
gravitational duals that might be realized in our world; however, this is not currently
the case for field theories describing strange metals.?’ Nevertheless, the following
Section 3.4 will provide a brief discussion of this “to the black hole dual” option.

We make this choice for the “to the strange metal dual” as the direction of expla-
nation in this section as this is the natural one insofar as one is interested in how
holography can relate to the concrete experimental results described in Section 2.4,
and more generally how holography enters into the modelling of strange metals.

(a) Against explanation in semi-holography. We begin by recalling why one
might be sceptical about the possibility of treating the gravitational dual of a strange
metal as being explanatory, in the usual substantive sense of the word. The reason for
this is intuitively clear: on major accounts, to speak of an explanatory relation, the
explanation itself is required to be true.?'In the case of a strange metal in a laboratory
here on Earth, this would mean that were the gravitational dual to be explanatory, it
must be true that a five-dimensional black hole is involved in the ARPES experiments
on strange metals described in Section 2.4. However, it seems highly implausible that
the experimental apparatus described in Section 2.4 can actually accommodate the
existence of a five-dimensional black hole, as would be required to make the gravi-
tational dual explanatory (see also the discussion of point (i) in Section 3.4). Hence,
the higher-dimensional black hole dual to the strange metal in our semi-holographic
setup cannot play an explanatory role in the experiments described in Section 2.4.

The main issue with this conclusion is that it reduces the whole project of model-
ling strange metals using holography to an exercise in identifying a more efficient
method to compute observables, with no explanatory power. While this might indeed

9 The opposite direction of explanation is more natural in the context of quantum gravity, where one is
interested in understanding gravitational phenomena through their field theory duals. However, the gravi-
tational dual to a strange metal is not a realistic candidate for describing the physics of our world, since it is
a five dimensional black hole in a spacetime with a negative cosmological constant; in particular, questions
of how holography can explain empirical evidence, as we are considering in this Section, are a no-go for
such a system, since there is no possible empirical evidence available for it.

20Note that while this is not the case for strange metals, the development of holographic models for cos-
mology is an active area of research, which has seen significant research development. For a sample of the
state of the art in the field, see, e.g. [5, 7, 40, 44].

21If one’s account of explanation does not require the factivity of the explanans and-or the explanandum,
then this sceptical argument of course does not arise.
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be the case, it is both at odds with a realist perspective on scientific theories (more
on this in Section 3.4), and would cast holography in the form of a disappointingly
“black box” that leaves us in the dark as to why strange metals actually display such
behaviour. Consequently, in the following, we take some effort to try and identify
under what conditions we might avoid this conclusion and be able to regard the con-
struction of holographic models of strange metals as explanatory.

(b) How holography can explain properties of strange metals. The solution to
the thorny question outlined above actually appears to be straightforward: we need
a description of the semi-holographic setup that retains the features of holography,
without committing ourselves to the truth of implausible claims about the gravita-
tional dual being involved in the strange-metal experiments themselves.

The natural candidate for such a description is one that is well-known from the
philosophy of dualities in which a common core theory underlies the two duals [18].
This theory is defined only in terms of quantities invariant under the duality map,
in this case the bulk-to-boundary map. The reason why we take the common core
theory to solve our predicament and guarantee the explanatory value of holography in
modelling strange metals is due to the fact that it deals only with invariant elements,
eschewing structure like the black hole itself (which is clearly not invariant between
the bulk and the boundary), while preserving the basic structure of holography. It can
do this since it does encode the fundamental features of holographic theories, namely
those features that do not depend on the specific structure of the dual theories.

Thus insofar as we can describe the semi-holographic modelling of strange metals
in terms of the common core theory, we have a natural candidate for an explanation
of the behaviour of strange metals that does not commit us to the truth of implausible
claims: indeed, to the truth of any claim that is not already made true by the bound-
ary theory itself [17] and hence acceptable for purposes of explaining strange metals.

(c) A common core requires a duality. The previous point appears to offer some
hope for holographic approaches to be more than computationally efficient black
boxes. However, an important point to consider is under which conditions a common
core theory would be available to us. Here we need to recall that in semi-holography,
we have an asymmetry between the bulk and the boundary: the boundary fermion
lacks a bulk dual, suggesting that a common core theory is not available. Conse-
quently, if we tried to define a common core theory in the semi-holographic context,
the boundary fermion would not be included in it, since it does not have a bulk dual
and it itself is not preserved across the duality. In this way, we lose crucial informa-
tion necessary to model strange metals, as illustrated by that fact that no arrow points
to the “IR strange metal” in Fig. 5).

If we want to have a common core theory, we need to look at the holographic deri-
vations of semi-holography discussed in Sections 2 and 3.1, as suggested by Fig. 4. In
particular, approaches to semi-holography that restore a duality between the bulk and
the boundary, would allow the definition of a common core theory which does not lose
any information essential to modelling strange metals.?? In the next Section, we will
discuss these kinds of common core theories and their interpretation in more detail.

22 At least, such approaches would allow this conditional on the constraints on the existence of a common
core familiar from the philosophy of duality, see, e.g. [18].
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3.4 Scientific Realism

In Section 3.2, we discussed the emergence of a black hole in the IR limit of a theory
of quantum gravity (Fig. 4) and of a quantum field theory of a strange metal (Fig. 5).
This was followed in Section 3.3 by the question whether this black hole can have
an explanatory role or whether we should see it only as an efficient calculational
device. Both the emergence and explanation discussions prompt a question about the
interpretation of this black hole: are there conditions under which we can take the
existence of this black hole seriously, or is it a convenient instrument for calculation?
We can add a third motivation for this question from Section 2, based on the case that
semi-holography can be reduced to holography, resulting in a symmetric relation,
despite the obviously enormous physical and experimental/observational differences
that we expect between the two duals of a little piece of strange metal one can hold
between finger and thumb and a higher-dimensional black hole. Thus, we need to
confront the question which of these two systems (or both) is (are) described by a
semi-holographic duality? Or, put differently:

e Given the evidence of the ARPES experiments, can a realist interpretation of the
black hole be upheld?

By “realist interpretation”, we mean an interpretation that (under the conditions for
which the theory says that there is a black hole) warrants the belief in the existence
of this black hole.?

In this section, we discuss three objections against such a realist interpretation, to
which we will then also furnish replies which emphasize that, even though a realist
view can perhaps be given consistently, in its present form it does entail an arbitrary
interpretative choice, undermining the degree to which this view is convincing.

In philosophy, the questions of explanation and scientific realism are usually
closely connected, so the arguments here mirror and further develop those about
explanation given in Section 3.3. There, we concluded that the black hole is itself
not explanatory, although the common core can have an explanatory role, with
semi-holography being the thing that is to be explained (known in philosophy as the
explanandum). In the following, we first present a trio arguments as to why there is
no straightforward sense in which we can say that the black hole described by semi-
holographic theories exists. Then, in the replies to these objections, we argue that the
only viable realism is not realism about the black hole itself, but about the entities
described by the common core theory.

It is fairly clear that the general answer to the question bulleted above is No. In
cases of semi-holography, one is not justified in asserting that there is a black hole.
There are three main reasons for this negative answer, i.e. three objections to a realist

23 As in discussions of scientific realism, by having “warranted” belief, we mean having epistemic justi-
fication for it.

As we forego discussion of the details of or specific types of scientific realism here, we refer the reader to
[6] for a general introduction, and to e.g. [31, 33, 38] and [18, Chapter 13] for discussions in the context
of dualities.

@ Springer



Foundations of Physics (2026) 56:8 Page230f32 8

interpretation of the black hole, each of them relevant in all three cases of emergence
illustrated in Figs. 4-6.
Three objections and replies:

(a) The black-hole solutions of semi-holographic theories are embedded in anti-de
Sitter spacetime (and sometimes they are also higher-dimensional), while the
universe around us is not an anti-de Sitter spacetime.

(b) Strange metals are realized in the lab, and yet there is clearly no black hole there.
Thus a realist interpretation is inconsistent with the empirical evidence.

(¢) If the quantum field theory on the boundary is one’s fundamental theory, then
in general the black hole in anti-de Sitter spacetime is not supposed to give a
realistic description of a strange metal: it is clearly an effective instrument used
to enable calculations that are otherwise very difficult, or even impossible to do
with our current knowledge of strongly and long-range entangled fermions. So,
if the aim is to describe a strange metal, the gravity theory was never meant to be
a realistically interpreted theory in the first place.

This third argument gets additional support from the fact that, if semi-holography is
not a duality but only a quasi-duality, as in Fig. 5, then it is not just that the black hole
was not meant to give a realistic description of the physics, but also that it cannot
give a realistic description, since it misses degrees of freedom that are described by
the boundary theory.

These objections distinguish different aspects of our sceptical remark (a), in Sec-
tion 3.3, about the black hole being explanatory. The first two objections just pre-
sented [(a) and (b)] appeal, respectively, to the cosmological and the experimental
evidence (cf. Section 2.4). Objection (c) is about the instrumental nature of the black-
hole system, and its inability to describe the system in the lab. These three objections
are particularly strong for the question of a realist interpretation of the black hole.

However, if we were to close our discussion here, at this inability of justifying, at
this very general level, a realist interpretation of the black hole, then our conclusion
would not only be dull: it would also not do justice to the role that these kinds of
discussions play in physics, where they serve as a tool helping construction of viable
interpretations of our experiments and theories in a variety of situations. Thus, we
take on the footwork to investigate whether there can be cogent replies formulated to
each of the objections just raised.

Broadly speaking, we will find no credible realist defence of the black hole’s exis-
tence: and the different reasons for this failure of a realist defence will be instructive.

In the case of horizontal emergence, i.e. Fig. 5, the reasons are straightforward:
here, realism about the black hole is compatible with neither the experimental, nor
the theoretical, evidence. Thus, in this case, while there can be a reply to objection
(a), no reply to objections (b) and (¢) can be formulated.

When emergence has a vertical component, as in Figs. 4 and 6, the reasons for
rejecting a realist view of the black hole are of a more subtle epistemic nature, rely-
ing on our requirement that scientific realism be cautious. Cautious scientific realism
is not a specific kind of scientific realism, but rather a set of epistemic and logico-
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semantic arguments that, in the face of dualities and other inter-theoretic relations,
recommend a cautious attitude towards the interpretation of scientific theories.>*

As we will argue, a cautious realism recommends the rejection of instrumentalism
as regards either side of a duality. We will argue that, although a ‘black-hole mono-
maniac’ can by pure logic uphold their belief in the existence of a black hole, the flip-
side of this attitude is an unwarranted instrumentalism as regards the dual.?® Thus,
absent additional argumentation, the monomaniac is not justified in their belief:
while, perhaps surprisingly, the caution that is the characteristic of Buridan’s ass is
commendable here, for a different reason than usually considered. (The reason why
this caution is commendable, absent in the usual discussion of Buridan’s ass, is that
it has a better alternative to a choice between duals: namely, a common core theory.)

After this preamble, we now turn to the replies to the objections:

Reply to objection (a). This is a fairly standard issue in discussions of scientific
realism:?® a realist interpretation of a theory (and/or of a specific solution of a theory)
is not always meant to give a description of the actual world. Both general relativity
and quantum field theories admit many solutions (the Godel universe, wormholes,
magnetic monopoles, instantons, etc.) that may not exist in our actual universe, but
for which natural questions of realist interpretation do arise: is there a possible world
as described by a given solution of this theory? What does that possible world look
like? This is an interpretative question that we can also reformulate thus: setting
aside the empirical evidence for the number of dimensions of our actual world, what
is an admissible (or perhaps even a best) interpretation of the given theory? Thus,
in all of the cases in Figs. 4-6, objection (a) is defeasible (for the physics readers:
defined as open in principle to revision, valid objection, forfeiture, or annulment).

Reply to objection (b). This objection can be circumvented in a way that is sug-
gested by the reply to the first objection: namely, if the strange metal is not part of the
actual world, but only part of an idealized “quasi-metal world”, then (in cases that
involve a symmetric horizontal relation, i.e. Figs. 4 and 6) it is not clear that we can
set up any experiment that can tell the difference between a quasi-metal and a black
hole. We cannot bring in and use a system “from the outside”, not itself described
by the holographic theory, to tell the difference between a quasi-metal and a black
hole.?” In other words, the fact that these systems are realized in the lab, where there
is no black hole to be found, does not imply that in a possible world that is described
by just the holographic theory, experiments would be able to tell the difference. For

24See [35] and the development of the cautious realist view in [18, Chapter 13].

Z1n the context of quantum mechanics, Butterfield [3, p. 66] has called the interpreter who insists on
advocating position, at the expense of momentum, a ‘position monomaniac’ and the advocate of the dual,
i.e. of momentum, is a ‘momentum monomaniac’. In our discussion here, we set aside other details, such
as the possible embedding of the black-hole solution in higher-dimensional string theory or M-theory com-
pactified to five or four dimensions, since it does not change our discussion of the compactified solution.

26For one such view, where the realist’s interpretative task is to articulate the possible world that is
described by the theory, even if this does not always coincide with the actual world, see e.g. North [36,
p. 187].

2T This condition is, in effect, that a common core theory exists that is unextendable: our possible world is
all and only the world described by the holographic quasi-metal theory, and we cannot break the duality
by extending it.
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the experiments would themselves be mapped from one dual into the other, just as in
Poincaré’s thought experiment of the disk world.

Note that this reply is not available if, as in Fig. 5, the horizontal emergence rela-
tion is asymmetric, and there is no expectation that the possible worlds described
by the two theories are the same. Thus in this case there is a clear preference for the
strange metal, and no realism about the black hole. (This is then similar to our nega-
tive conclusion about explanation (a) in Section 3.3.)

No refutation of objection (c). This objection, especially its second part about the
asymmetry of semi-holography, is substantive, and there is no straightforward reply to it.

The second part of this objection says that if semi-holography is asymmetric as
in Fig. 5, the black hole cannot give a realistic description of the physics, because it
does not have enough degrees of freedom: at best there can be some kind of effective
realism.?® However, objection (b) already said that there can be no realism about the
black hole in the case where Fig. 5 is relevant, so that, in this case, instrumentalism
about the black hole is justified.

This leaves us with the symmetric cases in Figs. 4 and 6 as the interesting candi-
dates for realism, also recalling that in point (¢) from Section 3.3, these were also the
relevant cases for semi-holography to be explanatory. In these cases, we can extend
the usual discussions of scientific realism for dualities, and considerations about their
interpretation, to semi-holography. The justification of this assumption then picks up
our theme, from point (iii) in Section 3.1, that semi-holography is a type of holog-
raphy and that the asymmetry of semi-holography is a pragmatic matter anchored in
the radically different computational difficulties of the two duals for a given regime
of parameters. In this case, we can then bring the interpretative resources of the phi-
losophy of dualities to bear on semi-holography.

Using internal and external interpretations.

After having just brought forth the objections to realism and their possible replies,
we present one final aspect of the problem before we conclude. Standard discussions
of dualities distinguish between internal and external interpretations: in an internal
interpretation, only the common structure of dual theories, and not the specific struc-
ture of each of the duals, has physical significance. For example, in so far as the geo-
metric properties of the AdS spacetime do not have a counterpart in the CFT, we do
not interpret the theory as describing a curved spacetime of general relativity, i.e. we
do not ascribe physical significance to the AdS spacetime. Likewise, in so far as the
local (as against global) gauge symmetries of the CFT do not have counterparts in the
bulk, and all of the theory’s observables are independent of these local gauge sym-
metries. We do not take them to be part of what the theory describes: we do not take
them to have physical significance.

An internal interpretation of semi-holography does not appear to allow a realist
interpretation of the black hole. This is because the higher-dimensional geometric
structure is not part of what is interpreted by the internal interpretation: at least, not
in the straightforward geometric terms familiar from general relativity. Rather, an
internal interpretation would seem to privilege a lower-dimensional common core

28 See [42].
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theory, perhaps defined by the set of all correlation functions. This privileged role
of the common core echoes our discussion of explanation in part (¢) of Section 3.3.

Note that it is not required that such a formulation be a CFT formulation. Thus,
we are not favouring one of the two sides of the duality. Rather, our current (and,
admittedly, defeasible?>”) understanding of the common core theory for AdS-CFT is
that it is best formulated as a quantum theory with a Hilbert space defined by the set
of all (boundary) correlation functions and that has a notion of weak and strong cou-
pling. Even if some of the geometric structure might be common to the two duals, the
internal interpretation seems to be in terms of the semi-classical limit of a strongly
coupled quantum theory, rather than in terms of a classical solution of a gravity the-
ory in one extra dimension.

By contrast, external interpretations do assign physical significance to the specific
structure of duals. These interpretations are therefore more plausible candidates for
a realist view of the black hole. For, if one aims to interpret the semi-holographic
theory in terms of a possible world, rather than in terms of the actual world (so that
one can set aside any measurements of the quasi-metal properties in experiments that
are not described by either side of the holographic theory), then one could in principle
insist on privileging the higher-dimensional, gravitational, interpretation.

But what would warrant such principled realist commitment to one side of the
duality, with the corresponding instrumentalist non-commitment to the other side?
We are not aware, in any of the examples of dualities, of a cogent argument (physical
or otherwise) that would warrant a commitment to one side of the duality, with all of
its specific structure, at the expense of the other side, with its specific structure.

This need not - of course - prevent a “black-hole monomaniac” from insisting on
adopting such an external interpretation, and thereby perhaps being able to develop a
consistent theory.>® But a theory can of course be logically and metaphysically con-
sistent while lacking in epistemic warrant (defined as requiring that a belief is formed
or held in a way that is conducive to that type of belief being true). In our example,
the monomaniac fails to take heed of the duality and its logico-semantic implications:
the external interpretation depends on an arbitrary choice, and thus (at this very gen-
eral level, absent further argumentation) it is left unjustified.>'

2 We say that this understanding is “defeasible”, because it depends on what a non-perturbative formula-
tion of (semi-)holographic dualities ends up being, and we do not currently have such a non-perturbative
formulation. Thus our point is that the current evidence points towards a formulation of the kind discussed
here. Namely, the semi-classical limit suggests that this quantum theory is defined on a relativistic space-
time that is isomorphic to the spacetime of the asymptotic boundary, and so that it is a quantum field theory.

30For our use of the phrase “monomaniac”, see footnote 25.

31 Although, as we have stressed, our point here is nof that the inadequacy of an external interpretation of
semi-holography follows as a matter of logic, since we cannot exclude that some non-arbitrary reasoning
might exist that privileges one dual at the expense of the other dual: we are sceptical that, under the condi-
tion that we have stated (namely, having an unextendable common core theory), such an argument can be
cogently made. To the best of our knowledge, such an argument has not been made for any of the examples
of dualities that satisfy this condition. Thus we judge it to be more cautious (and, by analogy, more in line
with the motivationalist approach to dualities that we endorse) to be sceptical about the monomaniac’s
claim, before the reasons for such a choice are spelled out. This also because, in view of epistemic uncer-
tainty, the advocate of the common core does have principled reasons to privilege an internal interpreta-
tion. For a more detailed argument for why a cautious realism warrants a commitment to the common core
theory, but not to one dual at the expense of the other, see [18, Section 13.2].

@ Springer



Foundations of Physics (2026) 56:8 Page 27 of 32 8

One question that we have not considered in any detail is how high one can go
in the RG flow and still have a duality, as it is generally expected that the duality
will break at high energies, even if only because the atomic structure of the metal
becomes relevant. Likewise, one can ask how high one can go in temperature—one
does not expect the holographic description to be valid near the melting point of
the metal. At such points, any condensed matter description will break down. While
these are relevant questions for the physics of this system, they are not relevant for
the low-energy effective theories that we have considered in this paper on both sides
of the duality. In other words, it is reasonable to expect that the holographic map
between the strange metal and the black hole is only an effective duality. However,
this need not stand in the way of giving explanations using concepts and properties
from effective field theory, and having a realist commitment to the entities involved
in such explanations.

To conclude this section: although, in this case, a realist commitment to the com-
mon core between duals is clearly justified (and it will result in something like a
commitment to a lower-dimensional quantum theory, as defined for example by an
infinite set of correlation functions), we argue that, at least based on our present
understanding of the common core, there are good reasons for scepticism about a
justified realist commitment to the existence of a black hole exactly as envisaged by
general relativity. An internal interpretation does not seem to admit an interpretation
of the solution as a black hole of general relativity, while one-sided external interpre-
tations do not seem to rest on sound and non-arbitrary interpretative principles, and
surely none that we could identify in this paper. If such reasons could be given, then
the black-hole realist could have their cake and eat it.

4 Summary and Conclusions

In this paper we have proposed strange metals to be an interesting arena in which
to carry out natural philosophy, in which theoretical and philosophical ideas about
holography can make contact with real-world experiments. In this endeavour, the link
between semi-holography and strange metals, and in particular with angle-resolved
photoemission (ARPES) measurements of the self-energy of the electrons in a set
of differently-doped strange-metal cuprates is both the launchpad and testbed of our
natural philosophical discussion.

First-up, in Section 1, we set out the idea behind bringing the physics and phil-
osophical aspects of this problem together, and we set the scene as regards what
strange metals are.

In Section 2, we first touch on the canonical (Fermi liquid) theory for electrons in
metals, before discussing why a semi-holographic approach is required to describe
the ARPES experiments. Then, the relationship between semi-holography and the
anti-de Sitter conformal field theory (AdS-CFT) correspondence is discussed in Sec-
tion 2.2, prior to a basic ‘nuts and bolts’-level description of how the spectral func-
tion can be modelled using this approach (Section 2.3). Finally in Section 2.4, a brief
account is provided of how ARPES works so as to give experimental access to the
spectral function.
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Next - in Section 3 - we switch gears from the physics part of the paper to cover the
philosophical aspects. Here, we address four main conceptual questions concerned
with how to interpret the successful semi-holographic description of these experi-
mental data.

A first foundational question - covered in point (i) of Section 3.1 - is whether
the success of semi-holography in describing the ARPES results from strange met-
als can be taken as empirical evidence for the relevance of holography to our
real, physical world. This is, naturally, connected to the issue of whether semi-
holography is a distinct formal framework separate to holography, or whether it
is - in fact - a type of holography. Put another way, can semi-holography can be
reduced to holography? If the answer is ‘no’ - as discussed in point (ii) of Sec-
tion 3.1, no evidentiary connection can be made between the semi-holographic
modelling of the experimental data and the significance of holography itself. If the
answer is ‘yes’ - as discussed in point (iii) of Section 3.1- such a connection can
be made. This issue was discussed already in Section 2.2, and there the conclusion
was reached that - at least for the semi-holographic models that form the focus of
this paper - this reduction can indeed be done by taking an alternative, non-stan-
dard choice of boundary conditions in AdS-CFT, effectively taking the Legendre
transform of AdS-CFT and integrating over the function that fixes the boundary
condition. This ability to reduce semi-holography to holography then allows us to
overcome several sceptical objections and clears the way for discussing the other
philosophical questions.

The second foundational question in the discussion is presented in Section 3.2,
and concerns the relation between semi-holography and emergence. Three interesting
options are identified, linked to the points discussed in Section 3.1, and classified in
terms of three scenarios.

The first - we call a vertical scenario (A) - envisages emergence taking place in
both sides of the duality as illustrated in Fig. 4. This scenario involves an affirmative
answer to the question whether semi-holography is reducible to holography (point
(iii) in Section 3.1). Here, the strange metal is the state that emerges, and this scenario
can also result from a situation in which semi-holography and holography are both
duals, yet each possessing a parameter (such as the operative energy scale) that can
‘tune’ the emergent behaviour.

The second - we call a horizontal scenario (B) - is illustrated in Fig. 5 and relevant
for the case where semi-holography is not a duality, i.e. it cannot be reduced to holog-
raphy, as discussed in point (ii) of Section 3.1. In this case, the black hole emerges as
the low-energy description of the strange metal.

The third - we call a diagonal scenario (C) - sees the black hole emerge from the
UV limit of the conformal field theory which can be visualized as being due to a
combination of the renormalization group flow towards the IR in the field theory and
the duality mapping of the IR strange metal onto the black hole.

The conclusion is that the black hole can indeed emerge from the field theory, even
though we did not find epistemic justification for committing to the existence of the
black hole and thus for being instrumentalists about the strange metal (we note that,
as we discussed, if our black-hole monomaniac can find such epistemic justification,
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then they could have their cake and eat it.) As such, the conditions for emergence are
less strict than those for explanation and scientific realism, because we are not here
discussing metaphysical emergence and hence have more options.

The third and fourth foundational questions deal with explanation and scien-
tific realism, respectively. These are related - as in both cases the interesting options
are tied firstly to the possibility of reducing semi-holography to holography, and sec-
ondly to the existence of a common core between the dual theories.

The issue of explanation also lay behind the discussion in Section 3.1 (does
holography explain the fact that experiments appear to provide empirical support
for semi-holography?) and Section 3.2 (emergence as a tool for explanation). In our
discussion of explanation in Section 3.3, the focus was the possibility of using semi-
holography to explain the properties of the strange metal, as opposed to merely being
a neat, efficient computation device. As it is very unlikely that a black hole is actually
involved in the experiments being carried out, we conclude that the existence of a
common core theory underlying the two duals is an appropriate stand-point, and that
as discussed in Section 2.2, approaches to semi-holography that restore the duality
between the bulk and the boundary are important in enabling such a common core
theory to exist.

Turning to scientific realism, the question is then posed whether the evidence
from ARPES experiments in the form of the success of semi-holography to model
the observed the k-dependent power laws describing the (w, T')-dependence of the
strange metal’s electron self-energy justifies the belief in the existence of the black
hole. A trio of objections to this realist interpretation are provided and - on balance -
we argue that although there is space for a consistent realist view, given the current
information at our disposal this seems to involve arbitrary interpretative choices and
is less convincing, leading to the general answer that - no - the experiments do not
justify the assertion of the existence of the black hole.

In the project described in this paper, condensed matter systems have been mod-
elled using holography. This, then, “inverts the explanatory arrows” and this means
we are taking the strange metal’s anomalous behaviour as our explanandum (the
thing that is to be explained). As we have discussed above, the explanations are not
given by the black hole as such, but rather by the common core theory that the black
hole and the strange metal share. This means that using the black hole and comparing
the structure of the two theories will surely help to develop this common core.*? In
this sense, rather than a realist interpretation focused on the existence of the black
hole, there can then be a justified realist commitment to the common core theory. This
epistemically justified commitment to the common core is then - in turn - a commit-
ment to holography itself, in keeping with the empirical evidence coming from the
ARPES experiments.

321t is beyond the scope of this paper to work out this common core. For gauge-gravity dualities, the
common core theory is discussed in [16]. For the common core of T-duality, see Cinti and De Haro (8).
For other examples and further discussion of common core theories, see [18]: especially Sections 4.1,
5.1.2,5.3,12.2, and 12.4. Section 13.2 discusses the sense in which a commitment to the common core is
epistemically justified.
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