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Inability of linear axion holographic Gubser-Rocha model to capture
all the transport anomalies of strange metals
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In the last decade, motivated by the concept of Planckian relaxation and the possible existence of a quantum
critical point in cuprate materials, holographic techniques have been extensively used to tackle the problem of
strange metals and high-Tc superconductors. Among the various setups, the linear axion Gubser-Rocha model has
often been considered as a promising holographic model for strange metals since it is endowed with the famous
linear in T resistivity property. As fiercely advocated by Anderson, beyond T -linear resistivity, there are several
additional anomalies unique to the strange metal phase, for example, a Fermi-liquid-like Hall angle—the famous
problem of two relaxation scales. In this paper, we show that the linear axion holographic Gubser-Rocha model,
which presents a single momentum relaxation time, fails in this respect and therefore is not able to capture the
transport phenomenology of strange metals. We prove our statement by means of a direct numerical computation,
a previously demonstrated scaling analysis, and also a hydrodynamic argument. Finally, we conclude with an
optimistic discussion of the possible improvements and generalizations which could lead to a holographic model
for strange metals in all their glory.
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I. INTRODUCTION

Tackling condensed-matter problems with “string theory”
is becoming a dedicated profession [1]. In the last decade,
holography, or the gauge-gravity duality, has emerged as a
promising tool to study strongly coupled condensed-matter
systems [2–5]. Without any doubt, the central and original
motivation for the so-called Anti de Sitter-condensed matter
theory (AdS-CMT) program has always been the under-
standing of the strange metal phase and the related high-Tc

superconductivity in cuprate materials and other strongly cor-
related systems [6,7]. In particular, the peculiar linear in T
resistivity of strange metals [8] and non-Fermi-liquid physics,
in general, have always been recognized as a fundamental step
in this journey, and they have been chased using a large variety
of models and techniques (see, e.g., [9–29]).

The most famous and celebrated holographic model ex-
hibiting linear in T resistivity is the so-called Gubser-Rocha
model [30], which is a particular example of a larger class of
models known as Einstein-Maxwell-dilaton (EMD) theories,
recognized early as promising holographic effective models

*yongjunahn@sjtu.edu.cn
†b.matteo@sjtu.edu.cn
‡hyunsik.jeong@csic.es
§fortoe@gist.ac.kr

for condensed-matter systems [31,32]. In this concrete setup,
this strange metal resistivity is a direct consequence of the
nature of the IR scale invariant fixed point, which falls in
the class of the so-called semilocal quantum liquids [33].
In particular, in the Gubser-Rocha model, the linear in T
resistivity naturally emerges from an IR fixed point in which
both the hyperscaling and Lifshitz exponents, θ and z, are
sent to infinity by keeping their ratio negative and equal to
θ/z = −1. In this case, the heat capacity also scales linearly
with temperature like for the Sommerfeld model [25]. More
generally, linear in T resistivity has often been associated with
the properties of a specific geometry, known as AdS2 [34],
which has important connections to other condensed-matter
models for strange metals such as the Sachdev-Ye-Kitaev
model (SYK) [35].

A famous critique by Anderson [36] and a series of recent
comments [37–41] pointed out that holography celebrated its
win too early. In particular, the concern refers to the fact that
linear in T resistivity is only one piece of a larger puzzle,
which includes a long list of transport anomalies peculiar to
strange metals [42].

The first step towards reaching this larger picture is the
observation that, although the longitudinal resistivity ρxx is
“strange” and possibly connected to the emergence of a
Planckian relaxation timescale ρxx ∼ τ−1

tr ∼ T [43], the Hall
angle cot �H is Fermi-liquid-like [44,45] and does not ex-
hibit the same linear in T relaxation rate but rather scales
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as cot �H ∼ τ−1
h ∼ T 2. This is the famous story of the two

relaxation scales suggested a long time ago by Anderson [46].
The route to victory then necessarily includes a holographic
realization of this two-scale scenario.

A major development in the direction of reproducing, and
possibly explaining, the two-scale behavior of strange met-
als was proposed in [47]. There, using standard holographic
techniques [48], it was noticed that, because of the absence
of Galilean invariance, the expression for the electric DC
conductivity splits into two terms:

σDC = σ0 + σ̃ , (1)

which sums up following an “inverse-Matthiessen” law. The
first term, σ0, is forbidden in Galilean invariant systems
and represents a “charge-conjugation-symmetric” contribu-
tion (which can, nevertheless, depend on the total charge
carrier density in some holographic models [49]). In general,
σ0 is not equal to the incoherent conductivity [50,51], which,
on the other hand, corresponds to processes which do not
overlap with the momentum operator [3]. The second term, σ̃ ,
is the contribution to the electric current from any net charge
carrier density, and it is very sensitive to the mechanisms of
momentum relaxation. Importantly, the main observation of
[47] is that only the second term contributes to the Hall angle,
which ultimately takes the form

tan �H ∼ B

n
σ̃ . (2)

This structure somehow directly reflects the two-scale sce-
nario proposed by Anderson [46] and might provide an
evident solution to the strange metal problem just by assuming

σ0 ∝ T −1, σ̃ ∝ T −2, n = const. (3)

This proposal resonates with the possible existence of a quan-
tum critical point in the cuprates [52], the scaling analyses for
Lifshitz-hyperscaling critical points [53,54], and the idea of a
Planckian bound for charge diffusivity proposed by Hartnoll
[55]. Unfortunately, this last conjecture has been proven not
to be universal for the case of charge diffusivity [56], and it
cannot, therefore, be the origin of the scaling in Eq. (3). The
possibility of relating a bound on Goldstone diffusivity to the
linear in T electric resistivity has also been discussed in the
context of charge density waves where the semilocal IR fixed
point still controls the scaling of σ0 [57].

As a remark, note that the possible solution presented in
Eq. (3) is in tension with other suggestions and observations
that attribute the linear in T resistivity to a Drude-like term
[25,58]. Those different scenarios are equivalent to assuming
that σ̃ ∝ T −1 and will incur the problem that also cot �H ∝
T , contradicting the experimental results. Note also that trying
to explain the linear in T resistivity with simple momentum
relaxation physics would inevitably face the problem of ex-
plaining the universality of the coefficient α in ρxx ∝ αT ,
which is highly insensitive to the details of the material [59]
and even to the increase in disorder induced by irradiation
[60]. As we will discuss, the same problem is likely to arise in
proposals which use charge density wave dynamics to this end
[61,62] since the momentum relaxation term and the charge
density wave (CDW) contributions always appear in the same

combination (as noted explicitly in [63]), therefore not giving
any extra freedom in the game.

Returning to our focus, let us consider the holographic
Gubser-Rocha model [30], which falls into class I in the
classification of EMD models [32]. In this model, the linear in
T resistivity comes from both terms in the DC conductivity,
σ0 and σ̃ , scaling as ∼T −1. Given the previous arguments,
this seems already a dead end since, according to Eq. (2),
it would imply a Hall angle scaling exactly as the longitu-
dinal resistivity, not as in strange metals, if n is temperature
independent. On top of that, it has been demonstrated, and
often forgotten, that the transport properties of strange met-
als cannot be achieved in homogeneous holographic EMD
models without violating the null energy condition [21]. The
Gubser-Rocha model is a specific example of the models
discussed in [21]. As we will explicitly show in this work, at
least in its simplest formulation (e.g., linear Maxwell action,
no explicit lattices and single momentum relaxation time), the
holographic Gubser-Rocha model cannot work.

Let us mention that apart from DC thermoelectric trans-
port, the holographic linear axion Gubser-Rocha model has
been investigated in several other directions, including opti-
cal transport, current-current spectral weight, the fermionic
spectral function, and superconducting instability [28,64–67].
Nevertheless, to the best of our knowledge, a clear connec-
tion with strange metal physics has not been revealed for the
aforementioned quantities.

The failure of the classical holographic EMD models to
reproduce the transport anomalies of strange metals has been
recognized in many works which tried to extend and general-
ize the EMD models for this purpose [18–20,22,23,28,68,69].
Unfortunately, we are not aware of any holographic model
which is able to reproduce the scaling of the electric resistivity
and Hall angle in the cuprates in a large range of temperatures
without resorting to the unphysical probe limit or to fine-
tuning or without violating the null energy condition in the
gravitational bulk.

Although the message that we want to deliver is rather
simple, and maybe not so new, we believe that, especially for
the condensed-matter community, which is facing increasing
usage of holographic models, it is important to clarify this
point. Finally, different from other nihilist discussions in the
literature [37–41], we would like to transmit a positive and
constructive message and, in particular, convey the idea that
the failure of the simple Gubser-Rocha model is not a failure
of holography and its methods, which have been revealed to be
useful and relevant in many other ways, but rather an appeal
for improvements and generalizations in order to achieve a
description and an understanding of the physics of strange
metals. Three particularly promising avenues in this direction
are the modification of the Maxwell term into nonlinear exten-
sions [49], e.g., Dirac-Born-Infeld (DBI) model [18,20,68];
the consideration of more general and complicated mecha-
nisms for momentum relaxation [70,71]; and the introduction
of a bona fide periodic lattice [28] into EMD models. More
work needs to be done.

Before moving to the bulk of the paper, let us make
an important remark. Our definition of “strange metal”
follows the general principles outlined by Anderson [36].
According to this specification, a strange metal is not
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equivalent to a metal solely exhibiting linear in T resistivity
(at low enough temperatures), which is sometimes used in the
literature.

This paper is organized as follows. In Sec. II, we briefly
present the holographic Gubser-Rocha model. In Sec. III, we
explicitly prove that this holographic model is not able to
recover the scaling of the resistivity and the Hall angle in
strange metals; in Sec. IV, we show that the same conclusion
could have been obtained just from a scaling analysis of the
IR fixed point or from hydrodynamics. Finally, in Sec. V,
we discuss several possibilities to overcome this failure and
generalize the holographic model to capture the physics of
strange metals and conclude with some general remarks.

II. THE HOLOGRAPHIC GUBSER-ROCHA MODEL

We study a (3 + 1)-dimensional holographic Einstein-
Maxwell-dilaton-axion model:

S = SGR + Saxion =
∫

d4x
√−g(L1 + L2),

LGR = R − 1

4
eφF 2 − 3

2
(∂φ)2 + 6 cosh φ,

Laxion = −1

2

2∑
I=1

(∂ψI )2,

(4)

where we set the gravitational constant to 16πGN = 1 and
the AdS radius is chosen to be unity. The first contribution,
SGR, corresponds to the original Gubser-Rocha model [30].
Here, we introduce a gauge field Aμ, with its field strength
F = dA, and a scalar field φ, the dilaton. The second term,
Saxion, written in terms of the axion fields ψI , is introduced
to break isotropically translational invariance so that the re-
sistivity becomes finite [71]. By construction, this term will
introduce a single momentum relaxation time in the dual-field
theory.

For the background solutions, we consider the following
ansatz:

ds2 = 1

z2

[
−(1 − z)U (z)dt2 + dz2

(1 − z)U (z)

+ V (z)dx2 + V (z)dy2

]
,

A = (1 − z)a(z)dt − B

2
y dx + B

2
x dy,

φ = 1

2
log[1 + z ϕ(z)], ψ1 = k x, ψ2 = k y, (5)

where B is the external magnetic field and k controls the
strength of momentum relaxation. Here, U,V, a, and ϕ are
functions of the holographic bulk coordinate z. The AdS
boundary is located at z = 0, and the horizon is at z = 1: in
order to ensure the asymptotic AdS boundary, all the func-
tions in the metric are required to satisfy U (0) = V (0) = 1.
Furthermore, one can also expand the gauge field At near the
boundary and find the chemical potential μ and the density
n: At ≈ μ − nz. The other thermodynamic quantities, such
as temperature T and entropy density s, are evaluated as
horizon quantities using T = U (1)/(4π ) and s = 4πV (1),
respectively.

For B = 0, the model (4) allows an analytic solution, which
is given by

U (z) = 1 + (1 + 3Q)z + z2
[
1 + 3Q(1 + Q) − 1

2 k2
]

(1 + Qz)3/2
,

V (z) = (1 + Qz)3/2,

a(z) =
√

3Q(1 + Q)
(
1 − k2

2(1+Q)2

)
1 + Qz

, ϕ(z) = Q.

(6)

However, in the case of a finite magnetic field, we may need to
employ numerical methods and construct the solutions numer-
ically. In this work, we fix the chemical potential and express
all physical quantities in terms of the three dimensionless
combinations: T/μ, k/μ, and B/μ2.

III. EXPLICIT PROOF OF THE ABSENCE OF STRANGE
METAL PHENOMENOLOGY

In order to proceed with the study of the transport coeffi-
cients, we employ the results of [47] (see also [72,73]) and
express the DC conductivities in terms of horizon data. This
analysis yields

σxx = V k2(n2 + B2e2φ + V k2eφ )

B2n2 + (B2eφ + V k2)2

∣∣∣∣
z=1

,

σxy = Bn(n2 + B2e2φ + 2V k2eφ )

B2n2 + (B2eφ + V k2)2

∣∣∣∣
z=1

.

(7)

From these expressions, we can define the longitudinal elec-
tric resistivity as

ρxx = σxx

σ 2
xx + σ 2

xy

(8)

and the Hall angle as

cot �H = σxx

σxy
. (9)

Thus, plugging our numerical solutions (5) into Eq. (7), we
can investigate the temperature dependence of the resistivity
and the Hall angle as a function of k/μ and B/μ2.

Figure 1 shows the numerical results for the temperature
dependence of the electric resistivity and the Hall angle at
B/μ2 = 1/10 and various momentum relaxation rates. The
momentum relaxation rates are denoted by different colors:
k/μ = 1, 5, and 10, shown in red, green, and blue, respec-
tively. At low temperature, both the resistivity and the Hall
angle exhibit linear in T behavior. As the momentum re-
laxation increases, the low-temperature behavior extends to
higher values of the temperature. In other words, the proper-
ties of the IR fixed point extend to higher energy, as already
observed in [26,27]. This is reminiscent of the concept of
the quantum critical region, in which the properties of the
quantum critical point extend to higher temperature.

In Fig. 2, a similar behavior can be observed for the entropy
density s and the charge carrier density n. As expected and as
emphasized in [25], the Gubser-Rocha model exhibits a linear
in temperature heat capacity which extends more and more to
high energy as the momentum relaxation rate k increases. We
notice that a linear in T capacity is not a peculiar property
of strange metals but rather a common feature of all ordinary
metals, in which it corresponds to the electronic contribution:
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FIG. 1. Top: The temperature dependence of the electric resis-
tivity at various momentum relaxation rates. For red, green, and blue
k/μ = 1, 5, and 10, respectively. B/μ2 = 1/10. Bottom: The temper-
ature dependence of the Hall angle at various momentum relaxation
rates. For red, green, and blue k/μ = 1, 5, and 10, respectively.
B/μ2 = 1/10.

the Sommerfeld formula [74]. Finally, the charge carrier den-
sity n is temperature independent at small temperature, as
reported, for example, in [28]. As we will see in the next
section, this is fully consistent with the hydrodynamic theory,
and it is the reason why the resistivity and the Hall angle both
scale linearly with temperature.

IV. SCALING ANALYSIS AND HYDRODYNAMICS

After proving explicitly that the Gubser-Rocha model is
not able to capture the transport properties of strange metals,
particularly the temperature scaling of the electric resistivity
and the Hall angle, here, we want to take a step back and
reanalyze our findings from a more general perspective.

As already emphasized in the Introduction, the Gubser-
Rocha model is a particular case of the so-called class I in
holographic EMD models (see [32] for the details of this clas-
sification). Importantly, the analysis of all the classes of EMD
models presented in [32] was already performed analytically
in [21]. There, it was found that for class I, to which the
Gubser-Rocha model belongs, one always has

ρxx ∝ T γ , cot �H ∝ T γ , (10)

FIG. 2. Top: The temperature dependence of the entropy density
at various momentum relaxation rates. For red, green, and blue k/μ

= 1, 5, and 10, respectively. B/μ2 = 1/10. Bottom: The temperature
dependence of the charge carrier density at various momentum relax-
ation rates. For red, green, and blue k/μ = 1, 5, and 10, respectively.
B/μ2 = 1/10.

where γ depends on the details of the model and γ = 1 in the
Gubser-Rocha model. This is obviously consistent with the
proof of concept presented in the previous section. Moreover,
it shows that EMD models in class I cannot capture the strange
metal transport properties.

Importantly, Ref. [21] showed that all the other EMD
models also fail in this respect. We will discuss in the next
section possible solutions to this.

Now, we want to take a different perspective and consider
the same problem from a hydrodynamic point of view. For
simplicity, we will focus only on the case of the electric
resistivity and the Hall angle. We will start by considering
the most general hydrodynamic theory which has been for-
mulated so far in this context. The details of the hydrodynamic
model can be found in [63]. Here, we will simply repeat the
fundamental assumptions and report the expressions relevant
for our analysis. The main assumption is to start from a 2D
system at finite temperature T and charge carrier density
n in which translational symmetry is broken pseudosponta-
neously in both directions x and y and an external magnetic
field perpendicular to them is introduced. This hydrodynamic
framework describes the low-energy effective dynamics of
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charge density wave systems [62]. Interestingly, the form of
the optical conductivity takes the same form as for the hy-
drodynamics of a charge fluid in a periodic external potential
[75]. For our purpose, the origin of the hydrodynamic frame-
work will not be essential.

The only important fact is that the hydrodynamic theory
predicts the following form for the electric resistivity and the
Hall angle:

σDC = σ0 + σ̃ , (11)

ρxx = 1

σ0 + σ̃
+ O(B2), (12)

cot �H = n

Bσ̃

1 + σ0
σ̃

1 + 2 σ0
σ̃

+ O(B), (13)

where σ̃ is a combination of various contributions which
depend on the particular framework considered (CDW or a
charged fluid in a periodic lattice, for example). As a concrete
example, one can consider the hydrodynamic description of
a charge density wave system in the presence of external
magnetic field (see Appendix A in [63]). There, we can im-
mediately identify

σ̃ = n2

χππ

�

�� + ω2
0

, (14)

where χππ is the momentum susceptibility (which equals
the mass density in a nonrelativistic system), � is the phase
relaxation rate, � is the momentum relaxation rate, and ω0 is
the pinning frequency. On the other hand, in the simplest case
of a charged electronic fluid with slow momentum relaxation,
one has

σ̃ = n2

χππ �
, (15)

which is simply the well-known Drude model expression.
Finally, a decomposition as in Eq. (12) for the electric con-
ductivity holds also in the presence of inhomogeneous lattices
[28,75], where the expression for σ̃ becomes more cumber-
some and depends explicitly on the lattice wave vector.

Given Eqs. (12) and (13), we would now like to ask agnos-
tically how the scalings of the strange metals could be realized
in this scenario. In order to make this analysis slightly more
general and to account also for materials in which the Hall
angle is not exactly quadratic (see Table 1 in [42]), our goal
will be to obtain the following case:

ρxx ∝ T, cot �H ∝ T β, (16)

with 1 < β � 2 (where β = 2 corresponds to a perfectly
quadratic Hall angle).

In order to perform this analysis, we first assume a generic
temperature scaling for all the quantities entering in the ex-
pressions for the resistivity and the Hall angle, σ0, σ̃ , n, and
B, as

σ0 ∼ T −x1 , σ̃ ∼ T −x2 , n ∼ T x3 , B ∼ T 0. (17)

At this point, we will assume only that x1, x2 > 0 in order to
have a metallic system. Under the assumptions presented in
Eq. (17), the temperature scaling of the Hall angle β is given

by

β = x2 + x3. (18)

We notice that the knowledge of these three scalings
themselves is not enough to make predictions on the finite-
frequency counterpart of the above conductivities. Indeed, as
seen in [63] for the case of pinned charge density waves, fixing
the above scalings is, in general, not even enough to derive
the temperature behavior of the leading order hydrodynamic
coefficients since σ̃ involves a complex combination of many
of them.

Let us now list the various options available.
Option 1: Constant density and linear in T from charge-

conjugation-symmetric conductivity. The first option is to
assume that the charge carrier density is temperature indepen-
dent and the linear in T resistivity comes from the dissipative
part of the conductivity σ̃ . This option includes the proposal
in [25] that linear in T comes from the momentum relaxation
rate and also the idea in [61] in which linear in T comes from
the Goldstone diffusivity and charge density wave physics.
This option corresponds to having x3 = 0 together with x2 = 1
and x1 � 1. Given these values, the scaling of the Hall angle is
equal to that in the electric resistivity since β = x3 + x2 = 1,
like for the holographic Gubser-Rocha model just analyzed.
This is clearly in tension with the experimental observations.
This option and, consequently, the ideas in [25,61] are not a
viable possibility to reproduce the phenomenology of strange
metals.

Option 2: Constant density and linear in T from dissipative
physics. A second option consists of keeping the charge carrier
density independent of temperature but deriving the linear in
T resistivity from the incoherent part of the conductivity σ0.
This corresponds to the original idea that linear in T resistivity
is the result of an IR quantum critical point with possibly Lif-
shitz and hyperscaling features. In this case, we have x3 = 0
together with x1 = 1 and x2 � 1. As a consequence, the scal-
ing of the Hall angle is always less than 1 since β = x3 + x2 �
1. This is again in tension with the experimental observations.
Notice that this problem was solved in [47] by assuming
that the linear in T resistivity does not extend down to zero
temperature and appears only above a certain energy scale W .
In that case, by assuming x1 = 1 and x2 = 2 one obtains a
quadratic Hall angle together with resistivity of the form

ρxx ∝ T 2

W + T
, (19)

which is linear for T � W . Two comments are in order. First,
it is not clear to us how much solid evidence there is for
the linear in T scaling to be valid up to zero temperature. If
that is the case, then W → 0, invalidating this option. On the
other hand, the meaning and value of W are also unclear and
probably material dependent.

Option 3: Temperature-dependent charge carrier density.
Given the negative results for options 1 and 2, it seems that
without adding any further ingredients the only possibility is
to assume the charge carrier density is temperature dependent.
Interestingly, this scenario is confirmed by the experimental
fits in Bi-2201, for example [63]. Unfortunately, as explic-
itly emphasized in [28], both the Reissner-Nordstrom model
and the Gubser-Rocha model have x3 = 0 and a constant in
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temperature charge carrier density at low temperature. By
assuming x3 �= 0, we can find a solution. In particular, we can
extend option 1 and get

x2 = 1, x3 = 1, x1 � 1 (20)

or extend option 2 and get

x1 = 1, x2 � 1, 1 < x3 + x2 � 2. (21)

In summary, the hydrodynamic analysis suggests that a pos-
sible way to recover the strange metal scalings (without
introducing additional structures) is simply to make the charge
carrier density dependent on temperature, as reported for Bi-
2201 in [63]. Moreover, one could still save option 2 but
only by assuming that the linear in T scaling of the electric
resistivity appears only above a certain energy scale and does
not extend down to zero temperature.

We notice that recent experimental results [58] seem to
indicate that the quantum critical conductivity σ0 has no
role in DC transport, implying a contradiction to option 1.
Also, other experimental results [63] display a temperature-
dependent charge carrier density favoring option 3 and at
odds with options 1 and 2. It would be useful to compare
these options, and their possibly testable predictions, with the
existing simulations and experiments in more detail. In this
respect, it would be interesting to find a generalization of the
linear axion Gubser-Rocha model to accommodate option 3.

V. CONCLUSIONS AND WAY OUT

In this work, we have shown that the electric resistivity and
the Hall angle in the holographic linear axion Gubser-Rocha
model exhibit the same linear in temperature scaling at low
temperature. This implies that the linear axion Gubser-Rocha
model is not a good holographic setup for strange metals,
which, on the contrary, display different temperature scalings
for those transport properties. The failure of the linear axion
Gubser-Rocha model should not come as a surprise since a
previous extended analysis of the EMD holographic mod-
els [21] already proved the impossibility of reproducing the
strange metal scalings in a much larger class of setups. Fur-
thermore, using a simple, but general enough, hydrodynamic
description for strange metals, the same conclusion can be
reached.

At this point, the relevant question is how to generalize
and extend the holographic models to incorporate the strange
metal phenomenology. A few options are available.

The first option is to modify the Maxwell sector, which is
responsible for the dynamics of the charge current. This can
be done in two ways. One can substitute the linear Maxwell
term FμνFμν with a more general nonlinear extension as done
in [49], for example. A natural candidate in this direction is
the DBI action, which was considered in several instances
[18–20,22,23,69]. The advantage of this route is that it might
possibly also reproduce the

√
a1T 2 + a2B2 magnetoresistance

structure [68] observed in certain compounds [76]. A second
way is to couple directly the momentum relaxation sector with
the Maxwell sector, as done in [56,77,78].

The second option is to modify the momentum relaxation
sector beyond the original linear axion model. This can be
done, for example, by assuming a more general potential for

the axion fields [70,79]. From the gravity point of view, this
would correspond to considering the most general Lorentz
violating massive gravity theory [80] which allows for a larger
freedom in the temperature dependence of the momentum
relaxation rate (to be compared with, the linear axion case
[81]). Additionally, it is important to notice that the choice
of linear axions implies a single momentum relaxation
time in the dual picture. In the pursuit of realizing the
scenario proposed by Anderson [46], it would be important
to generalize the momentum relaxation sector to introduce
two relaxation times. This can be probably done using
an anisotropic linear axion model with different dilatonic
couplings in the x and y directions. We leave this task for
future work. Also, it would be interesting to understand
whether a temperature-dependent charge carrier density n(T ),
as reported from experimental data, for example, for Bi-2201
[63], could be the solution to this problem. Unfortunately, as
emphasized in the previous section, the Gubser-Rocha model
does not allow for this option.

More complicated escapes involve the introduction of an
explicit lattice [28] or of explicit disorder which can modify
the nature of the IR fixed point (see, for example, [82]). One
could also think about making the magnetic field relevant in
the IR (see discussions in [21]). In that case, the IR struc-
ture of the theory will be strongly modified, and the scaling
analysis will not be applicable anymore, making a numeri-
cal analysis necessary. This scenario might also be useful to
study in more detail the incoherent Hall conductivity recently
discussed in [83]. Finally, a last possibility is to relax more
symmetries by, for example, introducing explicit anisotropy
or considering the recent proposal for ersatz Fermi liquids in
[84].

A totally different view on the problem would be to assume
that these scaling properties are not extended down to zero
temperature and appear only above a certain, and possibly
small, energy scale W . This was the solution proposed in
[47]. In all honesty, we do not know how much experimental
evidence in favor of this possibility exists in the literature.
On the other hand, we can confidently say that this scenario
cannot be realized in the Gubser-Rocha model. It could be
realized in other classes of EMD models, as described in [21].
It would be fruitful to investigate this further.

In summary, a holographic model for strange metals should
be as simple as possible but no simpler than that. Unfortu-
nately, the Gubser-Rocha model is simpler than that and is
still not the final answer to the strange metal puzzle. It would
be interesting to understand how many of the alternative non-
holographic options could provide a positive answer in this
regard and to see a critical analysis similar to that done in this
work for the Gubser-Rocha model applied to those scenarios.
Curiously, Table 2 in [42] does not report this information.
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