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Using holographic duality, we present an analytically controlled theory of quantum critical points
without quasiparticles, at finite disorder and finite charge density. These fixed points are obtained by

perturbing a disorder-free quantum critical point with relevant disorder whose operator dimension is
perturbatively close to Harris marginal. We analyze these fixed points both using field theoretic arguments,
and by solving the bulk equations of motion in holography. We calculate the critical exponents of the IR

theory, together with thermoelectric transport coefficients. Our predictions for the critical exponents of the
disordered fixed point are consistent with previous work, both in holographic and nonholograpic models.
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Introduction.—Quantum field theory has proven to be
a powerful tool to study and classify quantum phases of
matter [1]. In real experiments, of course, there is
always disorder; the Harris criterion [2] determines
whether such disorder qualitatively changes the IR fixed
point (whether it is relevant or irrelevant). When
disorder is Harris relevant, it is challenging to under-
stand the intrinsically disordered IR fixed points that
arise. Existing constructions in higher dimensions are
often analyzed close to fixed points with quasiparticles,
such as free theories or large-N vector models [3-12].
The problem is especially difficult in theories at finite
charge density, and/or with a Fermi surface, where
controlled field theories of strongly interacting non-
Fermi liquids are difficult to construct [1].

This Letter presents a controlled calculation, wherein we
perturb a UV quantum critical point by Harris-relevant
disorder, and analytically deduce the properties (critical
exponents and transport coefficients) of the resulting
compressible IR fixed point. Our construction relies on
holographic duality [13,14], which maps certain models of
“matrix large-N” strongly interacting quantum field theo-
ries to classical gravity in one higher dimension. These
models holographically describe maximally chaotic [14,15]
field theories, which do not have any (known) quasipar-
ticles. Through a careful nonperturbative analysis of the
nonlinear gravitational equations, we determine the scaling
exponents and transport coefficients of the emergent IR
fixed point, at finite disorder and finite density.

Main result—Let us summarize the main physical
conclusions of the calculations. We consider theories
perturbed by disorder which couples to scalar operator O:

S =S+ / dddxh(x)O(x, 1). (1)
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with S, a disorder-free action describing a quantum critical
point with dynamical critical exponent z and hyperscaling
violation 6. h(x) is zero-mean Gaussian disorder:

h(x)h(y) = D5(x - y). (2)

The Harris criterion [2] tells us that disorder is relevant when
the operator dimension [D] > 0. If the operator dimension of
O is A, defined by (O(x,0)0(0,0)) ~ |x| 724, then [16]

[D] = -2A+d-0+2z. (3)
It is useful to write

A= a-0 +z-v, (4)
2
so that v = 0 corresponds to Harris-marginal disorder, while
v > 0 implies Harris-relevant disorder. For convenience, we
also require O not to be described by alternate quantization in
holography, so A > (d + z)/2 [16].

We first discuss a minimal theory: a charge-neutral
conformal field theory (CFT) in d = 1 spatial dimension,
perturbed by disorder as in (1), with v = 0. After a series of
works [9,17-21], it was shown that disorder is marginally
irrelevant: the scale-dependent disorder strength is cap-
tured by a beta function,

_ 4D [Coor| .
P T dlogE  Cyr b )
Coor, Crr are operator product expansion coefficients
within the CFT.
This Letter concludes this search for a disordered
fixed point without quasiparticles as follows. Just as the
Wilson-Fisher fixed point can be perturbatively accessed in
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d =3 — ¢ spatial dimensions [22], with e perturbatively
small, if we turn on a perturbatively small v in (4),

C
Bp = [Coorl 2 _ oy, (6)
CTT

This flow equation has a stable fixed point as E — 0 if
v > 0: the value of disorder at the critical point is finite and
nonzero, and takes the universal value
. 2IJCT7‘

~ [Coorl

*

(7)

Invoking a universal relation [9] between D* and z*, valid
for perturbations away from a conformal field theory, we
obtain dynamical critical exponent

C
o —14lCo0rlp 11y, (8)
CTT

The argument above can be justified both using our
holographic models, and using conformal perturbation
theory to derive the exact prefactor of (5): see the
Supplemental Material [23] for the latter. However, we
do not know any field theoretic tools to generalize (8) to
perturbations of scaling theories where z # 1. Yetthese z # 1
theories include many interesting models of strange metals
[1]. In contrast, we can more naturally generalize this
argument to holographic models of a quantum critical point
in d spatial dimensions, at finite density p of a conserved U(1)
charge. We take the exponents z > max(1 + 0/d,0) and
0 < d — 1, so that the holographic model obeys bulk energy
conditions [14]. We then add Harris-relevant disorder
through (1), satisfying (2) and (4) with 1> v > 0. The
system flows to a disordered IR fixed point characterized by a
new set of scaling exponents z*, 6*:

2
z*zz+§(z—9),

g = 0. 9)
While the hyperscaling violation € remains the same as that
in the disorder-free critical point for any v, the dynamical
exponent z will increase linearly in v at the leading order.
We have calculated the ac electrical conductivity () at
finite density IR fixed points. We find (schematically) that

_2+d-0*
=

KT

1 —iwt

d—0*—2
P

o(w) ~ + F(o/T)*™ =, (10)
where K ~ p?/D* is a temperature-independent constant,
and F is a scaling function. When z* < 2 4+ d — 6*, we find
that 77T scales anomalously (diverges) as T — 0: see (31). If
o < T, therefore, there is a sharp Drude peak, and the first
term in (10) dominates. The physical reason for this Drude
peak is that the IR fixed point has perturbatively weak
disorder (D* ~v), so the low frequency conductivity will

be dominated by slow momentum relaxation: this is called
a “coherent” contribution to transport [26]. The lifetime of
momentum 7 can be calculated using established methods
[27], and we argue that it can be sensitive to UV
thermodynamic data. Hence, although the static properties
of the IR fixed point are universal, the width of any Drude
peak is not. If z* > 2 4+ d — 6%, < 1/T would naively be
sub-Planckian, so our conclusion is that there is no well-
defined Drude peak: the frequency dependence of the
second term in (10) is more important. When o > T,
the second term in (10) dominates. This is called the
“incoherent” conductivity, and is associated with current-
relaxing dynamics decoupled from momentum relaxation.
The incoherent conductivity of the IR fixed point theory is
universal and exhibits Planckian w/T scaling; the function
F is insensitive to UV physics.

Holography.—Having summarized the physics of the
disordered fixed points, let us explain the holographic
models we studied. In general, holography (“AdS/CMT”)
[14] is a powerful framework for building toy models of
quantum matter without quasiparticles by mapping the
physics onto a gravitational theory in one higher dimen-
sion. Fields in the higher-dimensional “bulk” theory
correspond to low-dimension operators in the quantum
field theory (QFT). All QFTs have a stress tensor, which is
dual to the spacetime metric g, in the bulk. A finite density
system requires a conserved U(1) current, dual to a bulk
gauge field A,. A scalar field (dilaton) @® in the bulk
represents a scalar (spin-0) operator in QFT. Following
[16,28,29], we consider specifically the Einstein-Maxwell-
Dilaton (EMD) action in d + 2-dimensional spacetime

So = /dd“x\/:é[(R —2(00)* - V(CD)) - @Fz]’
(11)

with coordinates (r,f,x). The bulk coordinate r can
intuitively be thought of as encoding energy scale in the
QFT: the UV corresponds to » — 0, while the IR is r — oo.
These EMD models are a standard holographic model
capable of realizing fixed points for generic z, 8. To study
Harris-relevant disorder, we introduce a bulk scalar field y,
dual to the disorder operator O in the QFT, and consider
bulk action § = S, + §,,, with

s, == [ ey e+ B0 )2

We emphasize that this differs from the usual strategy of
studying disordered QFTs by introducing replicas [3]: here,
we study a single realization of the disorder, which is
encoded by holographic duality in the boundary condi-
tions: y(r — 0,1,x) ~ r°h(x) for a constant c. Note that the
disordered boundary condition is random in x, but static
m t.
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We will reveal the emergent IR fixed point by solving the
nonlinear bulk equations of gravity, subject to these
boundary conditions. Details of the construction, including
precise functional forms for V, Z, B, etc., are in the
Supplemental Material [23]. In the absence of disorder,
the metric is given by

ds? = % %d;’2 —a(r)b(r)dr +dx*|, (13)

while the dilaton and gauge fields are

D =d(r), A = p(r)dz. (14)
The scaling exponents z, 6 are captured by the constants a
and by in a(r) ~r% and b(r)~r>. To study a finite
density black hole, we can identify the charge density with

—_ o0 15
pP==i (15)

In the presence of spatially inhomogeneous y, an
analytical solution of the classical bulk equations cannot
be found. Indeed, with hindsight, (9) shows that a, and
by will get linear corrections in v, which are non-
perturbative corrections in v to the actual bulk fields.
To understand how to solve these complicated bulk
equations, let us begin with a physical picture for the
radial evolution of the geometry from UV (r =0) to IR
(r = o0). If the disorder is self-averaging (the geometry
is, at leading order, independent of disorder realization),
then the geometry must be approximately homogeneous
in x: after averaging over disorder realizations, translation
invariance is restored. The bulk geometry is constructed
holographically by varying the action (11) and solving
the equation of motion for each field; e.g., for the metric,
we obtain

R 1 —
Ry =590 =5 (Th + T8 +T5,).  (16)
where Tﬁf’”’ denote the bulk stress tensors associated
with each of these fields, and —= denotes disorder

averaging. We then solve for the bulk fields a, b, p,
@ nonperturbatively, assuming that they are sourced by

the homogeneous 7%,. We make the general ansatz

a(r) = agrio~ra(r), (17a)
b(r) m oron(), (17b)
D(r) ~ ce(r)logr, (17¢)
p(r) = myrro=rln), (17d)

which readily suggests a physical interpretation: y,, ,
will encode the flow of critical exponents from the UV to
IR fixed points.

Plugging in (17) into the homogenized bulk equation of
motions, we obtain equations to solve for y,; , and cg.
Together with the equation of motion for each Fourier
mode y(r,k), we can then solve for all bulk fields and
obtain a self-consistent solution to (16). While we leave
most details of this calculation to the Supplemental
Material [23], let us describe the critical part of the
calculation. The bulk equations of motion imply that cg
remains constantand y, X y;, ® v, = y, which in turn obeys

v+ rlogry — ADris—=4

_ (d—@)r ’
_7d(d+z_9)ar(y+rlogry). (18)

A is a constant depending on z and 6. Applying dominant
balance to (18), the right-hand side is negligible, and

z—0 (d - 9) 2dy
1 1+AD ———<ri-o|. 19
dlogr og |t 2u(z - 0) " (19)

r(r)~

The bulk geometry locally looks like a scaling geometry,
with z varying extremely slowly; this enables us to
analytically solve for the eventual fixed point. Numerical
solutions confirm that this fixed point is the only one
consistent with an approximately homogeneous bulk
geometry [23].

To illustrate what (19) implies, we define a dimension-
less effective disorder strength

2dv

2dv_ d_ Dri-o
Deff = Drd—H - = (d_9> 2 (20)
1 + DA m rd-o

Notice that D,y — 0 as r — 0, since disorder is Harris
relevant. In the IR,

2u(z—0)

Dy — D = 2279
eff = A(d—g)

(1)

approaches a universal constant. This is the disorder
strength of exactly Harris marginal disorder that supports
the IR fixed point! Since (19) implies that y = AD* at the
IR fixed point, we can solve for the IR critical exponents z*,
0%, and we find (9). The crossover energy scale E,. between
the UV and IR fixed points occurs at the nonperturbatively
large scale

E ~ <D>_ (22)

emphasizing the nonperturbative nature of our (approximate)
solution to the nonlinear bulk equations. It is interesting that
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such a detailed analysis of the bulk equations is needed to
reproduce what, in a field theoretic language (6), is a
perturbative one-loop effect.

It remains to explain why the geometry is self-averaging
[20]. While at O(D) the disorder contributed to a homo-

geneous source T, for gravity in (16), there will also be
inhomogeneous source terms proportional to i (k)h(q) with
k + g # 0. These inhomogeneous source terms would not
matter if the left-hand side of (16) was linear; since it is
nonlinear in g,;,, such source terms do feed back and correct
the metric beyond our ansatz. However, to correct the
disorder averaged metric, we will need at least two such
powers of the source term, meaning that there are four
factors of 4. Thus, the corrections to our approximation are
O(D?*) = O(?). Since at the IR fixed point, disorder
remains perturbatively small, this correction can be
neglected at leading nontrivial order, thus justifying that
the geometry is self-averaging at the perturbatively acces-
sible fixed point.

We studied a charge-neutral critical point with a non-
trivial hyperscaling violation € # 0. This is done by turning
off the bulk gauge field (A, = 0); Lorentz invariance in the
boundary directions demands z = 1. The dilaton field will
get renormalized (cq is no longer constant), and the
disordered IR fixed point has critical exponents [23]

6u(1 - 0)(d —0)

* =1 e A S
C e Bd T 0=

(23a)

20(0 —1)(d - 6)

O =0% Bat0-50

0. (23b)

We see that 6 is renormalized. Interestingly, as long as
6 # 0, we have a different fixed point from (9) by taking
z — 1 there, and this is because when z # 1, @ is not
renormalized. Nevertheless, (9) and (23) agree in the CFT
limit: z =1 and 6 = 0.

Observe that (9) and (23) are consistent with the general
expectation that disorder should become exactly marginal
at the IR fixed point: if it was relevant, it would drive us to a
new fixed point; if it was irrelevant, then the IR would not
have finite disorder D*! To confirm that the disorder is
exactly Harris marginal at the IR fixed point, we compute
its scaling dimension A. In anti—de-Sitter (AdS) space,
the mass of a bulk field determines the dual operator’s
scaling dimension; for us, Ar is fixed by B(®). Calculating
Ak from B(®) and demanding that it is Harris marginal
(A = [(d — 6*)/2] 4 z*), we find the condition that

d 2dz — do

PG e Y )

— 0" —0)=2v. (24)

Obviously, (9) and (23) satisfy the above equation.

Previous literature [30,31] has studied theories with
z/(=0) =n > 0 fixed, while z — co. Such theories are
analyzed in the Supplemental Material [23].

Conductivities.—We now discuss the thermoelectric
transport properties of the disordered IR fixed point. We
study the theory at temperatures 7 < E., whereby the
geometry is approximately that of the IR fixed point, but
contains a black hole horizon r = r, with Hawking
temperature 7. This corresponds to modifying the geom-
etry found in (17) via [14]

b(r) = b(r) (1 - (i) d+“_> (25)

—[dz"/(d—0")]

where T ~ r . At the horizon, the entropy density

s scales s ~ 174 ~ TId=0)/],
In general, if we apply a temperature gradient —V7e ™’
and electric field Ee~™", the charge current Je ™™’ and heat

current Qe are proportional to these sources:

(o) = (retor ) (or) 0
Q Ta(w) k(w)/)\-VT

Let us first discuss the dc (w = 0) conductivities. Via
the membrane paradigm [32,33], we can evaluate them
by analyzing the geometry at the horizon: see the
Supplemental Material [23]. We find that the thermoelectric
conductivities are all approximated by a Drude-like form,

signifying that the transport coefficients are dominated by
slow momentum relaxation: [14]

2 2
p ps _ Ts
GdCNF, adcz?, KdCNT, (27)
where
[~ DT, (28)

Remarkably, (27) agrees with the perturbative result in [16]
with Harris-marginal disorder (in the IR), again confirming
the criterion in (24).

Following [34-36], we now analyze the subleading
(in D,) corrections to transport coefficients that describe
transport decoupled from momentum relaxation. As we
show in the Supplemental Material [23], in this holo-
graphic model such corrections to thermoelectric transport
coefficients are captured by the open-circuit thermal
conductivity

Fd—0*—2
=

Kge = Kge — Taq.05l ~T . (29)

In ordinary metals, one finds that kg, ~ T'o4. as T — 0 with
a precise prefactor (this is called the Wiedemann-Franz
law) [14]; clearly, this is badly violated at these disordered
fixed points, since
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d—0*
25—

L= per
Odc

(30)

vanishes as 7' — 0. Anomalous scaling of £ is not too
surprising given that the leading order results (27) exactly
cancel in kg4.; indeed, it is the subleading corrections to o,
that are responsible for nonvanishing x4.. One calls such
contributions to thermoelectric transport “incoherent” [26]
as they are decoupled from slow momentum relaxation.

Let us now extend the discussion to ac (w > 0) con-
ductivity; for simplicity, we focus only on the electrical
conductivity o(w). Following [27], we find that there
can be a Drude peak at low frequency w < T:
o(w) ~o04./(1 — iwr), where T = M /T. We argue in the
Supplemental Material [23] that M ~ T? is a UV-sensitive
quantity, implying that z is not universal, and exhibits
anomalous temperature dependence:

2+d—0*
F

~T . (31)

The holographic calculation of 7 is only accurate if
7> 1/T, so there is a sharp Drude peak only when
2+4d— 60" > z*. For theories that violate this inequality,
we expect no sharp features in () until the scale w ~ T.
For frequencies w > T, we find that the incoherent
conductivity dominates the response function:

o(w) ~ 0?2 (32)

The various power laws found above are consistent with
recent holographic scaling theories for IR fixed points at
finite density [36,37]. Following [38], we assign the charge
density operator an anomalous dimension ®,:

pl=d-0" + o, (33)

Scaling analysis shows that [o4.] = d — 6* — 2 4- 2@, [36].
In order to match with (28), we find ®, = —d + ¢*, which
implies [p] = 0. It has previously been observed [37] that
[p] =0 ensures the IR fixed point thermodynamics is
consistent with scaling theories, and thus (28) is consistent
with this expectation. A more careful analysis reveals that
the incoherent conductivity has a different IR scaling
dimension: [6;,;] = 3(d — ") — 2 +2z* 4 2@, [37]. This
is consistent with (32), and a direct calculation of the dc
incoherent conductivity in the Supplemental Material [23].

Outlook.—In this Letter, we have analytically pre-
dicted the emergence of a disordered fixed point in a
strongly interacting QFT, at either zero or finite
density. The exponents z* and " are independent of UV
disorder strength D, as are the dc thermoelectric transport
coefficients.

The holographic formalism described here is versatile
and could be used to study the emergence of finite disorder
fixed points in more general settings, such as in background

magnetic fields [13], or in the presence of nontrivial
topological effects [39]. It would also be interesting to
generalize to models with inhomogeneous charge disorder,
where lattice constructions can reveal robust 7-linear
resistivity [40].

We encourage further numerical work [41] to solve the
fully inhomogeneous Einstein equations, and analyze the
fixed points described here. The most promising direction
may be to focus on one-dimensional disordered systems;
prior work [19] constructed black holes with relevant
disorder, but their value of v = 3/4 may be beyond the
regime of validity of our perturbation theory. At strong
disorder, it may be possible for the horizon to fragment
into disconnected pieces, a fascinating phenomenon whose
implications for the boundary theory deserve further
investigation [42,43].

Our result (9) may extend beyond holographic
models. In a (charge-neutral) large-N vector model with
nondisordered fixed point with d =2, z=1, 8 =0, the
mass disorder at the critical point is relevant with
v = (16/32’N); a recent calculation [11] found that z* ~
1 4 v at the disordered fixed point. This agrees with (9). It
would be fascinating if our results can be extended to recent
models [44,45] of compressible, disordered non-Fermi
liquids based on field theories, including those based on
Sachdev-Ye-Kitaev models which display ¢ ~ 0.
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National Science Foundation under Grant No. DMR-
2245246 (S.S.).

“xiaoyang.huang @colorado.edu
Tandrew.j.lucas @colorado.edu

[1]1 S. Sachdev, Quantum Phase Transitions, 2nd ed.
(Cambridge University Press, Cambridge, England, 2011).

[2] A.B. Harris, Effect of random defects on the critical
behaviour of Ising models, J. Phys. C 7, 1671 (1974).

[3] Daniel Boyanovsky and John L. Cardy, Critical behavior
of m-component magnets with correlated impurities, Phys.
Rev. B 26, 154 (1982).

[4] Yong Baek Kim and Xiao-Gang Wen, Large-n renormali-
zation-group study of the commensurate dirty-boson prob-
lem, Phys. Rev. B 49, 4043 (1994).

[5] Ofer Aharony, Zohar Komargodski, and Shimon
Yankielowicz, Disorder in large-N theories, J. High Energy
Phys. 04 (2016) 013.

[6] Alex Thomson and Subir Sachdev, Quantum electrodynam-
ics in 2 4+ 1 dimensions with quenched disorder: Quantum
critical states with interactions and disorder, Phys. Rev. B
95, 235146 (2017).

141601-5


https://doi.org/10.1088/0022-3719/7/9/009
https://doi.org/10.1103/PhysRevB.26.154
https://doi.org/10.1103/PhysRevB.26.154
https://doi.org/10.1103/PhysRevB.49.4043
https://doi.org/10.1007/JHEP04(2016)013
https://doi.org/10.1007/JHEP04(2016)013
https://doi.org/10.1103/PhysRevB.95.235146
https://doi.org/10.1103/PhysRevB.95.235146

PHYSICAL REVIEW LETTERS 131, 141601 (2023)

[7] Pallab Goswami, Hart Goldman, and S. Raghu, Metallic
phases from disordered (2 + 1)-dimensional quantum
electrodynamics, Phys. Rev. B 95, 235145 (2017).

[8] Vladimir Narovlansky and Ofer Aharony, Renormalization
Group in Field Theories with Quantum Quenched Disorder,
Phys. Rev. Lett. 121, 071601 (2018).

[9] Ofer Aharony and Vladimir Narovlansky, Renormaliza-
tion group flow in field theories with quenched disorder,
Phys. Rev. D 98, 045012 (2018).

[10] Hennadii Yerzhakov and Joseph Maciejko, Disordered
fermionic quantum critical points, Phys. Rev. B 98,
195142 (2018).

[11] Hart Goldman, Alex Thomson, Laimei Nie, and Zhen Bi,
Collusion of interactions and disorder at the superfluid-
insulator transition: A dirty 2D quantum critical point, Phys.
Rev. B 101, 144506 (2020).

[12] Han Ma, Quenched random mass disorder in the large N
theory of vector bosons, SciPost Phys. 14, 039 (2023).

[13] Sean A. Hartnoll, Lectures on holographic methods for
condensed matter physics, Classical Quantum Gravity 26,
224002 (2009).

[14] Sean Hartnoll, Andrew Lucas, and Subir Sachdev, Holo-
graphic Quantum Matter (The MIT Press, Cambridge, MA,
2018).

[15] Juan Maldacena, Stephen H. Shenker, and Douglas
Stanford, A bound on chaos, J. High Energy Phys. 08
(2016) 106.

[16] Andrew Lucas, Subir Sachdev, and Koenraad Schalm,
Scale-invariant hyperscaling-violating holographic theories
and the resistivity of strange metals with random-field
disorder, Phys. Rev. D 89, 066018 (2014).

[17] Allan Adams and Sho Yaida, Disordered holographic
systems: Marginal relevance of imperfection, Phys. Rev.
D 90, 046007 (2014).

[18] Sean A. Hartnoll and Jorge E. Santos, Disordered Horizons:
Holography of Randomly Disordered Fixed Points, Phys.
Rev. Lett. 112, 231601 (2014).

[19] Sean A. Hartnoll, David M. Ramirez, and Jorge E. Santos,
Thermal conductivity at a disordered quantum critical point,
J. High Energy Phys. 04 (2016) 022.

[20] Koushik Ganesan and Andrew Lucas, Breakdown of
emergent Lifshitz symmetry in holographic matter with
Harris-marginal disorder, J. High Energy Phys. 06 (2020)
023.

[21] Koushik Ganesan, Andrew Lucas, and Leo Radzihovsky,
Renormalization group in quantum critical theories with
Harris-marginal disorder, Phys. Rev. D 105, 066016 (2022).

[22] Kenneth G. Wilson and Michael E. Fisher, Critical Ex-
ponents in 3.99 Dimensions, Phys. Rev. Lett. 28, 240
(1972).

[23] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.131.141601 for details
of the calculation, and Refs. [24,25].

[24] Wissam Chemissany and loannis Papadimitriou, Lifshitz
holography: The whole shebang, J. High Energy Phys. 01
(2015) 052.

[25] Marika Taylor, Lifshitz holography, Classical Quantum
Gravity 33, 033001 (2016).

[26] Sean A. Hartnoll, Theory of universal incoherent metallic
transport, Nat. Phys. 11, 54 (2015).

[27] Andrew Lucas, Conductivity of a strange metal: From
holography to memory functions, J. High Energy Phys.
03 (2015) 071.

[28] Liza Huijse, Subir Sachdev, and Brian Swingle, Hidden
Fermi surfaces in compressible states of gauge-gravity
duality, Phys. Rev. B 85, 035121 (2012).

[29] Andrew Lucas and Subir Sachdev, Conductivity of weakly
disordered strange metals: From conformal to hyperscaling-
violating regimes, Nucl. Phys. B892, 239 (2015).

[30] Steven S. Gubser and Fabio D. Rocha, Peculiar properties of
a charged dilatonic black hole in AdSs, Phys. Rev. D 81,
046001 (2010).

[31] Sean A. Hartnoll and Edgar Shaghoulian, Spectral weight in
holographic scaling geometries, J. High Energy Phys. 07
(2012) 078.

[32] Nabil Igbal and Hong Liu, Universality of the hydrody-
namic limit in AdS/CFT and the membrane paradigm,
Phys. Rev. D 79, 025023 (2009).

[33] Elliot Banks, Aristomenis Donos, and Jerome P. Gauntlett,
Thermoelectric DC conductivities and Stokes flows on
black hole horizons, J. High Energy Phys. 10 (2015) 103.

[34] Richard A. Davison and Blaise Goutéraux, Dissecting
holographic conductivities, J. High Energy Phys. 09
(2015) 090.

[35] Mike Blake, Momentum relaxation from the fluid/gravity
correspondence, J. High Energy Phys. 09 (2015) 010.

[36] Richard A. Davison, Blaise Goutéraux, and Sean A.
Hartnoll, Incoherent transport in clean quantum critical
metals, J. High Energy Phys. 10 (2015) 112.

[37] Richard A. Davison, Simon A. Gentle, and Blaise
Goutéraux, Impact of irrelevant deformations on thermo-
dynamics and transport in holographic quantum critical
states, Phys. Rev. D 100, 086020 (2019).

[38] Sean A. Hartnoll and Andreas Karch, Scaling theory of the
cuprate strange metals, Phys. Rev. B 91, 155126 (2015).

[39] Karl Landsteiner and Yan Liu, The holographic Weyl semi-
metal, Phys. Lett. B 753, 453 (2016).

[40] Floris Balm et al., T-linear resistivity, optical conductivity
and Planckian transport for a holographic local quantum
critical metal in a periodic potential, arXiv:2211.05492.

[41] Oscar J.C. Dias, Jorge E. Santos, and Benson Way,
Numerical methods for finding stationary gravitational
solutions, Classical Quantum Gravity 33, 133001 (2016).

[42] Dionysios Anninos, Tarek Anous, Frederik Denef, and
Lucas Peeters, Holographic vitrification, J. High Energy
Phys. 04 (2015) 027.

[43] Gary T. Horowitz, Nabil Igbal, Jorge E. Santos, and Benson
Way, Hovering black holes from charged defects, Classical
Quantum Gravity 32, 105001 (2015).

[44] Erik E. Aldape, Tessa Cookmeyer, Aavishkar A. Patel, and
Ehud Altman, Solvable theory of a strange metal at the
breakdown of a heavy Fermi liquid, Phys. Rev. B 105,
235111 (2022).

[45] Aavishkar A. Patel, Haoyu Guo, Ilya Esterlis, and Subir
Sachdev, Universal theory of strange metals from spatially
random interactions, Science 381, 790 (2023).

141601-6


https://doi.org/10.1103/PhysRevB.95.235145
https://doi.org/10.1103/PhysRevLett.121.071601
https://doi.org/10.1103/PhysRevD.98.045012
https://doi.org/10.1103/PhysRevB.98.195142
https://doi.org/10.1103/PhysRevB.98.195142
https://doi.org/10.1103/PhysRevB.101.144506
https://doi.org/10.1103/PhysRevB.101.144506
https://doi.org/10.21468/SciPostPhys.14.3.039
https://doi.org/10.1088/0264-9381/26/22/224002
https://doi.org/10.1088/0264-9381/26/22/224002
https://doi.org/10.1007/JHEP08(2016)106
https://doi.org/10.1007/JHEP08(2016)106
https://doi.org/10.1103/PhysRevD.89.066018
https://doi.org/10.1103/PhysRevD.90.046007
https://doi.org/10.1103/PhysRevD.90.046007
https://doi.org/10.1103/PhysRevLett.112.231601
https://doi.org/10.1103/PhysRevLett.112.231601
https://doi.org/10.1007/JHEP04(2016)022
https://doi.org/10.1007/JHEP06(2020)023
https://doi.org/10.1007/JHEP06(2020)023
https://doi.org/10.1103/PhysRevD.105.066016
https://doi.org/10.1103/PhysRevLett.28.240
https://doi.org/10.1103/PhysRevLett.28.240
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.141601
https://doi.org/10.1007/JHEP01(2015)052
https://doi.org/10.1007/JHEP01(2015)052
https://doi.org/10.1088/0264-9381/33/3/033001
https://doi.org/10.1088/0264-9381/33/3/033001
https://doi.org/10.1038/nphys3174
https://doi.org/10.1007/JHEP03(2015)071
https://doi.org/10.1007/JHEP03(2015)071
https://doi.org/10.1103/PhysRevB.85.035121
https://doi.org/10.1016/j.nuclphysb.2015.01.017
https://doi.org/10.1103/PhysRevD.81.046001
https://doi.org/10.1103/PhysRevD.81.046001
https://doi.org/10.1007/JHEP07(2012)078
https://doi.org/10.1007/JHEP07(2012)078
https://doi.org/10.1103/PhysRevD.79.025023
https://doi.org/10.1007/JHEP10(2015)103
https://doi.org/10.1007/JHEP09(2015)090
https://doi.org/10.1007/JHEP09(2015)090
https://doi.org/10.1007/JHEP09(2015)010
https://doi.org/10.1007/JHEP10(2015)112
https://doi.org/10.1103/PhysRevD.100.086020
https://doi.org/10.1103/PhysRevB.91.155126
https://doi.org/10.1016/j.physletb.2015.12.052
https://arXiv.org/abs/2211.05492
https://doi.org/10.1088/0264-9381/33/13/133001
https://doi.org/10.1007/JHEP04(2015)027
https://doi.org/10.1007/JHEP04(2015)027
https://doi.org/10.1088/0264-9381/32/10/105001
https://doi.org/10.1088/0264-9381/32/10/105001
https://doi.org/10.1103/PhysRevB.105.235111
https://doi.org/10.1103/PhysRevB.105.235111
https://doi.org/10.1126/science.abq6011

