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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Quasiparticles are additive excitations:
The low-lying excitations of the many-body system
can be identified as a set {n↵} of quasiparticles with
energy ✏↵

E =
P

↵ n↵✏↵ +
P

↵,� F↵�n↵n� + . . .

In a lattice system ofN sites, this parameterizes the energy
of ⇠ e↵N states in terms of poly(N) numbers.
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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Quasiparticles eventually collide with each other. Such
collisions eventually leads to thermal equilibration in a
chaotic quantum state, but the equilibration takes a long
time. In a Fermi liquid, this time diverges as

⌧eq ⇠ ~E3
F

U2(kBT )2
, as T ! 0,

where U is the strength of interactions, and EF is the
Fermi energy.
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• Note: The electron liquid in one dimension and the fractional

quantum Hall state both have quasiparticles; however, the quasi-

particles do not have the same quantum numbers as an electron.

Ordinary metals and quasiparticles

• Similarly, a quasiparticle model implies a
resistivity

⇢ =
m⇤

ne2
1

⌧
⇠ U2T 2 with ⌧ ⇠ ⌧eq
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• These times are much longer than the
‘Planckian time’ ~/(kBT ), which we will
find in systems without quasiparticle
excitations.

⌧ ⇠ ⌧eq � ~
kBT

, as T ! 0.
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Ordinary metals and quasiparticles



Remarkable recent observation of
‘Planckian’ strange metal transport in cuprates,
pnictides, magic-angle graphene, and
ultracold atoms: the resistivity, ⇢, is

⇢ =
m⇤

ne2
1

⌧

with a universal scattering rate

1

⌧
⇡ kBT

~ ,

independent of the strength of interactions!
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Bad metallic transport in a cold atom
Fermi-Hubbard system
Peter T. Brown1, Debayan Mitra1, Elmer Guardado-Sanchez1, Reza Nourafkan2,
Alexis Reymbaut2, Charles-David Hébert2, Simon Bergeron2, A.-M. S. Tremblay2,3,
Jure Kokalj4,5, David A. Huse1, Peter Schauß1*, Waseem S. Bakr1†

Strong interactions in many-body quantum systems complicate the interpretation of
charge transport in such materials. To shed light on this problem, we study transport in a
clean quantum system: ultracold lithium-6 in a two-dimensional optical lattice, a testing
ground for strong interaction physics in the Fermi-Hubbard model. We determine the
diffusion constant by measuring the relaxation of an imposed density modulation and
modeling its decay hydrodynamically. The diffusion constant is converted to a resistivity by
using the Nernst-Einstein relation. That resistivity exhibits a linear temperature
dependence and shows no evidence of saturation, two characteristic signatures of a bad
metal. The techniques we developed in this study may be applied to measurements of
other transport quantities, including the optical conductivity and thermopower.

I
n conventional materials, charge is carried
by quasiparticles and conductivity is under-
stood as a current of these charge carriers
developed in response to an external field.
For the conductivity to be finite, the charge

carriers must be able to relax their momentum
through scattering. The Boltzmann kinetic equa-
tion in conjunction with Fermi liquid theory
provides a detailed description of transport in
conventionalmaterials, including two trademarks
of resistivity. The first is the Fermi liquid prediction
that the temperature (T)–dependent resistivity r(T)
should scale like T2 at low temperature (1). The
second is that the resistivity should not exceed
amaximum value rmax, obtained from the Drude
relation assuming the Mott-Ioffe-Regel (MIR)
limit, which states that the mean free path of a
quasiparticle cannot be less than the lattice spacing
(2, 3). This resistivity bound itself is sometimes
referred to as the MIR limit.
Strong interactions can, however, lead to a

breakdown of Fermi liquid theory. One signal of
this breakdown is anomalous scaling of r with
temperature, including the linear scaling ob-
served in the strange metal state of the cuprates
(4) and other anomalous scalings in d- and f-
electron materials (5). Another is the violation of
the resistivity bound r < rmax, which is observed

in a wide variety of materials (6). Additionally,
interactions may lead to a situation where the
momentum relaxation rate alone does not de-
termine the conductivity, in contrast to the
semiclassical Drude formula, generalizations
of which hold for a large class of systems called
coherent metals (7). Approaches introduced to
understand these anomalous behaviors include
hidden Fermi liquids (8), marginal Fermi liquids
(9), proximity to quantum critical points (10) and
associated holographic approaches (11), and
many numerical studies of model systems,
most notably the Hubbard model (12) and the
t − J model (13).
Disentangling strong interaction physics from

other effects, such as impurities and electron-
phonon coupling, is difficult in real materials.
Cold atom systems are free of these complica-
tions, but transport experiments are challenging
because of the finite and isolated nature of these
systems. Most fermionic charge transport ex-
periments have focused on studying either mass
flow through optically structured mesoscopic
devices (14–17) or bulk transport in lattice sys-
tems (18–22). In this study, we explored bulk
transport in a Fermi-Hubbard system by study-
ing charge diffusion, which is a microscopic
process related to conductivity through the
Nernst-Einstein equation s = ccD, where D is
the diffusion constant and cc ¼ @n

@m

! "
jT is the

compressibility. This requires only the assumption
of linear response and the absence of thermo-
electric coupling (23) anddoes not rest on assump-
tions concerning quasiparticles.
We realized the two-dimensional Fermi-Hubbard

model by using a degenerate spin-balancedmix-
ture of two hyperfine ground states of 6Li in an
optical lattice (24). Our lattice beams produce
a harmonic trapping potential, which leads to a
varying atomic density in the trap. To obtain a

system with uniform density, we flatten our
trapping potential over an elliptical region of
mean diameter 30 sites by using a repulsive
potential created with a spatial light modulator.
We superimpose an additional sinusoidal po-
tential that varies slowly along one direction of
the lattice with a controllable wavelength (Fig. 1,
A and B). By adiabatically loading the gas into
these potentials, we prepare a Hubbard system
in thermal equilibrium with a small-amplitude
(typically 10%) sinusoidal density modulation.
The average density in the region with the flat-
tened potential is the same with and without the
sinusoidal potential. Next, we suddenly turn off
the added sinusoidal potential and observe the
decay of the density pattern versus time (Fig. 1,
C and D), always keeping the optical lattice at
fixed intensity. We measure the density of a
single spin component, hn↑i, by using techniques
described in (24), giving us access to the total
density through hni ¼ h2n↑i.
Wework at average total densityhni ¼ 0:82ð2Þ.

This value is close to a conjectured quantum
critical point in the Hubbard model (25). Our
lattice depth is 6.9(2) ER, where ER is the lattice
recoil energy and ER/h = 14.66 kHz, leading to
a tunneling rate of t/h = 925(10) Hz. Here h is
Planck’s constant. We adjust the scattering
length, as = 1070(10)ao, by working at a mag-
netic bias field of 616.0(2) G, in the vicinity of
the Feshbach resonance centered near 690 G.
These parameters lead to an on-site interaction–
to–tunneling ratio U/t = 7.4(8), which is in the
strong-interaction regime and close to the value
thatmaximizes antiferromagnetic correlations at
half-filling (26).
We observe the decay of the initial sinusoidal

density pattern over a period of a few tunneling
times. The short time scale ensures that the
observed dynamics are not affected by the in-
homogeneous density outside of the central
flattened region of the trap. To obtain better
statistics, we apply the sinusoidal modulation
along one dimension and average along the
other direction (Fig. 1, A and C). We fit the
average modulation profile to a sinusoid, where
the phase and frequency are fixed by the initial
pattern (Fig. 2A). The time dependence of the
amplitude of the sinusoid quantifies the decay
of the density modulation (Fig. 2B). Our experi-
mental technique is analogous to that ofHild et al.
(27), who studied the decay of a sinusoidally
modulated spin pattern in a bosonic system.
The decay of the sinusoidal density pattern

versus the wavelength l of the modulation be-
comes consistent with diffusive transport at long
wavelengths. In diffusive transport, the ampli-
tude of a density pattern at wave vector k = 2p/l
will decay exponentially with time constant t =
1/Dk2, where D is the diffusion constant. We ob-
serve exponentially decaying amplitudes with
diffusive scaling for wavelengths longer than
15 sites. However, the decay curves are flat at
early times, showing clear deviation from ex-
ponential decay. For short wavelengths, we ob-
serve deviations from diffusive behavior in the
form of underdamped oscillations, which can be
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Strange metal in magic-angle graphene with near Planckian dissipation
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Recent experiments on magic angle twisted bilayer graphene have discovered correlated insulating

behavior and superconductivity at a fractional filling of an isolated narrow band. In this paper we show

that magic angle bilayer graphene exhibits another hallmark of strongly correlated systems — a broad

regime of T�linear resistivity above a small, density dependent, crossover temperature— for a range of

fillings near the correlated insulator. We also extract a transport “scattering rate”, which satisfies a near

Planckian form that is universally related to the ratio of (kBT/~). Our results establish magic angle bilayer

graphene as a highly tunable platform to investigate strange metal behavior, which could shed light on

this mysterious ubiquitous phase of correlated matter.

A panoply of strongly correlated materials have metallic
parent states that display properties at odds with the expecta-
tions in a conventional Fermi liquid and are marked by the ab-
sence of coherent quasiparticle excitations. Some well known
families of materials, such as the ruthenates [1, 2], cobal-
tates [3, 4] and a subset of the iron-based superconductors [5],
show non-Fermi liquid (NFL) behavior over a broad inter-
mediate range of temperatures, with a crossover to a conven-
tional Fermi liquid below an emergent low-energy scale, Tcoh,
at which coherent electronic quasiparticles emerge as well-
defined excitations. Even more striking examples of NFL
behavior are observed in the hole-doped cuprates [6, 7] and
certain quantum critical heavy-fermion compounds [8] where
the incoherent features appear to survive down to the lowest
measurable temperatures, i.e. Tcoh ! 0, when superconduc-
tivity is suppressed externally. In the incoherent regime, all of
these materials in spite of being microscopically distinct have
a resistivity, ⇢(T ) ⇠ T , and exhibit a number of anomalous
features [8–11] clearly indicating the absence of sharp elec-
tronic quasiparticles. In strongly interacting non-quasiparticle
systems, it has been conjectured [12] that transport “scattering
rates” (�) satisfy a universal ‘Planckian’ bound � . O(kBT/~)
at a temperature T . It is however worth noting that in a NFL
there is in general no clear definition for �; the scattering rates
defined through di↵erent measurements, such as dc and opti-
cal conductivity, need not be identical [13]. One of the most
surprising aspects of incoherent transport in these systems, in
spite of these subtleties, is that � extracted from the dc resis-
tivity (through a procedure specified in Ref. [14]) appears to
satisfy a universal form � = CkBT/~with C a number of order
1 [14, 15].

Recent experiments [16, 17] have reported the discovery
of a correlation driven insulator at fractional fillings (with re-
spect to a fully filled isolated band) in magic-angle bilayer
graphene (MABLG). In MABLG, the relative rotation be-
tween two sheets of graphene generates a moiré pattern (Fig.
1a) with a periodicity that is much larger than the underly-
ing interatomic distances in graphene. The theoretically esti-
mated electronic bandwidth, W, is strongly renormalized near

these small magic-angles [18–20]; then the strength of the typ-
ical Coulomb interactions, U, becomes at least comparable to
(if not greater than) the bandwidth, U & W. Investigating
the properties of MABLG as a function of temperature and
carrier density with unprecedented tunability in a controlled
setup can lead to new insights into the nature of electronic
transport in other low-dimensional strongly correlated metal-
lic systems.

For our experiments, we have fabricated multiple high-
quality encapsulated MABLG devices (see Fig. 1a) using
the ‘tear and stack’ technique [21, 22]. As reported earlier
[16, 22], we obtain band-insulators with a large gap near
n ⇡ ±ns, where n is the carrier density tuned externally by
applying a gate voltage and ns corresponds to four electrons
per moiré unit cell. On the other hand, correlation driven in-
sulators with much smaller gap-scales [16, 23] appear near
n ⇡ ±ns/2; we denote these fillings as ⌫ = ±2 from now
on (the fully filled band corresponds to ⌫ = +4). Dop-
ing away from these correlated insulators by an additional
amount, �, with holes (⌫ = ±2 � �) and electrons (⌫ = ±2 + �)
leads to superconductivity (SC) [17, 23]. The superconduct-
ing transition temperature (Tc) measured relative to the Fermi-
energy ("F), as inferred from low temperature quantum oscil-
lations measurements [17], is high, with the largest value of
(Tc/"F) ⇠ 0.07 � 0.08, indicating strong coupling supercon-
ductivity [17]. A schematic ⌫�T phase-diagram for MABLG
is shown in Fig.1b.

In this work, we investigate the transport phenomenology
of the metallic states in MABLG as a function of increasing
temperature over a large range of externally tuned fillings. We
have analyzed the temperature dependence of the longitudinal
DC resistivity, ⇢(T ), for a number of devices (MA1 - MA6)
over a wide range of fillings, the results of which appear to
be qualitatively similar across devices. In order to highlight
the universal aspects of the behavior, both within and across
di↵erent samples, we show the temperature dependent traces
of ⇢(T ) for a range of di↵erent ⌫ in two devices MA1 and
MA4 in Fig.1c and Fig.1d respectively. The range of ⌫ chosen
for this purpose is shown as a color-bar in Fig.1b; see caption
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Planckian dissipation and scale invariance in a quantum-critical disordered pnictide
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Quantum-mechanical fluctuations between competing phases at T = 0 induce exotic finite-
temperature collective excitations that are not described by the standard Landau Fermi liquid
framework [1–4]. These excitations exhibit anomalous temperature dependences, or non-Fermi liq-
uid behavior, in the transport and thermodynamic properties [5] in the vicinity of a quantum
critical point, and are often intimately linked to the appearance of unconventional Cooper pairing
as observed in strongly correlated systems including the high-Tc cuprate and iron pnictide supercon-
ductors [6, 7]. The presence of superconductivity, however, precludes direct access to the quantum
critical point, and makes it difficult to assess the role of quantum-critical fluctuations in shaping
anomalous finite-temperature physical properties, such as Planckian dissipation !/τp = kBT [8–10].
Here we report temperature-field scale invariance of non-Fermi liquid thermodynamic, transport
and Hall quantities in a non-superconducting iron-pnictide, Ba(Fe1/3Co1/3Ni1/3)2As2, indicative of
quantum criticality at zero temperature and zero applied magnetic field. Beyond a linear in temper-
ature resistivity, the hallmark signature of strong quasiparticle scattering, we find a more universal
Planck-limited scattering rate that obeys a scaling relation between temperature and applied mag-
netic fields down to the lowest energy scales. Together with the emergence of hole-like carriers close
to the zero-temperature and zero-field limit, the scale invariance, isotropic field response and lack
of applied pressure sensitivity point to the realization of a novel quantum fluid predicted by the
holographic correspondence [11] and born out of a unique quantum critical system that does not
drive a pairing instability.

Non-Fermi liquid (NFL) behavior ubiquitously ap-
pears in iron-based high-temperature superconductors
with a novel type of superconducting pairing symme-
try driven by interband repulsion [7, 12]. The putative
pairing mechanism is thought to be associated with the
temperature-doping phase diagram, bearing striking re-
semblance to cuprate and heavy-fermion superconductors
[13, 14]. In iron-based superconductors, the supercon-
ducting phase appears to be centered around the point of
suppression of antiferromagnetic (AFM) and orthorhom-
bic structural order [12]. Close to the boundary between
AFM order and superconductivity, the exotic metallic
regime emerges in the normal state. In addition to the
AFM order, the presence of an electronic nematic phase
above the structural transition complicates the under-
standing of the SC and NFL behavior [15–18]. More-
over, the robust superconducting phase prohibits inves-
tigations of zero-temperature limit normal state physical
properties associated with the quantum critical (QC) in-
stability due to the extremely high upper critical fields.

While AFM spin fluctuations are widely believed to
provide the pairing glue in the iron-pnictides, other mag-

netic interactions are prevalent in closely related ma-
terials, such as the cobalt-based oxypnictides LaCoOX
(X=P, As) [19], which exhibit ferromagnetic (FM) or-
ders, and Co-based intermetallic arsenides with coexist-
ing FM and AFM spin correlations [20–22]. For instance,
a strongly enhanced Wilson ratio RW of ∼ 7-10 at 2 K
[23] and violation of the Koringa law [20–22] suggest
proximity to a FM instability in BaCo2As2. BaNi2As2,
on the other hand, seems to be devoid of magnetic or-
der [24] and rather hosts other ordering instabilities in
both structure and charge [25]. Confirmed by extensive
study, Fe, Co, and Ni have the same 2+ oxidation state
in the tetragonal ThCr2Si2 structure, thus adding one d
electron- (hole-) contribution by Ni (Fe) substitution for
Co in BaCo2As2 [26–29], and thereby modifying the elec-
tronic structure subtly but significantly enough to tune in
and out of different ground states and correlation types.
Utilizing this balance, counter-doping a system to achieve
the same nominal d electron count as BaCo2As2 can re-
alize a unique route to the same nearly FM system while
disrupting any specific spin correlation in the system.

Here, we utilize this approach to stabilize a novel

arXiv:1902.01034v1  [cond-mat.str-el]  4 Feb 2019
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The perfectly linear temperature dependence of the electrical 
resistivity observed as T!→ !0 in a variety of metals close to a 
quantum critical point1–4 is a major puzzle of condensed-mat-
ter physics5. Here we show that T-linear resistivity as T!→ !0 
is a generic property of cuprates, associated with a universal 
scattering rate. We measured the low-temperature resistivity 
of the bilayer cuprate Bi2Sr2CaCu2O8+δ and found that it exhib-
its a T-linear dependence with the same slope as in the single-
layer cuprates Bi2Sr2CuO6+δ (ref.!6), La1.6−xNd0.4SrxCuO4 (ref.!7) 
and La2−xSrxCuO4 (ref.!8), despite their very different Fermi 
surfaces and structural, superconducting and magnetic prop-
erties. We then show that the T-linear coefficient (per CuO2 
plane), A1

□, is given by the universal relation A1
□TF!= !h/2e2, 

where e is the electron charge, h is the Planck constant and TF 
is the Fermi temperature. This relation, obtained by assum-
ing that the scattering rate 1/τ of charge carriers reaches the 
Planckian limit9,10, whereby ħ/τ!= !kBT, works not only for hole-
doped cuprates6–8,11,12 but also for electron-doped cuprates13,14, 
despite the different nature of their quantum critical point and 
strength of their electron correlations.

In conventional metals, the electrical resistivity ρ(T) normally 
varies as T2 in the limit T →  0, where electron–electron scattering 
dominates, in accordance with Fermi-liquid theory. However, close 
to a quantum critical point (QCP) where a phase of antiferromag-
netic order ends, ρ(T) ~ Tn, with n <  2.0. Most striking is the obser-
vation of a perfectly linear T dependence ρ(T) =  ρ0 +  A1T as T →  0 in 
several very different materials, when tuned to their magnetic QCP; 
for example, the quasi-one-dimensional (1D) organic conductor 
(TMTSF)2PF6 (ref. 4), the quasi-2D ruthenate Sr3Ru2O7 (ref. 3) and 
the 3D heavy-fermion metal CeCu6 (ref. 1). This T-linear resistiv-
ity as T →  0 has emerged as one of the major puzzles in the physics 
of metals5, and while several theoretical scenarios have been pro-
posed15, no compelling explanation has been found.

In cuprates, a perfect T-linear resistivity as T →  0 has been 
observed (once superconductivity is suppressed by a magnetic field) 
in two closely related electron-doped materials, Pr2−xCexCuO4±δ 
(PCCO)2,16,17 and La2−xCexCuO4 (LCCO)13,14, and in three hole-
doped materials: Bi2Sr2CuO6+δ (ref. 6), La2−xSrxCuO4 (LSCO)8 and 
La1.6−xNd0.4SrxCuO4 (Nd-LSCO)7,11,12. On the electron-doped side, 
T-linear resistivity is seen just above the QCP16 where antiferromag-
netic order ends18 as a function of x, and as such it may not come 
as a surprise. On the hole-doped side, however, the doping values 

where ρ(T) =  ρ0 +  A1T as T →  0 are very far from the QCP where 
long-range antiferromagnetic order ends (pN ~ 0.02); for example, 
at p =  0.24 in Nd-LSCO (Fig. 1a) and in the range p =  0.21–0.26 in 
LSCO (Fig. 1b). Instead, these values are close to the critical dop-
ing where the pseudogap phase ends (that is, at p* =  0.23 ±  0.01 in 
Nd-LSCO (ref. 11) and at p* ~ 0.18–0.19 in LSCO (ref. 8)), where the 
role of antiferromagnetic spin fluctuations is not clear. In Bi2201,  
p* is farther still (see Supplementary Section 10).

To make progress, several questions must be answered. Is T-linear 
resistivity as T →  0 in hole-doped cuprates limited to single-layer 
materials with low Tc, or is it generic? Why is ρ(T) =  ρ0 +  A1T as 
T →  0 seen in LSCO over an anomalously wide doping range8? Is 
there a common mechanism linking cuprates to the other metals 
where ρ ~ T as T →  0?

To establish the universal character of T-linear resistivity in 
cuprates, we have turned to Bi2Sr2CaCu2O8+δ (Bi2212). While 
Nd-LSCO and LSCO have essentially the same single electron-like 
diamond-shaped Fermi surface at p >  p* (refs 19,20), Bi2212 has a very 
different Fermi surface, consisting of two sheets, one of which is also 
diamond-like at p >  0.22, but the other is much more circular21 (see 
Supplementary Section 1). Moreover, the structural, magnetic and 
superconducting properties of Bi2212 are very different to those of 
Nd-LSCO and LSCO: a stronger 2D character, a larger gap to spin 
excitations, no spin-density-wave order above p ~ 0.1 and a much 
higher superconducting Tc.

We measured the resistivity of Bi2212 at p =  0.23 by sup-
pressing superconductivity with a magnetic field of up to 58 T. 
At p =  0.23, the system is just above its pseudogap critical point 
(p* =  0.22 (ref. 22); see Supplementary Section 2). Our data are 
shown in Fig. 2. The raw data at H = 55 T reveal a perfectly linear 
T dependence of ρ(T) down to the lowest accessible temperature 
(Fig. 1a). Correcting for the magnetoresistance (see Methods and 
Supplementary Section 3), as was done for LSCO (ref. 8), we find 
that the T-linear dependence of ρ(T) seen in Bi2212 at H = 0 from 
T ~ 120 K down to Tc simply continues to low temperature, with the 
same slope A1 =  0.62 ±  0.06 μ Ω  cm K−1 (Fig. 2b). Measured per CuO2 
plane, this gives A1

□ ≡  A1/d = 8.0 ±  0.9 Ω  K−1, where d is the (aver-
age) separation between CuO2 planes. Remarkably, this is the same 
value, within error bars, as measured in Nd-LSCO at p =  0.24, where 
A1

□ =  7.4 ±  0.8 Ω  K−1 (see Table 1).
The observation of T-linear resistivity in those two cuprates 

shows that it is robust against changes in the shape, topology and 

Universal T-linear resistivity and Planckian 
dissipation in overdoped cuprates
A. Legros1,2, S. Benhabib3, W. Tabis3,4, F. Laliberté" "1, M. Dion1, M. Lizaire1, B. Vignolle3, D. Vignolles" "3, 
H. Raffy5, Z. Z. Li5, P. Auban-Senzier5, N. Doiron-Leyraud1, P. Fournier1,6, D. Colson2, L. Taillefer" "1,6* and 
C. Proust" "3,6*

NATURE PHYSICS | VOL 15 | FEBRUARY 2019 | 142–147 | www.nature.com/naturephysics142

LETTERS
https://doi.org/10.1038/s41567-018-0334-2

1Institut Quantique, Département de Physique & RQMP, Université de Sherbrooke, Sherbrooke, Québec, Canada. 2SPEC, CEA, CNRS-UMR 3680, 
Université Paris-Saclay, Gif sur Yvette Cedex, France. 3Laboratoire National des Champs Magnétiques Intenses (CNRS, EMFL, INSA, UJF, UPS), Toulouse, 
France. 4AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland. 5Laboratoire de Physique des 
Solides, Université Paris-Sud, Université Paris-Saclay, CNRS UMR 8502, Orsay, France. 6Canadian Institute for Advanced Research, Toronto, Ontario, 
Canada. *e-mail: louis.taillefer@usherbrooke.ca; cyril.proust@lncmi.cnrs.fr

The perfectly linear temperature dependence of the electrical 
resistivity observed as T!→ !0 in a variety of metals close to a 
quantum critical point1–4 is a major puzzle of condensed-mat-
ter physics5. Here we show that T-linear resistivity as T!→ !0 
is a generic property of cuprates, associated with a universal 
scattering rate. We measured the low-temperature resistivity 
of the bilayer cuprate Bi2Sr2CaCu2O8+δ and found that it exhib-
its a T-linear dependence with the same slope as in the single-
layer cuprates Bi2Sr2CuO6+δ (ref.!6), La1.6−xNd0.4SrxCuO4 (ref.!7) 
and La2−xSrxCuO4 (ref.!8), despite their very different Fermi 
surfaces and structural, superconducting and magnetic prop-
erties. We then show that the T-linear coefficient (per CuO2 
plane), A1

□, is given by the universal relation A1
□TF!= !h/2e2, 

where e is the electron charge, h is the Planck constant and TF 
is the Fermi temperature. This relation, obtained by assum-
ing that the scattering rate 1/τ of charge carriers reaches the 
Planckian limit9,10, whereby ħ/τ!= !kBT, works not only for hole-
doped cuprates6–8,11,12 but also for electron-doped cuprates13,14, 
despite the different nature of their quantum critical point and 
strength of their electron correlations.
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varies as T2 in the limit T →  0, where electron–electron scattering 
dominates, in accordance with Fermi-liquid theory. However, close 
to a quantum critical point (QCP) where a phase of antiferromag-
netic order ends, ρ(T) ~ Tn, with n <  2.0. Most striking is the obser-
vation of a perfectly linear T dependence ρ(T) =  ρ0 +  A1T as T →  0 in 
several very different materials, when tuned to their magnetic QCP; 
for example, the quasi-one-dimensional (1D) organic conductor 
(TMTSF)2PF6 (ref. 4), the quasi-2D ruthenate Sr3Ru2O7 (ref. 3) and 
the 3D heavy-fermion metal CeCu6 (ref. 1). This T-linear resistiv-
ity as T →  0 has emerged as one of the major puzzles in the physics 
of metals5, and while several theoretical scenarios have been pro-
posed15, no compelling explanation has been found.

In cuprates, a perfect T-linear resistivity as T →  0 has been 
observed (once superconductivity is suppressed by a magnetic field) 
in two closely related electron-doped materials, Pr2−xCexCuO4±δ 
(PCCO)2,16,17 and La2−xCexCuO4 (LCCO)13,14, and in three hole-
doped materials: Bi2Sr2CuO6+δ (ref. 6), La2−xSrxCuO4 (LSCO)8 and 
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netic order ends18 as a function of x, and as such it may not come 
as a surprise. On the hole-doped side, however, the doping values 

where ρ(T) =  ρ0 +  A1T as T →  0 are very far from the QCP where 
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at p =  0.24 in Nd-LSCO (Fig. 1a) and in the range p =  0.21–0.26 in 
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Nd-LSCO (ref. 11) and at p* ~ 0.18–0.19 in LSCO (ref. 8)), where the 
role of antiferromagnetic spin fluctuations is not clear. In Bi2201,  
p* is farther still (see Supplementary Section 10).
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excitations, no spin-density-wave order above p ~ 0.1 and a much 
higher superconducting Tc.

We measured the resistivity of Bi2212 at p =  0.23 by sup-
pressing superconductivity with a magnetic field of up to 58 T. 
At p =  0.23, the system is just above its pseudogap critical point 
(p* =  0.22 (ref. 22); see Supplementary Section 2). Our data are 
shown in Fig. 2. The raw data at H = 55 T reveal a perfectly linear 
T dependence of ρ(T) down to the lowest accessible temperature 
(Fig. 1a). Correcting for the magnetoresistance (see Methods and 
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T ~ 120 K down to Tc simply continues to low temperature, with the 
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plane, this gives A1
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Remarkable recent observation of ‘Planckian’ strange metal transport
in cuprates, pnictides, magic-angle graphene, and ultracold atoms: the
resistivity is associated with a universal scattering time ⇡ ~/(kBT ).
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Bad metallic transport in a cold atom
Fermi-Hubbard system
Peter T. Brown1, Debayan Mitra1, Elmer Guardado-Sanchez1, Reza Nourafkan2,
Alexis Reymbaut2, Charles-David Hébert2, Simon Bergeron2, A.-M. S. Tremblay2,3,
Jure Kokalj4,5, David A. Huse1, Peter Schauß1*, Waseem S. Bakr1†

Strong interactions in many-body quantum systems complicate the interpretation of
charge transport in such materials. To shed light on this problem, we study transport in a
clean quantum system: ultracold lithium-6 in a two-dimensional optical lattice, a testing
ground for strong interaction physics in the Fermi-Hubbard model. We determine the
diffusion constant by measuring the relaxation of an imposed density modulation and
modeling its decay hydrodynamically. The diffusion constant is converted to a resistivity by
using the Nernst-Einstein relation. That resistivity exhibits a linear temperature
dependence and shows no evidence of saturation, two characteristic signatures of a bad
metal. The techniques we developed in this study may be applied to measurements of
other transport quantities, including the optical conductivity and thermopower.

I
n conventional materials, charge is carried
by quasiparticles and conductivity is under-
stood as a current of these charge carriers
developed in response to an external field.
For the conductivity to be finite, the charge

carriers must be able to relax their momentum
through scattering. The Boltzmann kinetic equa-
tion in conjunction with Fermi liquid theory
provides a detailed description of transport in
conventionalmaterials, including two trademarks
of resistivity. The first is the Fermi liquid prediction
that the temperature (T)–dependent resistivity r(T)
should scale like T2 at low temperature (1). The
second is that the resistivity should not exceed
amaximum value rmax, obtained from the Drude
relation assuming the Mott-Ioffe-Regel (MIR)
limit, which states that the mean free path of a
quasiparticle cannot be less than the lattice spacing
(2, 3). This resistivity bound itself is sometimes
referred to as the MIR limit.
Strong interactions can, however, lead to a

breakdown of Fermi liquid theory. One signal of
this breakdown is anomalous scaling of r with
temperature, including the linear scaling ob-
served in the strange metal state of the cuprates
(4) and other anomalous scalings in d- and f-
electron materials (5). Another is the violation of
the resistivity bound r < rmax, which is observed

in a wide variety of materials (6). Additionally,
interactions may lead to a situation where the
momentum relaxation rate alone does not de-
termine the conductivity, in contrast to the
semiclassical Drude formula, generalizations
of which hold for a large class of systems called
coherent metals (7). Approaches introduced to
understand these anomalous behaviors include
hidden Fermi liquids (8), marginal Fermi liquids
(9), proximity to quantum critical points (10) and
associated holographic approaches (11), and
many numerical studies of model systems,
most notably the Hubbard model (12) and the
t − J model (13).
Disentangling strong interaction physics from

other effects, such as impurities and electron-
phonon coupling, is difficult in real materials.
Cold atom systems are free of these complica-
tions, but transport experiments are challenging
because of the finite and isolated nature of these
systems. Most fermionic charge transport ex-
periments have focused on studying either mass
flow through optically structured mesoscopic
devices (14–17) or bulk transport in lattice sys-
tems (18–22). In this study, we explored bulk
transport in a Fermi-Hubbard system by study-
ing charge diffusion, which is a microscopic
process related to conductivity through the
Nernst-Einstein equation s = ccD, where D is
the diffusion constant and cc ¼ @n

@m

! "
jT is the

compressibility. This requires only the assumption
of linear response and the absence of thermo-
electric coupling (23) anddoes not rest on assump-
tions concerning quasiparticles.
We realized the two-dimensional Fermi-Hubbard

model by using a degenerate spin-balancedmix-
ture of two hyperfine ground states of 6Li in an
optical lattice (24). Our lattice beams produce
a harmonic trapping potential, which leads to a
varying atomic density in the trap. To obtain a

system with uniform density, we flatten our
trapping potential over an elliptical region of
mean diameter 30 sites by using a repulsive
potential created with a spatial light modulator.
We superimpose an additional sinusoidal po-
tential that varies slowly along one direction of
the lattice with a controllable wavelength (Fig. 1,
A and B). By adiabatically loading the gas into
these potentials, we prepare a Hubbard system
in thermal equilibrium with a small-amplitude
(typically 10%) sinusoidal density modulation.
The average density in the region with the flat-
tened potential is the same with and without the
sinusoidal potential. Next, we suddenly turn off
the added sinusoidal potential and observe the
decay of the density pattern versus time (Fig. 1,
C and D), always keeping the optical lattice at
fixed intensity. We measure the density of a
single spin component, hn↑i, by using techniques
described in (24), giving us access to the total
density through hni ¼ h2n↑i.
Wework at average total densityhni ¼ 0:82ð2Þ.

This value is close to a conjectured quantum
critical point in the Hubbard model (25). Our
lattice depth is 6.9(2) ER, where ER is the lattice
recoil energy and ER/h = 14.66 kHz, leading to
a tunneling rate of t/h = 925(10) Hz. Here h is
Planck’s constant. We adjust the scattering
length, as = 1070(10)ao, by working at a mag-
netic bias field of 616.0(2) G, in the vicinity of
the Feshbach resonance centered near 690 G.
These parameters lead to an on-site interaction–
to–tunneling ratio U/t = 7.4(8), which is in the
strong-interaction regime and close to the value
thatmaximizes antiferromagnetic correlations at
half-filling (26).
We observe the decay of the initial sinusoidal

density pattern over a period of a few tunneling
times. The short time scale ensures that the
observed dynamics are not affected by the in-
homogeneous density outside of the central
flattened region of the trap. To obtain better
statistics, we apply the sinusoidal modulation
along one dimension and average along the
other direction (Fig. 1, A and C). We fit the
average modulation profile to a sinusoid, where
the phase and frequency are fixed by the initial
pattern (Fig. 2A). The time dependence of the
amplitude of the sinusoid quantifies the decay
of the density modulation (Fig. 2B). Our experi-
mental technique is analogous to that ofHild et al.
(27), who studied the decay of a sinusoidally
modulated spin pattern in a bosonic system.
The decay of the sinusoidal density pattern

versus the wavelength l of the modulation be-
comes consistent with diffusive transport at long
wavelengths. In diffusive transport, the ampli-
tude of a density pattern at wave vector k = 2p/l
will decay exponentially with time constant t =
1/Dk2, where D is the diffusion constant. We ob-
serve exponentially decaying amplitudes with
diffusive scaling for wavelengths longer than
15 sites. However, the decay curves are flat at
early times, showing clear deviation from ex-
ponential decay. For short wavelengths, we ob-
serve deviations from diffusive behavior in the
form of underdamped oscillations, which can be
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liquid
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-energy
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electronic
quasiparticles
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excitations.
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m
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N
FL

behavior
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cuprates
[6,7]
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quantum
criticalheavy-ferm
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incoherentfeatures
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m
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pattern
(Fig.

1a)
w

ith
a

periodicity
that

is
m

uch
larger

than
the

underly-
ing

interatom
ic

distances
in

graphene.
The

theoretically
esti-

m
ated

electronic
bandw

idth,
W

,isstrongly
renorm

alized
near

these
sm

allm
agic-angles[18–20];then

the
strength

ofthe
typ-

icalC
oulom

b
interactions,

U
,becom

es
atleastcom

parable
to

(if
not

greater
than)

the
bandw

idth,
U
&

W
.

Investigating
the

properties
of

M
A

B
LG

as
a

function
of

tem
perature

and
carrier

density
w

ith
unprecedented

tunability
in

a
controlled

setup
can

lead
to

new
insights

into
the

nature
of

electronic
transportin

otherlow
-dim

ensionalstrongly
correlated

m
etal-

lic
system

s.
For

our
experim

ents,
w

e
have

fabricated
m

ultiple
high-

quality
encapsulated

M
A

B
LG

devices
(see

Fig.
1a)

using
the

‘tear
and

stack’
technique

[21,22].
A

s
reported

earlier
[16,

22],
w

e
obtain

band-insulators
w

ith
a

large
gap

near
n
⇡
±

n
s ,w

here
n

is
the

carrier
density

tuned
externally

by
applying

a
gate

voltage
and

n
s

corresponds
to

four
electrons

perm
oiré
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Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3
 

 

Table 1 | Slope of T-linear resistivity vs Planckian limit in seven materials.  

Comparison of the measured slope of the T-linear resistivity in the T = 0 limit,  

A1 , with the value predicted by the Planckian limit (Eq. 1; penultimate column), 

for four hole-doped cuprates (Bi2212, Bi2201, LSCO and Nd-LSCO), two 

electron-doped cuprates (PCCO and LCCO) and the organic conductor 

(TMTSF)2PF6 , as discussed in the text (and Supplementary Information).     

The ratio α of the experimental value, A1
☐ = A1 / d, over the predicted value,       

is given in the last column. Although A1
☐ varies by a factor 5, the ratio m* / n  

(~1/TF) is seen to vary by the same amount, so that α = 1.0 in all cases,        

within error bars. 
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Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3
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Figure 2: The basic two-loop diagram from which melons are built in the
�
p
D tr(XµX⌫XµX⌫) model (upper-left), its stylized representation (lower left) and

a typical stylized melon diagram (right). All the diagrams contributing at leading
order N2D are of this type.

but a stable model is obtained for example by adding a term tr(XµXµ)6 to the action.
This does not change the physics nor the math in any drastic way.11 The recursive
structure of melons imply that one can always write down closed Schwinger-Dyson
equations for them. In this sense, they are under full analytic control. From these
equations, one can derive the quasi-normal behavior, chaos, time reparameterization,
etc., in genuine matrix models, along the lines of previous works on SYK models [14].

Remark on the interaction term tr[Xµ, X⌫ ]2: in several models derived from string
theory, in particular in the D0-brane matrix quantum mechanics, the interaction
term

Lint = ND� tr[Xµ, X⌫ ]
2 = 2ND� tr

�
XµX⌫XµX⌫ �XµXµX⌫X⌫

�
(2.7)

plays a privileged role. The reason is that it is automatically produced by dimensional
reduction of the tr[AM , AN ]2 term in gauge theory. The structure of (2.7) is incom-
patible with the new large D scaling (2.4), since the two contributions trXµXµX⌫X⌫

and trXµX⌫XµX⌫ scale di↵erently at large D, see Fig. 1. The best we can do is to
introduce two couplings �1 and �2 and study

Lint = 2ND tr
�p

D�1 XµX⌫XµX⌫ � �2 XµXµX⌫X⌫

�
(2.8)

instead of (2.7).

This is an unfortunate situation. Superficially, it may seem that the standard
scaling, which is clearly compatible with the structure of the commutator squared, is
more suitable to study (2.7). But this is naive: Prop. 2 of Sec. 2.2 actually implies
that the term trXµX⌫XµX⌫ does not contribute at all at leading order! On the

11See [32] for examples of stable models containing bosons. In particular, it is shown in [32] that
our new large D scaling is compatible with supersymmetry. Supersymmetric models are of course
automatically stable.
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and independent of U

<latexit sha1_base64="YXgP+9F0qS+atd2bBhoq5LNMIBs="></latexit>

E = �0.26
<latexit sha1_base64="G3t8/tsAYXwM/vLxR37KhuYjNvE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN4akiroRiiK4rGAf0IYymU7aoZNJmJkINRR/xY0LRdz6H+78G5M2C209MHA4517umeNFnClt299GYWFxaXmluFpaW9/Y3DK3dxoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IbXmd98oFKxUNzrUUTdAPcF8xnBOpW65l4nwHpAME9uxugSHdtW5azUNcu2ZU+A5omTkzLkqHXNr04vJHFAhSYcK9V27Ei7CZaaEU7HpU6saITJEPdpO6UCB1S5yST9GB2mSg/5oUyf0Gii/t5IcKDUKPDSySyrmvUy8T+vHWv/wk2YiGJNBZke8mOOdIiyKlCPSUo0H6UEE8nSrIgMsMREp4VlJTizX54njYrlnFjO3Wm5epXXUYR9OIAjcOAcqnALNagDgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8AagNk2M=</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)
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<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>



The complex SYK model

�ImGR(!)
<latexit sha1_base64="/btafezNZH7m/kkNQAcXE4wBJqc=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVAkgwVjAAW0H0ITWhcly3tWrHke0gqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89QcSo0o7zbeXm5hcWl/LLhZXVtfUNe3OrrkQsMalhwYRsBkgRRkNS01Qz0owkQTxgpBEMLkZ+44FIRUV4p4cR8TnqhbRLMdJGats7hx4PxGNyzVN4eX8LS57gpIcO2nbRKTtjwFniZqQIMlTb9pfXETjmJNSYIaVarhNpP0FSU8xIWvBiRSKEB6hHWoaGiBPlJ+MHUrhvlA7sCmkq1HCs/p5IEFdqyAPTyZHuq2lvJP7ntWLdPfMTGkaxJiGeLOrGDGoBR2nADpUEazY0BGFJza0Q95FEWJvMCiYEd/rlWVI/KrvHZffmpFg5z+LIg12wB0rABaegAq5AFdQABil4Bq/gzXqyXqx362PSmrOymW3wB9bnDxeYlW4=</latexit>

~!/(kBT )
<latexit sha1_base64="kunjN0PyYGJToeUrlSRcNKJCI5s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiYq6LLUjcsKfUETwmQ6aYdOZsLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zba2tb2xubZd2yrt7+weH9tFxV4lUYtLBggnZD5EijHLS0VQz0k8kQXHISC+c3M383iORigre1llC/BiNOI0oRtpIgV3xxiGSnojJCF3UJkETts8Du+rUnTngKnELUgUFWoH95Q0FTmPCNWZIqYHrJNrPkdQUMzIte6kiCcITNCIDQzmKifLz+fFTeGaUIYyENMU1nKu/J3IUK5XFoemMkR6rZW8m/ucNUh3d+jnlSaoJx4tFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FU2IbjLL6+S7mXdvaq7D9fVRrOIowROwCmoARfcgAa4By3QARhk4Bm8gjfryXqx3q2PReuaVcxUwB9Ynz8ptJPK</latexit>

E = 0
<latexit sha1_base64="FqnpYyJCCEkYCdrjTD+IwnTvPEg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZlRQTdCUQSXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwbM+0stHogcDjnXu7JCRPOtPG8L6e0srq2vlHerGxt7+zuufsHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8W3utydUaRbLRzNNaCDwULKIEWys1HfdnsBmRDDP7mboGnmVvlv1at4c6C/xC1KFAo2++9kbxCQVVBrCsdZd30tMkGFlGOF0VumlmiaYjPGQdi2VWFAdZPPkM3RilQGKYmWfNGiu/tzIsNB6KkI7mefUy14u/ud1UxNdBRmTSWqoJItDUcqRiVFeAxowRYnhU0swUcxmRWSEFSbGlpWX4C9/+S9pndX885r/cFGt3xR1lOEIjuEUfLiEOtxDA5pAYAJP8AKvTuY8O2/O+2K05BQ7h/ALzsc31X6SeA==</latexit>

E = 0.26
<latexit sha1_base64="aoZ9+xggb/LUlJ3AzTCiYyAmsIk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUiqqBuhKILLCvYBbSiT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z48WcSWXb30ZpZXVtfaO8Wdna3tndM/cP2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTW5yv/NIhWRR+KDSmLoBHoXMZwQrLQ3Maj/Aakwwz26n6ArZVv28MjBrtmXPgJaJU5AaFGgOzK/+MCJJQENFOJay59ixcjMsFCOcTiv9RNIYkwke0Z6mIQ6odLNZ+Ck61soQ+ZHQL1Ropv7eyHAgZRp4ejKPKhe9XPzP6yXKv3QzFsaJoiGZH/ITjlSE8ibQkAlKFE81wUQwnRWRMRaYKN1XXoKz+OVl0q5bzqnl3J/VGtdFHWU4hCM4AQcuoAF30IQWEEjhGV7hzXgyXox342M+WjKKnSr8gfH5Azjhkyw=</latexit>
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E = �0.1
<latexit sha1_base64="UgBISoHrZrVyg/wASwRbwP0e5ak=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4MSQq6EYoiuCygn1AG8pkOmmHTiZhZiKUUH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzJ0g4U9p1v62l5ZXVtfXSRnlza3tn197bb6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGN3kfuuRSsVi8aDHCfUjPBAsZARrI/XsSjfCekgwz24n6AqduI5X7tlV13GnQIvEK0gVCtR79le3H5M0okITjpXqeG6i/QxLzQink3I3VTTBZIQHtGOowBFVfjYNP0FHRumjMJbmCY2m6u+NDEdKjaPATOZR1byXi/95nVSHl37GRJJqKsjsUJhypGOUN4H6TFKi+dgQTCQzWREZYomJNn3lJXjzX14kzVPHO3O8+/Nq7bqoowQHcAjH4MEF1OAO6tAAAmN4hld4s56sF+vd+piNLlnFTgX+wPr8ASmmkyI=</latexit>

Note: Peak width ⇠ kBT/~
and independent of U

<latexit sha1_base64="YXgP+9F0qS+atd2bBhoq5LNMIBs="></latexit>

E = 0.1
<latexit sha1_base64="9k9sCu2x0LYlT0k6KFgOTpjzcb0=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUhU0I1QFMFlBfuANpTJdNIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZpZXVtfaO8Wdna3tndq+7X2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJze533mkUrFIPOhpTL0QjwQLGMHaSINqrR9iPSaYp7cZukKO7VYG1bpjOzOgZeIWpA4FmoPqV38YkSSkQhOOleq5Tqy9FEvNCKdZpZ8oGmMywSPaM1TgkCovnWXP0LFRhiiIpHlCo5n6eyPFoVLT0DeTeVK16OXif14v0cGllzIRJ5oKMj8UJBzpCOVFoCGTlGg+NQQTyUxWRMZYYqJNXXkJ7uKXl0n71HbPbPf+vN64LuoowyEcwQm4cAENuIMmtIDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz+6mpLr</latexit>

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015)

E = �0.26
<latexit sha1_base64="G3t8/tsAYXwM/vLxR37KhuYjNvE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN4akiroRiiK4rGAf0IYymU7aoZNJmJkINRR/xY0LRdz6H+78G5M2C209MHA4517umeNFnClt299GYWFxaXmluFpaW9/Y3DK3dxoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IbXmd98oFKxUNzrUUTdAPcF8xnBOpW65l4nwHpAME9uxugSHdtW5azUNcu2ZU+A5omTkzLkqHXNr04vJHFAhSYcK9V27Ei7CZaaEU7HpU6saITJEPdpO6UCB1S5yST9GB2mSg/5oUyf0Gii/t5IcKDUKPDSySyrmvUy8T+vHWv/wk2YiGJNBZke8mOOdIiyKlCPSUo0H6UEE8nSrIgMsMREp4VlJTizX54njYrlnFjO3Wm5epXXUYR9OIAjcOAcqnALNagDgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8AagNk2M=</latexit>
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<latexit sha1_base64="d5gVejQQEMw5VN4UcWXjHEDJHwI="></latexit>

E =
✏

U
<latexit sha1_base64="VFz8RtZpb7vpKvm0SCmFmOrmW2E="></latexit>



GPS:   A. Georges, O. Parcollet, and 
S. Sachdev,  PRB 63, 134406 (2001)

Many-body
level spacing ⇠
2�N = e�N ln 2

W. Fu and S. Sachdev, PRB 94, 035135 (2016)

Non-quasiparticle
excitations with
spacing ⇠ e�Ns0

There are 2N many body levels
with energy E. Shown are all

values of E for a single cluster of
size N = 12. The T ! 0 state has
an entropy SGPS = Ns0, where

s0 < ln 2 is determined by
integrating

ds0
dQ = 2⇡E .

At Q = 1/2,

s0 =
G

⇡
+

ln(2)

4
= 0.464848 . . .

where G is Catalan’s constant.
<latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="NQXG+AwHlWM34d4ej4U2f7ZhNt8=">AAACAXicbZDPSsNAEMY39V+NVevZy2IRPEhJvOhR8OKxgv0DTSmbzaRdutmE3Um1hL6AJ8F38SY+h6/iyW3ag7YOLPz4vllm5gszKQx63pdT2dre2d2r7rsHNffw6Lhe65g01xzaPJWp7oXMgBQK2ihQQi/TwJJQQjec3C387hS0Eal6xFkGg4SNlIgFZ2il1rDe8JpeWXQT/BU0yKqG9e8gSnmegEIumTF938twUDCNgkuYu0FuIGN8wkbQt6hYAuYymorMlDgoyo3n9NyaEY1TbZ9CWqq/PxcsMWaWhLYzYTg2695C/M/r5xjfDAqhshxB8eWgOJcUU7o4n0ZCA0c5s8C4FnZtysdMM442JDcwYBNUIxwXAcIzPonIzimumr5Qc5uVv57MJnRss9f0HzxSJafkjFwQn1yTW3JPWqRNOInIC3lzXp1352OZacVZhXtC/pTz+QNVA5sp</latexit><latexit sha1_base64="HHyvCE/H+PvEBm8VSb4ek/M0BtA="></latexit><latexit sha1_base64="3XOkz8dfBu2KjzFmKDMvM0wfu7w="></latexit><latexit sha1_base64="9Q/wfVztPivfp5Bkfms+dhEEQOs="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit><latexit sha1_base64="veXfEQgZBSXVb+TcDrwyixhVCXg="></latexit>

⇠ NU
<latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit><latexit sha1_base64="+k3wAyD9cA14iy+81PwXj54Ul8U=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF09SwW0L7VKyabYNTbJrkhXK0j/hxYMiXv073vw3ph+Itj4YeLw3w8y8KBXcWM/7QoWV1bX1jeJmaWt7Z3evvH/QMEmmKQtoIhLdiohhgisWWG4Fa6WaERkJ1oyG1xO/+ci04Ym6t6OUhZL0FY85JdZJrY7hEt/ioFuueFVvCvxD/EVSgTnq3fJnp5fQTDJlqSDGtH0vtWFOtOVUsHGpkxmWEjokfdZ2VBHJTJhP7x3jE6f0cJxoV8riqfp7IifSmJGMXKckdmAWvYn4n9fObHwZ5lylmWWKzhbFmcA2wZPncY9rRq0YOUKo5u5WTAdEE2pdRCUXwtLLy6RxVvW9qn93XqldzeMowhEcwyn4cAE1uIE6BEBBwBO8wCt6QM/oDb3PWgtoPnMIf4A+vgEUq49T</latexit>

The complex SYK model



H =
1

(2N)3/2

NX

↵,�,�,�=1

U↵�;�� c
†
↵c

†
�c�c� + ✏

X

↵

c
†
↵c↵

c↵c� + c�c↵ = 0 , c↵c
†
� + c

†
�c↵ = �↵�

Q =
1

N

X

↵

c
†
↵c↵

<latexit sha1_base64="JlOZEF4sk7vz9F8Y0I56eh1WJCw="></latexit>

The complex SYK model

U↵�;�� are independent random variables

with U↵�;�� = 0 and |U↵�;��|2 = U2
<latexit sha1_base64="kOef3eLiP+rUnUGw+gAHA8eOT3s="></latexit>
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<latexit sha1_base64="4J+aUPg7aIcEOvMv4A+CB0Zmc/0="></latexit>

A generalized SYK model

Xue-Yang Song, Chao-Ming Jian, and L. Balents, PRL 119, 216601 (2017)

See also Antoine Georges and Olivier Parcollet PRB 59, 5341 (1999)
Aavishkar A. Patel, John McGreevy, Daniel P. Arovas, Subir Sachdev, PRX 8, 021049 (2018) 

Pengfei Zhang, PRB 96, 205138 (2017)
Debanjan Chowdhury, Yochai Werman, Erez Berg, T. Senthil, PRX 8, 031024 (2018)

U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a range of values of width W .

~!/(kBT ) scaling behavior of SYK holds for W 2/U ⌧ kBT ⌧ U .
<latexit sha1_base64="ewMK5DIrlmfvoGIEB/DeLIDHfoQ="></latexit>



A lattice SYK model

Xue-Yang Song, Chao-Ming Jian, and L. Balents, PRL 119, 216601 (2017)
Pengfei Zhang, PRB 96, 205138 (2017)

Debanjan Chowdhury, Yochai Werman, Erez Berg, T. Senthil, PRX 8, 031024 (2018)
Aavishkar A. Patel, John McGreevy, Daniel P. Arovas, Subir Sachdev, PRX 8, 021049 (2018) 

See also Antoine Georges and Olivier Parcollet PRB 59, 5341 (1999)
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<latexit sha1_base64="yk3wAngTg8TFwugq4wyqCZi6+wQ=">AAADJXicdVJdb9MwFHXC1yhfHTzyckUFGlIJSdauIDRpgpc9TUOi26SmrRzHTb3ZSWQ7laoov4OfwK/gFZ54Q0g8IP4KbpJKY+quFPvonHNvru0bZpwp7bq/LfvGzVu372zdbd27/+Dho/b24xOV5pLQIUl5Ks9CrChnCR1qpjk9yyTFIuT0NLz4sNJPF1Qqliaf9DKjY4HjhM0YwdpQ023LfXEI+xDMJCaFVxY7Phy9nBS7r/2yhEDlYlqwNQgwz+a4G4RUmzXGQpgtolzjfa+cHMFwbakc72pHbTAlukBMrdpQToIIxzGVNbeyX6Gq3HJSBAtjT3QqoJHLSoem7EbDKw3rjjlOYk6BnUMgK1hePkp5XU vna25D+Wm74zru20HPG4DreHtub883oN/r9/s+eI5bRQc1cTxt/wmilOSCJppwrNTIczM9LrDUjJiGWkGuaIbJBY7pyMAEC6q60YJlqoLjonrlEp4bMYJZKs2XaKjYy8kFFkotRWicAuu5uqqtyE3aKNezN+OCJVmuaULqH81yDjqF1chAxCQlmi8NwEQy0zaQOTYDo81gtcx9rA8N14MT3/F2Hf9jr3PwvrmZLfQUPUM7yEMDdIAO0TEaImJ9tr5a36zv9hf7h/3T/lVbbavJeYL+C/vvP3tYBgE=</latexit>

t
U

Choose U on-site,
and uncorrelated between sites;

yields ‘incoherent metal’
with no Fermi surface

for t2/U ⌧ kBT ⌧ U with

G(k,!) = GSYK(✏, ~!/(kBT ))

independent of k,
and linear-in-T resistivity

⇢ ⇠ h

e2
kBT

t2/U
<latexit sha1_base64="gHH5V1roIwFuSrRpcWWzpPVVr1I="></latexit>



Mobile electrons (c) coupled to SYK quantum 
islands (f ) with exchange interactions.

A Kondo-SYK model

Debanjan Chowdhury, Yochai Werman, Erez Berg, T. Senthil, PRX 8, 031024 (2018)
Aavishkar A. Patel, John McGreevy, Daniel P. Arovas, Subir Sachdev, PRX 8, 021049 (2018) 

f
c

Has a regime where the

c electrons form a

marginal Fermi liquid

with a linear-in-T
resistivity, and a

small Fermi surface

which does not count

the f electrons.
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A lattice SYK model

Xue-Yang Song, Chao-Ming Jian, and L. Balents, PRL 119, 216601 (2017)
Pengfei Zhang, PRB 96, 205138 (2017)

Debanjan Chowdhury, Yochai Werman, Erez Berg, T. Senthil, PRX 8, 031024 (2018)
Aavishkar A. Patel, John McGreevy, Daniel P. Arovas, Subir Sachdev, PRX 8, 021049 (2018) 

See also Antoine Georges and Olivier Parcollet PRB 59, 5341 (1999)
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t
U

Choose U on-site,
and uncorrelated between sites;

yields ‘incoherent metal’
with no Fermi surface

for t2/U ⌧ kBT ⌧ U with

G(k,!) = GSYK(✏, ~!/(kBT ))

independent of k,
and linear-in-T resistivity

⇢ ⇠ h

e2
kBT

t2/U
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a bandwidth W .

The random ki dependence of U allows only resonant interactions
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .
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Rewriting of lattice model in 
momentum space

A lattice SYK model
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Resonant SYK model
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a bandwidth W .

The random ki dependence of U allows only resonant interactions
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .
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Resonant SYK model
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U↵�;��(ka) is a random function of ↵��� (as before)
✏k has a bandwidth W .

The random ki dependence of U allows only resonant interactions
with ✏k1 + ✏k2 = ✏k3 + ✏k4 .
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SYK behavior in a
Planckian metal as T ! 0

with a remnant Fermi surface:
G(k,!) = GSYK(✏k, ~!/(kBT )),

with Ek = ✏k/U
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Resonant SYK model
Conformal Green’s function at T > 0 must have the form

G(✏, ⌧) ⇠ e�2⇡ET⌧

✓
T

sin(⇡T ⌧)

◆1/2

, 0 < ⌧ < 1/T .
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SYK behavior in a
Planckian metal as T ! 0

with a remnant Fermi surface:
G(k,!) = GSYK(✏k, ~!/(kBT )),

with Ek = ✏k/U
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The complex SYK model
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The complex SYK model
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Resonant SYK model
U↵�;��(ka) is a random function of ↵��� (as before)

✏k has a bandwidth W .
The random ki dependence of U allows only resonant interactions

with ✏k1 + ✏k2 = ✏k3 + ✏k4 .

U(k1, k2, k3, k4)U⇤(k5, k6, k7, k8) =

U2
h
�(k1 + k2 � k3 � k4 � k5 � k6 + k7 + k8)

i

⇥
h
�(✏k1 + ✏k2 � ✏k3 � ✏k4) + �(✏k5 + ✏k6 � ✏k7 � ✏k8)

i

<latexit sha1_base64="s0fkecpzGSwbE2wzFf/OVY2Vmm4="></latexit>

Resistivity of a Planckian metal as T ! 0

From the Kubo formula, in the large N limit
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where

m⇤ =
d VFSH
FS |vF |

,

where d is spatial dimensionality and VFS is the volume enclosed by
the Fermi surface. For a circular Fermi surface, this is the usual m⇤.
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Resonant SYK model
U↵�;��(ka) is a random function of ↵��� (as before)
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Resistivity of a Planckian metal as T ! 0

From the Kubo formula, in the large N limit
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Resonant SYK model
Resistivity of a Planckian metal as T ! 0

⇢ =
m⇤

ne2
2.71

kBT

~

Note that all explicit dependence on U has cancelled out!

The number is defined by Ek = ✏k/U as |✏k| ! 0. This is
determined by UV physics, and is weakly dependent upon W/U .
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Resonant SYK model
In an independent momentum shell model

U(k1, k2, k3, k4)U⇤(k5, k6, k7, k8) =
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= 0.41 as in a single SYK model,
and we obtain a Planckian metal with
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~
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• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>

Quantum matter without quasiparticles



• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>

Quantum matter without quasiparticles

Aavishkar Patel (Harvard        Miller Fellow at Berkeley)  



• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>

Quantum matter without quasiparticles

Aavishkar Patel (Harvard        Miller Fellow at Berkeley)  



• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>

Quantum matter without quasiparticles

Aavishkar Patel (Harvard        Miller Fellow at Berkeley)  



• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>

Quantum matter without quasiparticles

Aavishkar Patel (Harvard        Miller Fellow at Berkeley)  



Quantum matter without quasiparticles

S. Sachdev, arXiv:1902.04078

• Planckian dynamics, i.e. ~!/(kBT ) scaling of response functions and fastest

possible local thermalization in a time ⇠ ~/(kBT )), is realized in the ‘solvable’

SYK models.

• Resonant SYK models are compressible and dispersive quantum systems with

Planckian dynamics as T ! 0.

• The resonance condition is supported by a RG argument: non-resonant inter-

actions mainly renormalize the underlying quasiparticle dispersion ✏k, while
resonant interactions have to be treated self-consistently.

• Resonant SYK models realize Planckian metals with remnant large Fermi sur-

face at ✏k = 0, and an e↵ective mass m⇤
defined by the dispersion of ✏k.

• Planckian metals have a resistivity ⇢ ⇠ (m⇤/(ne2))kBT/~.

• The low energy quantum theory of charged black holes in

Einstein-Maxwell theory co-incides with that of

complex SYK models as the (Hawking) temperature ! 0.
<latexit sha1_base64="RKf2iQVIgXQq4d01dlxfQ1H2L9U="></latexit>


