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Linear-in temperature resistivity from an 
isotropic Planckian scattering rate

Gaël Grissonnanche1,2,3, Yawen Fang2, Anaëlle Legros1,4, Simon Verret1, Francis Laliberté1, 
Clément Collignon1, Jianshi Zhou5, David Graf6, Paul A. Goddard7, Louis Taillefer1,8 ✉ & 
B. J. Ramshaw2,8 ✉

A variety of ‘strange metals’ exhibit resistivity that decreases linearly with 
temperature as the temperature decreases to zero1–3, in contrast to conventional 
metals where resistivity decreases quadratically with temperature. This 
linear-in-temperature resistivity has been attributed to charge carriers scattering at a 
rate given by ħ/τ = αkBT, where α is a constant of order unity, ħ is the Planck constant 
and kB is the Boltzmann constant. This simple relationship between the scattering rate 
and temperature is observed across a wide variety of materials, suggesting a 
fundamental upper limit on scattering—the ‘Planckian limit’4,5—but little is known 
about the underlying origins of this limit. Here we report a measurement of the 
angle-dependent magnetoresistance of La1.6−xNd0.4SrxCuO4—a hole-doped cuprate 
that shows linear-in-temperature resistivity down to the lowest measured 
temperatures6. The angle-dependent magnetoresistance shows a well de#ned Fermi 
surface that agrees quantitatively with angle-resolved photoemission spectroscopy 
measurements7 and reveals a linear-in-temperature scattering rate that saturates at 
the Planckian limit, namely α = 1.2 ± 0.4. Remarkably, we #nd that this Planckian 
scattering rate is isotropic, that is, it is independent of direction, in contrast to 
expectations from ‘hotspot’ models8,9. Our #ndings suggest that 
linear-in-temperature resistivity in strange metals emerges from a 
momentum-independent inelastic scattering rate that reaches the Planckian limit.

Immediately following the discovery of high-temperature supercon-
ductivity in the cuprates, it was noted that their normal-state resistiv-
ity is linear over a broad temperature range10. Linear-in temperature 
(T-linear) resistivity extending to low temperatures indicates a strongly 
correlated metallic state, and it was recognized early on that under-
standing T-linear resistivity may be the key to unravelling the mystery 
of high-temperature superconductivity itself11. Since then, T-linear 
resistivity has become a widespread phenomenon in strongly corre-
lated metals, occurring in systems as diverse as organic and iron-based 
superconductors3 and magic-angle twisted bilayer graphene12. The fact 
that T-linear resistivity is often found in proximity to unconventional 
superconductivity is highly suggestive of a common underlying origin, 
but T-linear resistivity at low temperatures lies outside the standard 
Fermi-liquid description of metals and thus remains a central unsolved 
problem in quantum materials research.

The difficulty in developing a controlled, microscopic theory 
of T-linear resistivity has led to the creation of new theoretical 
approaches that draw on techniques developed for the study of 
quantum gravity, including holography and the Sachdev–Ye–Kitaev 
model13–17. Although these theories are not microscopically moti-
vated, they explicitly account for strong quasiparticle interactions 
in a controlled way and suggest that T-linear resistivity might emerge 

as a universal principle—independent of microscopic details. The 
transport scattering rate 1/τ in these models obeys the so-called  
Planckian limit:

ħ
τ

αk T= , (1)B

where kB and ħ are the Boltzmann and Planck constants, respectively, 
and α is a constant of order unity. Simple estimates of α, based on the 
Drude model, from a wide variety of metals with T-linear resistivity 
are consistent with Planckian-limit scattering4,5,18. The Planckian limit 
even applies to conventional metals such as gold and copper, where 
T-linear resistivity at high temperatures is caused by electron–phonon 
scattering. Phonons, however, cannot explain T-linear resistivity in 
the T → 0 limit, suggesting that the Planckian limit is independent of 
microscopic origin. Estimates based on the Drude model provide no 
information about how the scattering rate varies in momentum space. 
Angle-resolved photoemission spectroscopy (ARPES) does provide the 
momentum dependence19, but only for the single-particle scattering 
rate and not for the transport scattering rate that determines the resis-
tivity. What has been missing is a full momentum-space description of 
the transport scattering rate.
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electron-like (that is, it is centred on the Γ point in the first Brillouin 
zone), both the measured and calculated RH are hole-like due to the 
Fermi surface curvature26 (Fig. 3b). An anisotropic scattering rate, 
highly enhanced near the anti-nodal regions of the Fermi surface 
(Figs. 2b, 3), is therefore not only required to correctly model the ADMR 
but also required to obtain the correct sign and magnitude of the Hall 
coefficient. To ensure that our fits are not fine-tuned for B = 45 T, we 
fit a second dataset taken at B = 35 T (Extended Data Fig. 5). We fix the 
tight-binding parameters to those obtained from the 45-T fits and we 
find that the same scattering-rate parameters emerge at 35 T, demon-
strating the consistency of the model.

Discussion
We have measured the momentum dependence of the scattering 
rate responsible for the T-linear resistivity of Nd-LSCO at p = 0.24. We 
can write the total scattering rate as a sum of an elastic (temperature 
independent) component plus an inelastic (temperature dependent) 
component:

τ φ T τ τ T1/ ( , ) = 1/ + 1/ ( ). (2)elastic inelastic

We use the working definitions of ‘elastic scattering’ to mean 
temperature-independent scattering and ‘inelastic scattering’ to 
mean temperature-dependent scattering. There are exceptions to 
these definitions but they hold under most cases, particularly in the 
low-temperature limit. We find that 1/τelastic = 1/τaniso(φ) + 1/τiso(T = 0), 
that is, the elastic scattering contains all of the anisotropic scattering, 

plus the T = 0 offset from the isotropic scattering. The elastic term is, by 
definition, temperature independent, and its angle dependence resem-
bles the strongly φ-dependent density of states at p = 0.24 (Fig. 4c, e). It 
was previously suggested that similar anisotropy in the single-particle 
scattering rate (that is, the scattering rate measured by ARPES) may 
arise due to the proximity of the anti-nodal Fermi surface to the van 
Hove singularity27. Our data suggest that similar anisotropy extends 
to the two-particle, transport scattering rate. Indeed, the momentum 
dependence of the elastic scattering rate we measure is reminiscent 
of the elastic scattering rate extracted by ARPES in LSCO at p = 0.23  
(ref. 28), as shown in Supplementary Fig. 2.

We find that the inelastic term in equation (2) has a pure T-linear 
dependence whose strength is consistent with Planckian dissipation, 
that is, τ T α1/ ( ) =

k T
ħinelastic
B , with α close to 1 (Fig. 4f). This unambiguo-

usly demonstrates that T-linear resistivity is caused by a T-linear scat-
tering rate and not, for example, by a T-dependent carrier density29. 
Remarkably, we discover that this Planckian scattering is isotropic—the 
same for all directions of electron motion. Isotropic, T-linear scattering 
has been hypothesized in the context of a marginal Fermi liquid descrip-
tion of the normal state of cuprates11. The marginal Fermi liquid also 
hypothesizes an ω-linear scattering rate (where ω is the angular fre-
quency), and this was observed by ARPES in LSCO19. The absence of 
momentum-space structure to the scattering rate implies that the 
microscopic mechanism of T-linear resistivity is length-scale invariant, 
that is, it does not depend on scattering from a particular wavevector, 
such as the fluctuations of a finite-q order parameter (where q is the 
ordering wavevector). The fact that the inelastic scattering rate appears 
to reach a limit dictated by Planck’s constant suggests that a 
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Fig. 2 | ADMR and quasiparticle scattering rate of Nd-LSCO at p = 0.24.  
a, Left: the ADMR of Nd-LSCO at p = 0.24 as a function of θ for four different 
temperatures, T = 25 K, T = 20 K, T = 12 K and 6 K, and at B = 45 T. The grey area 
near θ = 90° for T = 6 K and T = 12 K indicates the region where the sample 
becomes superconducting (SC). Right: simulations obtained from the 
Chambers formula using the tight-binding parameters of Extended Data Table 1 
and the scattering-rate model of equation (7). b, Log-scale polar plot of the 
scattering rate at T = 25 K. Note the large scattering rate near the anti-nodes 
where the Fermi surface passes close to the van Hove point. The isotropic part 
of the scattering rate, 1/τiso, is shown as a dashed red line. The anisotropic part, 

1/τaniso is shown in violet. The total scattering rate, 1/τaniso + 1/τiso is the entire 
solid line, shaded red or violet depending on whether it is dominated by 1/τaniso 
or 1/τiso, respectively. c, Temperature dependence of the two components of 
the scattering rate. A linear fit to 1/τiso using 1/τ = A + αkBT/ħ, yields α = 1.2 ± 0.4, a 
value consistent with the Planckian limit (α ≈ 1). The error bar on α accounts for 
the uncertainty in the fit as well as a ±10% uncertainty in the distance between 
the electrical contacts on the ADMR sample. By contrast, 1/τaniso is seen to be 
temperature independent, showing that it comes entirely from elastic 
scattering off defects and impurities.
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highly enhanced near the anti-nodal regions of the Fermi surface 
(Figs. 2b, 3), is therefore not only required to correctly model the ADMR 
but also required to obtain the correct sign and magnitude of the Hall 
coefficient. To ensure that our fits are not fine-tuned for B = 45 T, we 
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strating the consistency of the model.
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definition, temperature independent, and its angle dependence resem-
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was previously suggested that similar anisotropy in the single-particle 
scattering rate (that is, the scattering rate measured by ARPES) may 
arise due to the proximity of the anti-nodal Fermi surface to the van 
Hove singularity27. Our data suggest that similar anisotropy extends 
to the two-particle, transport scattering rate. Indeed, the momentum 
dependence of the elastic scattering rate we measure is reminiscent 
of the elastic scattering rate extracted by ARPES in LSCO at p = 0.23  
(ref. 28), as shown in Supplementary Fig. 2.
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dependence whose strength is consistent with Planckian dissipation, 
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has been hypothesized in the context of a marginal Fermi liquid descrip-
tion of the normal state of cuprates11. The marginal Fermi liquid also 
hypothesizes an ω-linear scattering rate (where ω is the angular fre-
quency), and this was observed by ARPES in LSCO19. The absence of 
momentum-space structure to the scattering rate implies that the 
microscopic mechanism of T-linear resistivity is length-scale invariant, 
that is, it does not depend on scattering from a particular wavevector, 
such as the fluctuations of a finite-q order parameter (where q is the 
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Linear-in temperature resistivity from an 
isotropic Planckian scattering rate

Gaël Grissonnanche1,2,3, Yawen Fang2, Anaëlle Legros1,4, Simon Verret1, Francis Laliberté1, 
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A variety of ‘strange metals’ exhibit resistivity that decreases linearly with 
temperature as the temperature decreases to zero1–3, in contrast to conventional 
metals where resistivity decreases quadratically with temperature. This 
linear-in-temperature resistivity has been attributed to charge carriers scattering at a 
rate given by ħ/τ = αkBT, where α is a constant of order unity, ħ is the Planck constant 
and kB is the Boltzmann constant. This simple relationship between the scattering rate 
and temperature is observed across a wide variety of materials, suggesting a 
fundamental upper limit on scattering—the ‘Planckian limit’4,5—but little is known 
about the underlying origins of this limit. Here we report a measurement of the 
angle-dependent magnetoresistance of La1.6−xNd0.4SrxCuO4—a hole-doped cuprate 
that shows linear-in-temperature resistivity down to the lowest measured 
temperatures6. The angle-dependent magnetoresistance shows a well de#ned Fermi 
surface that agrees quantitatively with angle-resolved photoemission spectroscopy 
measurements7 and reveals a linear-in-temperature scattering rate that saturates at 
the Planckian limit, namely α = 1.2 ± 0.4. Remarkably, we #nd that this Planckian 
scattering rate is isotropic, that is, it is independent of direction, in contrast to 
expectations from ‘hotspot’ models8,9. Our #ndings suggest that 
linear-in-temperature resistivity in strange metals emerges from a 
momentum-independent inelastic scattering rate that reaches the Planckian limit.

Immediately following the discovery of high-temperature supercon-
ductivity in the cuprates, it was noted that their normal-state resistiv-
ity is linear over a broad temperature range10. Linear-in temperature 
(T-linear) resistivity extending to low temperatures indicates a strongly 
correlated metallic state, and it was recognized early on that under-
standing T-linear resistivity may be the key to unravelling the mystery 
of high-temperature superconductivity itself11. Since then, T-linear 
resistivity has become a widespread phenomenon in strongly corre-
lated metals, occurring in systems as diverse as organic and iron-based 
superconductors3 and magic-angle twisted bilayer graphene12. The fact 
that T-linear resistivity is often found in proximity to unconventional 
superconductivity is highly suggestive of a common underlying origin, 
but T-linear resistivity at low temperatures lies outside the standard 
Fermi-liquid description of metals and thus remains a central unsolved 
problem in quantum materials research.

The difficulty in developing a controlled, microscopic theory 
of T-linear resistivity has led to the creation of new theoretical 
approaches that draw on techniques developed for the study of 
quantum gravity, including holography and the Sachdev–Ye–Kitaev 
model13–17. Although these theories are not microscopically moti-
vated, they explicitly account for strong quasiparticle interactions 
in a controlled way and suggest that T-linear resistivity might emerge 

as a universal principle—independent of microscopic details. The 
transport scattering rate 1/τ in these models obeys the so-called  
Planckian limit:

ħ
τ

αk T= , (1)B

where kB and ħ are the Boltzmann and Planck constants, respectively, 
and α is a constant of order unity. Simple estimates of α, based on the 
Drude model, from a wide variety of metals with T-linear resistivity 
are consistent with Planckian-limit scattering4,5,18. The Planckian limit 
even applies to conventional metals such as gold and copper, where 
T-linear resistivity at high temperatures is caused by electron–phonon 
scattering. Phonons, however, cannot explain T-linear resistivity in 
the T → 0 limit, suggesting that the Planckian limit is independent of 
microscopic origin. Estimates based on the Drude model provide no 
information about how the scattering rate varies in momentum space. 
Angle-resolved photoemission spectroscopy (ARPES) does provide the 
momentum dependence19, but only for the single-particle scattering 
rate and not for the transport scattering rate that determines the resis-
tivity. What has been missing is a full momentum-space description of 
the transport scattering rate.
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electron-like (that is, it is centred on the Γ point in the first Brillouin 
zone), both the measured and calculated RH are hole-like due to the 
Fermi surface curvature26 (Fig. 3b). An anisotropic scattering rate, 
highly enhanced near the anti-nodal regions of the Fermi surface 
(Figs. 2b, 3), is therefore not only required to correctly model the ADMR 
but also required to obtain the correct sign and magnitude of the Hall 
coefficient. To ensure that our fits are not fine-tuned for B = 45 T, we 
fit a second dataset taken at B = 35 T (Extended Data Fig. 5). We fix the 
tight-binding parameters to those obtained from the 45-T fits and we 
find that the same scattering-rate parameters emerge at 35 T, demon-
strating the consistency of the model.

Discussion
We have measured the momentum dependence of the scattering 
rate responsible for the T-linear resistivity of Nd-LSCO at p = 0.24. We 
can write the total scattering rate as a sum of an elastic (temperature 
independent) component plus an inelastic (temperature dependent) 
component:

τ φ T τ τ T1/ ( , ) = 1/ + 1/ ( ). (2)elastic inelastic

We use the working definitions of ‘elastic scattering’ to mean 
temperature-independent scattering and ‘inelastic scattering’ to 
mean temperature-dependent scattering. There are exceptions to 
these definitions but they hold under most cases, particularly in the 
low-temperature limit. We find that 1/τelastic = 1/τaniso(φ) + 1/τiso(T = 0), 
that is, the elastic scattering contains all of the anisotropic scattering, 

plus the T = 0 offset from the isotropic scattering. The elastic term is, by 
definition, temperature independent, and its angle dependence resem-
bles the strongly φ-dependent density of states at p = 0.24 (Fig. 4c, e). It 
was previously suggested that similar anisotropy in the single-particle 
scattering rate (that is, the scattering rate measured by ARPES) may 
arise due to the proximity of the anti-nodal Fermi surface to the van 
Hove singularity27. Our data suggest that similar anisotropy extends 
to the two-particle, transport scattering rate. Indeed, the momentum 
dependence of the elastic scattering rate we measure is reminiscent 
of the elastic scattering rate extracted by ARPES in LSCO at p = 0.23  
(ref. 28), as shown in Supplementary Fig. 2.

We find that the inelastic term in equation (2) has a pure T-linear 
dependence whose strength is consistent with Planckian dissipation, 
that is, τ T α1/ ( ) =

k T
ħinelastic
B , with α close to 1 (Fig. 4f). This unambiguo-

usly demonstrates that T-linear resistivity is caused by a T-linear scat-
tering rate and not, for example, by a T-dependent carrier density29. 
Remarkably, we discover that this Planckian scattering is isotropic—the 
same for all directions of electron motion. Isotropic, T-linear scattering 
has been hypothesized in the context of a marginal Fermi liquid descrip-
tion of the normal state of cuprates11. The marginal Fermi liquid also 
hypothesizes an ω-linear scattering rate (where ω is the angular fre-
quency), and this was observed by ARPES in LSCO19. The absence of 
momentum-space structure to the scattering rate implies that the 
microscopic mechanism of T-linear resistivity is length-scale invariant, 
that is, it does not depend on scattering from a particular wavevector, 
such as the fluctuations of a finite-q order parameter (where q is the 
ordering wavevector). The fact that the inelastic scattering rate appears 
to reach a limit dictated by Planck’s constant suggests that a 
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Fig. 2 | ADMR and quasiparticle scattering rate of Nd-LSCO at p = 0.24.  
a, Left: the ADMR of Nd-LSCO at p = 0.24 as a function of θ for four different 
temperatures, T = 25 K, T = 20 K, T = 12 K and 6 K, and at B = 45 T. The grey area 
near θ = 90° for T = 6 K and T = 12 K indicates the region where the sample 
becomes superconducting (SC). Right: simulations obtained from the 
Chambers formula using the tight-binding parameters of Extended Data Table 1 
and the scattering-rate model of equation (7). b, Log-scale polar plot of the 
scattering rate at T = 25 K. Note the large scattering rate near the anti-nodes 
where the Fermi surface passes close to the van Hove point. The isotropic part 
of the scattering rate, 1/τiso, is shown as a dashed red line. The anisotropic part, 

1/τaniso is shown in violet. The total scattering rate, 1/τaniso + 1/τiso is the entire 
solid line, shaded red or violet depending on whether it is dominated by 1/τaniso 
or 1/τiso, respectively. c, Temperature dependence of the two components of 
the scattering rate. A linear fit to 1/τiso using 1/τ = A + αkBT/ħ, yields α = 1.2 ± 0.4, a 
value consistent with the Planckian limit (α ≈ 1). The error bar on α accounts for 
the uncertainty in the fit as well as a ±10% uncertainty in the distance between 
the electrical contacts on the ADMR sample. By contrast, 1/τaniso is seen to be 
temperature independent, showing that it comes entirely from elastic 
scattering off defects and impurities.
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electron-like (that is, it is centred on the Γ point in the first Brillouin 
zone), both the measured and calculated RH are hole-like due to the 
Fermi surface curvature26 (Fig. 3b). An anisotropic scattering rate, 
highly enhanced near the anti-nodal regions of the Fermi surface 
(Figs. 2b, 3), is therefore not only required to correctly model the ADMR 
but also required to obtain the correct sign and magnitude of the Hall 
coefficient. To ensure that our fits are not fine-tuned for B = 45 T, we 
fit a second dataset taken at B = 35 T (Extended Data Fig. 5). We fix the 
tight-binding parameters to those obtained from the 45-T fits and we 
find that the same scattering-rate parameters emerge at 35 T, demon-
strating the consistency of the model.

Discussion
We have measured the momentum dependence of the scattering 
rate responsible for the T-linear resistivity of Nd-LSCO at p = 0.24. We 
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independent) component plus an inelastic (temperature dependent) 
component:
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We use the working definitions of ‘elastic scattering’ to mean 
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mean temperature-dependent scattering. There are exceptions to 
these definitions but they hold under most cases, particularly in the 
low-temperature limit. We find that 1/τelastic = 1/τaniso(φ) + 1/τiso(T = 0), 
that is, the elastic scattering contains all of the anisotropic scattering, 

plus the T = 0 offset from the isotropic scattering. The elastic term is, by 
definition, temperature independent, and its angle dependence resem-
bles the strongly φ-dependent density of states at p = 0.24 (Fig. 4c, e). It 
was previously suggested that similar anisotropy in the single-particle 
scattering rate (that is, the scattering rate measured by ARPES) may 
arise due to the proximity of the anti-nodal Fermi surface to the van 
Hove singularity27. Our data suggest that similar anisotropy extends 
to the two-particle, transport scattering rate. Indeed, the momentum 
dependence of the elastic scattering rate we measure is reminiscent 
of the elastic scattering rate extracted by ARPES in LSCO at p = 0.23  
(ref. 28), as shown in Supplementary Fig. 2.

We find that the inelastic term in equation (2) has a pure T-linear 
dependence whose strength is consistent with Planckian dissipation, 
that is, τ T α1/ ( ) =
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B , with α close to 1 (Fig. 4f). This unambiguo-

usly demonstrates that T-linear resistivity is caused by a T-linear scat-
tering rate and not, for example, by a T-dependent carrier density29. 
Remarkably, we discover that this Planckian scattering is isotropic—the 
same for all directions of electron motion. Isotropic, T-linear scattering 
has been hypothesized in the context of a marginal Fermi liquid descrip-
tion of the normal state of cuprates11. The marginal Fermi liquid also 
hypothesizes an ω-linear scattering rate (where ω is the angular fre-
quency), and this was observed by ARPES in LSCO19. The absence of 
momentum-space structure to the scattering rate implies that the 
microscopic mechanism of T-linear resistivity is length-scale invariant, 
that is, it does not depend on scattering from a particular wavevector, 
such as the fluctuations of a finite-q order parameter (where q is the 
ordering wavevector). The fact that the inelastic scattering rate appears 
to reach a limit dictated by Planck’s constant suggests that a 
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electron-like (that is, it is centred on the Γ point in the first Brillouin 
zone), both the measured and calculated RH are hole-like due to the 
Fermi surface curvature26 (Fig. 3b). An anisotropic scattering rate, 
highly enhanced near the anti-nodal regions of the Fermi surface 
(Figs. 2b, 3), is therefore not only required to correctly model the ADMR 
but also required to obtain the correct sign and magnitude of the Hall 
coefficient. To ensure that our fits are not fine-tuned for B = 45 T, we 
fit a second dataset taken at B = 35 T (Extended Data Fig. 5). We fix the 
tight-binding parameters to those obtained from the 45-T fits and we 
find that the same scattering-rate parameters emerge at 35 T, demon-
strating the consistency of the model.

Discussion
We have measured the momentum dependence of the scattering 
rate responsible for the T-linear resistivity of Nd-LSCO at p = 0.24. We 
can write the total scattering rate as a sum of an elastic (temperature 
independent) component plus an inelastic (temperature dependent) 
component:

τ φ T τ τ T1/ ( , ) = 1/ + 1/ ( ). (2)elastic inelastic

We use the working definitions of ‘elastic scattering’ to mean 
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mean temperature-dependent scattering. There are exceptions to 
these definitions but they hold under most cases, particularly in the 
low-temperature limit. We find that 1/τelastic = 1/τaniso(φ) + 1/τiso(T = 0), 
that is, the elastic scattering contains all of the anisotropic scattering, 

plus the T = 0 offset from the isotropic scattering. The elastic term is, by 
definition, temperature independent, and its angle dependence resem-
bles the strongly φ-dependent density of states at p = 0.24 (Fig. 4c, e). It 
was previously suggested that similar anisotropy in the single-particle 
scattering rate (that is, the scattering rate measured by ARPES) may 
arise due to the proximity of the anti-nodal Fermi surface to the van 
Hove singularity27. Our data suggest that similar anisotropy extends 
to the two-particle, transport scattering rate. Indeed, the momentum 
dependence of the elastic scattering rate we measure is reminiscent 
of the elastic scattering rate extracted by ARPES in LSCO at p = 0.23  
(ref. 28), as shown in Supplementary Fig. 2.

We find that the inelastic term in equation (2) has a pure T-linear 
dependence whose strength is consistent with Planckian dissipation, 
that is, τ T α1/ ( ) =

k T
ħinelastic
B , with α close to 1 (Fig. 4f). This unambiguo-

usly demonstrates that T-linear resistivity is caused by a T-linear scat-
tering rate and not, for example, by a T-dependent carrier density29. 
Remarkably, we discover that this Planckian scattering is isotropic—the 
same for all directions of electron motion. Isotropic, T-linear scattering 
has been hypothesized in the context of a marginal Fermi liquid descrip-
tion of the normal state of cuprates11. The marginal Fermi liquid also 
hypothesizes an ω-linear scattering rate (where ω is the angular fre-
quency), and this was observed by ARPES in LSCO19. The absence of 
momentum-space structure to the scattering rate implies that the 
microscopic mechanism of T-linear resistivity is length-scale invariant, 
that is, it does not depend on scattering from a particular wavevector, 
such as the fluctuations of a finite-q order parameter (where q is the 
ordering wavevector). The fact that the inelastic scattering rate appears 
to reach a limit dictated by Planck’s constant suggests that a 
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temperature independent, showing that it comes entirely from elastic 
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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!

Current flow without quasiparticles
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FIG. 2 Measurement of the di↵usion constant (a) and compressibility ((a)-inset) for a gas of ultra-cold 6Li atoms in an optical
lattice, realizing a two-dimensional Fermi-Hubbard model with U/t ' 7.5 at a density n ' 0.825. (b) Reconstructed ‘resistivity’
using Einstein-Sutherland relation. Grey horizontal dashed line represents the estimated MIR value. Theoretical calculations
using DMFT (in green) and the finite-T Lanczos method (in blue) are shown; the band representation indicates estimated error
bars. Adapted from (Brown et al., 2019).
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FIG. 3 Examples of T�linear resistivity extending over a wide range of temperature scales in (a) hole-doped La2�xSrxCuO4

(LSCO) near optimal doping (adapted from (Giraldo-Gallo et al., 2018)), and (b) magic-angle twisted bilayer graphene
(MATBG) near ⌫ ⇡ �2, relative to charge neutrality, ⌫ = 0 (adapted from (Jaoui et al., 2021)). In LSCO, Tcoh can be
inferred to be much lower than any characteristic energy scales by turning on a magnetic field and accounting for the finite
magnetoresistance ((a)-top inset); the variation of the slope (A) on hole-doping is shown in (a)-bottom inset. In MATBG, the
linearity for a range of dopings near ⌫ ⇡ �2 ((b)-inset) persists down to ⇠ 40 mK. Both family of materials also display a
Planckian form of �dc (Eq. 3.5).

associated with intermediate energy scales (and consis- tent with ARPES and ADMR) is used, rather than the

LSCO: Giraldo-Gallo et al. 2018 MATBG: Jaoui et al. 2021
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• Theory for a fermion system with variable density without
quasiparticles, and relaxation time ⇠ ~/(kBT ).

• Needed: theory for collision time in resistivity ⇠ ~/(kBT ).

• Needed: theory for the appearance of superconductivity (and other
broken symmetries) in such a ‘Planckian metal’.
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5.  Progress on the theory of Planckian metals
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B. Fermi surface coupled to a critical boson



Objects so dense that light is 
gravitationally bound to them.

Black Holes

Horizon radius R =
2GM

c2
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G Newton’s constant, c velocity of light, M mass of black hole
For M = earth’s mass, R ⇡ 9mm!
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J. D. Bekenstein, PRD 7, 2333 (1973)

S. W. Hawking, Nature 248, 30 (1974) 
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• Black holes have an entropy and a temperature,
TH = ~c3/(8⇡GMkB).

• The entropy is proportional to their surface area.

• They relax to thermal equilibrium in a
Planckian time ⇠ 8⇡GM/c3 = ~/(kBTH).
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Remarkable features:

• Entropy is finite.

• Entropy is not
proportional to volume
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An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest
known information dissipaters.

The extreme nature of black holes means that they o!er unique opportunities for testing the limits of physics laws.
One law that researchers have wanted to test in this way is the one describing the maximum rate at which
information can flow out from a system. But until recently, this test was impossible with black holes because of a
lack of suitable candidates. That changed with the first measurements of gravitational waves. Now, an analysis of
the gravitational waves detected from eight black hole mergers confirms that the law applies to these extreme
objects [1].

Any perturbed object will emit information about its state until it returns to equilibrium. Theory predicts a limit to
the rate of this information emission, with that limit depending on the object’s temperature and its relaxation time
(how fast it regains equilibrium). For freshly merged black holes, these parameters are encoded in the emitted
gravitational waves.

Of the roughly 50 black hole mergers so-far detected, researchers from the University of Pisa, Italy, and the
University of Glasgow, UK, selected eight from which they could make confident measurements of relaxation times.
For each of these mergers, the team calculated the maximum average rate of information emission per unit of
energy. They found that these rates are the fastest for any known object: about  bits per second per
joule, or 75% of the theoretical maximum. At this extreme rate, perturbed black holes broadcast information at a
rate roughly 11 orders of magnitude higher than those involving “everyday” room-temperature objects that are
roughly a meter wide.

The result confirms that black holes obey fundamental principles of general relativity, information theory, and
thermodynamics—a finding that the team says wasn’t guaranteed to be true. Any future extensions to general
relativity, they say, must obey this information bound as well.

–Christopher Crockett

Christopher Crockett is a freelance writer based in Arlington, Virginia.
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evidence case (amax ¼ bmax ¼ 100), we employ a
conservative choice. In Fig. 2 we display, in blue, the
median and 90% credible intervals of the posterior prob-
ability distributions pðHjDN; a; bÞ. Single-event likeli-
hoods are shown in gray for comparison. We finally
compute the probability that the Bekenstein-Hod bound
(gold vertical line) is obeyed on a population level, by
computing the p-value (p̃ ≔ pðH < 1jDN; a; bÞ) for each
of a; b sample obtained from Eq. (3). The result yields a p̃-
value distribution strongly peaked towards unity with
median and 90% credible levels given by p̃ ¼ 0.94þ0.05

−0.14,
where p̃ ¼ 1 would indicate perfect agreement with the
prediction, while p̃ ¼ 0 perfect disagreement. The
Bekenstein-Hod bound is respected with very high con-
fidence by the observed BBH population. As an additional
check, we compared our result with the corresponding
value coming from a naive point-estimate of the averageH
likelihood, the latter being insensitive to specific hierar-
chical modeling choices. A weighted average over single
events likelihoods, with weights given by the respective
evidences, yields the red curve displayed in Fig. 2, corre-
sponding to p̃ ¼ 0.93. The excellent agreement between
this un-modelled estimate and the median of the hierar-
chical population posterior confirms the robustness of the
adopted population model.
Conclusions.—BHs are expected to be the fastest dis-

sipating objects in the Universe, in the sense that they

possess the shortest possible relaxation time for a given
temperature [18]. In this Letter, we obtained an observa-
tional verification of the Bekenstein-Hod information
emission bound using a Bayesian time-domain analysis
applied to the binary black holes of the LIGO-Virgo
GWTC-2 catalog. The result is consistent with the pre-
dictions of GR, BH thermodynamics, and information
theory. Our analysis provides the first experimental veri-
fication of a long-standing prediction on the dynamical
information-emission process of a BH.
Software.—Open-software PYTHON packages, accessible

through PyPi, used in this work comprise CORNER,
GWSURROGATE, H5PY, MATPLOTLIB, NUMBA, NumPy,
SciPy, SEABORN, and surfinBH [74,75,86–92].
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In general, this integral is not well defined, because of an
uncontrollably large number of spacetime configurations.
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A0 is the area of the charged black hole horizon at T = 0.
Q is the black hole charge.
A0 is a function of Q.

Gibbons, Hawking (1977)

Chambin, Emparan, Johnson, Myers (1999)
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• Is Einstein-Maxwell theory meaningful beyond the saddle point, and
can we compute quantum fluctuation corrections to SBH?

• Can the resulting entropy be understood as that of a unitary quantum
system with a discrete spectrum ?

• Can we compute the evolution of the entropy as the black hole evap-
orates? Is it that of an evaporating unitary quantum system?

T.B. BAKKER / DR. J.P. VAN DER SCHAAR

Questions



1.  Introduction to Planckian metals


2.  Introduction to black holes

3.  The SYK model 

4.  Progress on the theory of black holes 

5.  Progress on the theory of Planckian metals
A. Random t-J model 
B. Fermi surface coupled to a critical boson



Needed:

A solvable model of multi-particle 

entanglement leading to a compressible 
quantum state with no quasiparticle excitations



August Kekule, theory of the benzene molecule, 1865
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The ouroboros, Kekulé's
inspiration for the structure of
benzene.

is single half the time and double half the time. A firmer theoretical basis for a similar idea was
later proposed in 1928 by Linus Pauling, who replaced Kekulé's oscillation by the concept of
resonance between quantum-mechanical structures.[14]

The new understanding of benzene, and hence of all aromatic
compounds, proved to be so important for both pure and applied
chemistry after 1865 that in 1890 the German Chemical Society
organized an elaborate appreciation in Kekulé's honor,
celebrating the twenty-fifth anniversary of his first benzene
paper. Here Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail
(this is an ancient symbol known as the ouroboros).[15] This is
likely an example of the exercise of a particular imaginative state,
involving homospatial and janusian processes, followed by
stepwise logical thinking.[16]

A similar humorous depiction of benzene had appeared in 1886 in
the Berichte der Durstigen Chemischen Gesellschaft (Journal of
the Thirsty Chemical Society), a parody of the Berichte der Deutschen Chemischen Gesellschaft,
only the parody had six monkeys seizing each other in a circle, rather than a single snake as in
Kekulé's anecdote.[17] Some historians have suggested that the parody was a lampoon of the snake
anecdote, possibly already well-known through oral transmission even if it had not yet appeared in
print.[18] Others have speculated that Kekulé's story in 1890 was a re-parody of the monkey spoof,
and was a mere invention rather than a recollection of an event in his life.

Kekulé's 1890 speech,[19] in which these anecdotes appeared, has been translated into English.[20]

If one takes the anecdote as reflecting an accurate memory of a real event, circumstances
mentioned in the story suggest that it must have happened early in 1862.[21]

He told another autobiographical anecdote in the same 1890 speech, of an earlier vision of dancing
atoms and molecules that led to his theory of structure, published in May 1858. This happened, he
claimed, while he was riding on the upper deck of a horse-drawn omnibus in London. Once again,
if one takes the anecdote as reflecting an accurate memory of a real event, circumstances related in
the anecdote suggest that it must have occurred in the late summer of 1855.[22]

Lehrbuch der Organischen Chemie (https://gutenberg.beic.it/webclient/DeliveryManager?pi
d=6594362) (in German). 1. Erlangen: Enke. 1859–1861.

Kekulé's dream
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Although now popular in its modern, westernized form as a kids’ game, did you know

that Snakes & Ladders traces its roots to a traditional Indian board game based on

religious philosophies? In the original, it served as a lesson in morality. Playing this

game wasn’t just about winning or losing, but finding out how close you were, to

heaven or hell.

It is believed to have been invented by Jain monks to promote the concept of
liberation

The history of Snakes & Ladders goes back around 1000 years to 10th century CE where

it is believed to have been invented by Jain monks to promote the concept of

liberation from the bondage of passions. The game was symbolic of a man’s journey in

life and the design had a few similarities with the ancient Jain mandalas in which

various squares were illustrated with the notions of karma and moksha.

Jain mandala, 16th century CE | www.mfa.org

As the monks travelled with the game, it acquired many regional names like Gyan
Chaupar in northern India and Mokshapat around Maharashtra, along with Leela and

Parampada Sopanapata. Meanwhile, there also developed other ‘philosophical’

variations – a Hindu and a very rare, Sufi Muslim version.

The ladders represented virtues while the snakes represented vices

In the game, the ladders represented virtues such as faith, generosity, humility and

asceticism while the snakes represented vices such as anger, theft, lust and greed. The

last square represented either a God or heaven meaning you have attained liberation.

The ladders conveyed that good deeds lead you to heaven and evil to a cycle of re-

births. The number of ladders was less than the number of snakes, a reminder that the

path of good is much more difficult to tread, than a path of sins.
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In a nut-shell the game was meant to inspire players to introspect rather than

compete with each other.

Jain version, painting on cloth, 19th century

Interestingly, the reason the game pivoted around pure luck was because it was in

keeping with the Jain philosophical notion – emphasizing the ideas of fate and destiny.

This was in contrast to other ancient games such as Chaturanga which needed skill or

Pachisi, which focused on a mixture of both.

The Pahari style of the game could run up to 360 squares

Also, it is to be noted that unlike the 100 squares game that is ubiquitous with the

Snakes & Ladder board game today, there wasn’t any standardization then. The most

common types were 84-square Jain board, 101-square Sufi board and the 72 square

Hindu (predominantly Vaishnav) board, followed by their expanded variants, which in

Pahari style can run up to 360-squares.

Often made simply of painted cloth and sometimes on paper, few boards have

survived from any earlier than the mid-18th century. The iconography on it depicts

cosmological elements, with upper regions depicting divine beings and the heavens.

The rest of the board was covered with pictures of animals, flowers and people.

Gyan Chaupar - 19th century CE | Rajasthan Oriental Research Institute, Jodhpur

The appeal of this game not only transcended religious boundaries but also

geographical ones. When it was first brought to Victorian England in 1892 for instance,

it was a big hit. Here it was customised to suit Christian sensibilities. The squares of

fulfilment, grace and success were accessible by ladders of thrift and penitence and

snakes of indulgence, disobedience and indolence caused one to end up in illness,

disgrace and poverty. While the Indian version of the game had snakes outnumbering

ladders, the English counterpart was more forgiving, as it contained each in the same

amount. This concept of equality signifies the cultural ideal that for every sin one

commits, there exists another chance at redemption.

Chutes and Ladders which taught kids about good and bad deeds | www.indoindians.com

In 1943, it was rebranded as Chutes and Ladders in the United States by game pioneer

Milton Bradley. Over time, the game was simplified, stripped of moral lessons

altogether and in its recent avatar, it came to be known as Snakes and Ladders.

This game serves as a perfect example of how even a simple game can evolve over

time and space. In this case, also how a profound lesson in morality, became a game

children play.
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A. Kitaev, unpublished; S. Sachdev, PRX 5, 041025 (2015)

S. Sachdev and J. Ye, PRL 70, 3339 (1993)

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;

T.A. Brody, J. Flores, J.B. French, P.A. Mello, A. Pandey, and S.S.M. Wong, Rev. Mod. Phys. 53, 385 (1981))

U↵�;�� are independent random variables with U↵�;�� = 0 and |U↵�;��|2 = U2

N ! 1 yields critical strange metal.
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A simple model of a metal with quasiparticles
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(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;

T.A. Brody, J. Flores, J.B. French, P.A. Mello, A. Pandey, and S.S.M. Wong, Rev. Mod. Phys. 53, 385 (1981))

U↵�;�� are independent random variables with U↵�;�� = 0 and |U↵�;��|2 = U2

N ! 1 yields critical strange metal.
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Complex SYK model
<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

Many-body density of states



<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="5n1qJAN0Ms1m0eoo78JXepQIAG0="></latexit>

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

S(T ! 0) = N(s0 + �T )

A. Georges, O. Parcollet, and 
S. Sachdev, 


PRB 63, 134406 (2001)

<latexit sha1_base64="1IwZtrU+0hpy/Xhn4/a1Z9fFzjM=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GnqSyWQ8CEEvHiOYBZIQejo9SZOehe4eIQ7BX/HiQRGv/oc3/8bOIqjog4LHe1VU1fMTzqRC6MNYWl5ZXVvPbeQ3t7Z3ds29/YaMU0FoncQ8Fi0fS8pZROuKKU5biaA49Dlt+qPLqd+8pUKyOLpR44R2QzyIWMAIVlrqmYeyh+A5RJbjOp7jdXg/VrJnFpCFXK+ESlOnVEHlM01QuWK7HrQtNEMBLFDrme+dfkzSkEaKcCxl20aJ6mZYKEY4neQ7qaQJJiM8oG1NIxxS2c1m10/giVb6MIiFrkjBmfp9IsOhlOPQ150hVkP525uKf3ntVAVeN2NRkioakfmiIOVQxXAaBewzQYniY00wEUzfCskQC0yUDiyvQ/j6FP5PGkXLdq3itVOoXiziyIEjcAxOgQ0qoAquQA3UAQF34AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CjROTZg==</latexit>

s0 = 0.464848 . . .

Complex SYK model

Many-body density of states



<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="5n1qJAN0Ms1m0eoo78JXepQIAG0="></latexit>

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

S(T ! 0) = N(s0 + �T )

A. Georges, O. Parcollet, and 
S. Sachdev, 


PRB 63, 134406 (2001)

<latexit sha1_base64="1IwZtrU+0hpy/Xhn4/a1Z9fFzjM=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GnqSyWQ8CEEvHiOYBZIQejo9SZOehe4eIQ7BX/HiQRGv/oc3/8bOIqjog4LHe1VU1fMTzqRC6MNYWl5ZXVvPbeQ3t7Z3ds29/YaMU0FoncQ8Fi0fS8pZROuKKU5biaA49Dlt+qPLqd+8pUKyOLpR44R2QzyIWMAIVlrqmYeyh+A5RJbjOp7jdXg/VrJnFpCFXK+ESlOnVEHlM01QuWK7HrQtNEMBLFDrme+dfkzSkEaKcCxl20aJ6mZYKEY4neQ7qaQJJiM8oG1NIxxS2c1m10/giVb6MIiFrkjBmfp9IsOhlOPQ150hVkP525uKf3ntVAVeN2NRkioakfmiIOVQxXAaBewzQYniY00wEUzfCskQC0yUDiyvQ/j6FP5PGkXLdq3itVOoXiziyIEjcAxOgQ0qoAquQA3UAQF34AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CjROTZg==</latexit>

s0 = 0.464848 . . .

<latexit sha1_base64="H7ahe9n9zrz+WU8uUxI907weSBQ="></latexit>

D(E) ⇠

2 eNs0
p

2N�E
<latexit sha1_base64="1fcqMaTCT8grsCp3Vn/xiFUv8rc="></latexit>

No quasiparticle decomposition:
wavefunctions change chaotically
from one state to the next.

Complex SYK model

Many-body density of states



<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="5n1qJAN0Ms1m0eoo78JXepQIAG0="></latexit>

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

S(T ! 0) = N(s0 + �T )

A. Georges, O. Parcollet, and 
S. Sachdev, 


PRB 63, 134406 (2001)

<latexit sha1_base64="1IwZtrU+0hpy/Xhn4/a1Z9fFzjM=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GnqSyWQ8CEEvHiOYBZIQejo9SZOehe4eIQ7BX/HiQRGv/oc3/8bOIqjog4LHe1VU1fMTzqRC6MNYWl5ZXVvPbeQ3t7Z3ds29/YaMU0FoncQ8Fi0fS8pZROuKKU5biaA49Dlt+qPLqd+8pUKyOLpR44R2QzyIWMAIVlrqmYeyh+A5RJbjOp7jdXg/VrJnFpCFXK+ESlOnVEHlM01QuWK7HrQtNEMBLFDrme+dfkzSkEaKcCxl20aJ6mZYKEY4neQ7qaQJJiM8oG1NIxxS2c1m10/giVb6MIiFrkjBmfp9IsOhlOPQ150hVkP525uKf3ntVAVeN2NRkioakfmiIOVQxXAaBewzQYniY00wEUzfCskQC0yUDiyvQ/j6FP5PGkXLdq3itVOoXiziyIEjcAxOgQ0qoAquQA3UAQF34AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CjROTZg==</latexit>

s0 = 0.464848 . . .

<latexit sha1_base64="H7ahe9n9zrz+WU8uUxI907weSBQ="></latexit>

D(E) ⇠

2 eNs0
p

2N�E

<latexit sha1_base64="dW6YNf14TN4j5a1dY+mAW9KWZAQ="></latexit>

D(E) ⇠ 2 eNs0 sinh(
p

2N�E)

S(T ) = N(s0 + �T )� 3

2
ln

✓
U

T

◆

<latexit sha1_base64="1fcqMaTCT8grsCp3Vn/xiFUv8rc="></latexit>

No quasiparticle decomposition:
wavefunctions change chaotically
from one state to the next.

Complex SYK model

Many-body density of states



<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="5n1qJAN0Ms1m0eoo78JXepQIAG0="></latexit>

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

S(T ! 0) = N(s0 + �T )

A. Georges, O. Parcollet, and 
S. Sachdev, 


PRB 63, 134406 (2001)

<latexit sha1_base64="1IwZtrU+0hpy/Xhn4/a1Z9fFzjM=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GnqSyWQ8CEEvHiOYBZIQejo9SZOehe4eIQ7BX/HiQRGv/oc3/8bOIqjog4LHe1VU1fMTzqRC6MNYWl5ZXVvPbeQ3t7Z3ds29/YaMU0FoncQ8Fi0fS8pZROuKKU5biaA49Dlt+qPLqd+8pUKyOLpR44R2QzyIWMAIVlrqmYeyh+A5RJbjOp7jdXg/VrJnFpCFXK+ESlOnVEHlM01QuWK7HrQtNEMBLFDrme+dfkzSkEaKcCxl20aJ6mZYKEY4neQ7qaQJJiM8oG1NIxxS2c1m10/giVb6MIiFrkjBmfp9IsOhlOPQ150hVkP525uKf3ntVAVeN2NRkioakfmiIOVQxXAaBewzQYniY00wEUzfCskQC0yUDiyvQ/j6FP5PGkXLdq3itVOoXiziyIEjcAxOgQ0qoAquQA3UAQF34AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CjROTZg==</latexit>

s0 = 0.464848 . . .

<latexit sha1_base64="H7ahe9n9zrz+WU8uUxI907weSBQ="></latexit>

D(E) ⇠

2 eNs0
p

2N�E

<latexit sha1_base64="dW6YNf14TN4j5a1dY+mAW9KWZAQ="></latexit>

D(E) ⇠ 2 eNs0 sinh(
p

2N�E)

S(T ) = N(s0 + �T )� 3

2
ln

✓
U

T

◆
<latexit sha1_base64="uC2ruRU6EL1eNqXuSHbYnj8I8mc="></latexit>

e�F (T )/T =

Z 1

0
dED(E)e�E/T

S(T ) = �@F/@T

<latexit sha1_base64="1fcqMaTCT8grsCp3Vn/xiFUv8rc="></latexit>

No quasiparticle decomposition:
wavefunctions change chaotically
from one state to the next.

Complex SYK model

Many-body density of states



<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="5n1qJAN0Ms1m0eoo78JXepQIAG0="></latexit>

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

S(T ! 0) = N(s0 + �T )

A. Georges, O. Parcollet, and 
S. Sachdev, 


PRB 63, 134406 (2001)

<latexit sha1_base64="1IwZtrU+0hpy/Xhn4/a1Z9fFzjM=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GnqSyWQ8CEEvHiOYBZIQejo9SZOehe4eIQ7BX/HiQRGv/oc3/8bOIqjog4LHe1VU1fMTzqRC6MNYWl5ZXVvPbeQ3t7Z3ds29/YaMU0FoncQ8Fi0fS8pZROuKKU5biaA49Dlt+qPLqd+8pUKyOLpR44R2QzyIWMAIVlrqmYeyh+A5RJbjOp7jdXg/VrJnFpCFXK+ESlOnVEHlM01QuWK7HrQtNEMBLFDrme+dfkzSkEaKcCxl20aJ6mZYKEY4neQ7qaQJJiM8oG1NIxxS2c1m10/giVb6MIiFrkjBmfp9IsOhlOPQ150hVkP525uKf3ntVAVeN2NRkioakfmiIOVQxXAaBewzQYniY00wEUzfCskQC0yUDiyvQ/j6FP5PGkXLdq3itVOoXiziyIEjcAxOgQ0qoAquQA3UAQF34AE8gWfj3ng0XozXeeuSsZg5AD9gvH0CjROTZg==</latexit>

s0 = 0.464848 . . .

<latexit sha1_base64="H7ahe9n9zrz+WU8uUxI907weSBQ="></latexit>

D(E) ⇠

2 eNs0
p

2N�E

<latexit sha1_base64="dW6YNf14TN4j5a1dY+mAW9KWZAQ="></latexit>

D(E) ⇠ 2 eNs0 sinh(
p

2N�E)

S(T ) = N(s0 + �T )� 3

2
ln

✓
U

T

◆

<latexit sha1_base64="1fcqMaTCT8grsCp3Vn/xiFUv8rc="></latexit>

No quasiparticle decomposition:
wavefunctions change chaotically
from one state to the next.

Complex SYK model

Many-body density of states



The Sachdev-Ye-Kitaev (SYK) model

D. Chowdhury, A. Georges, O. Parcollet, S. Sachdev, arXiv: 2109.05037, review article
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Universal Planckian time dynamics

• Green’s function has Planckian time scaling

G(!, T ) ⇠ !�1/2F (~!/kBT ).

• Leading (dangerously) irrelevant operator is a time

reparameterization soft mode ⌧ ! f(⌧).

• Time reparameterization mode leads to many-body quantum chaos

in the out-of-time-order correlator (OTOC) with maximal Lyapunov

exponent �L = 2⇡kBT/~.

• The T -dependence of the entropy also arises from the time reparam-

eterization soft mode: S = N(s0 + �T )� (3/2) ln(U/T ).

Kitaev (2015) Maldacena, Shenker, Stanford (2015) Maldacena Stanford (2016)
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A0 is the area of the charged black hole horizon at T = 0.
Q is the black hole charge.
A0 is a function of Q.
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Note the similarity to the large N entropy of the SYK model ! 
(along with other similarities) Sachdev PRL 2010
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Reissner-Nordstrom black hole of 
Einstein-Maxwell theory
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A0 is the area of the charged black hole horizon at T = 0.
Q is the black hole charge.
A0 is a function of Q.
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A0 is the area of the charged black hole horizon at
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is the contribution of the boundary graviton.
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spectrum!



Many-body density of states

Supersymmetric black holes and SYK models
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We numerically study a model of interacting spin-1/2 electrons with random exchange coupling on
a fully connected lattice. This model hosts a quantum critical point separating two distinct metallic
phases as a function of doping: a Fermi liquid with a large Fermi surface volume and a low-doping
phase with local moments ordering into a spin-glass. We show that this quantum critical point has
non-Fermi liquid properties characterized by T -linear Planckian behaviour, !/T scaling and slow
spin dynamics of the Sachdev-Ye-Kitaev (SYK) type. The !/T scaling function associated with the
electronic self-energy is found to have an intrinsic particle-hole asymmetry, a hallmark of a ‘skewed’
non Fermi liquid.

The normal-state properties of hole-doped cuprates are
fundamentally di↵erent on the two sides of the critical
doping p = p? at which the pseudogap opens. For p >
p? the Fermi surface (FS) is large and consistent with
bandstructure [1, 2]. In contrast, for p < p? there is clear
experimental evidence that a transformation to a ‘small’
FS takes place [2–4]. The vicinity of p? hosts a ‘strange
metal’ in which resistivity is linear in temperature T down
to low-T (for reviews, see [5–7]). Hallmarks of quantum
criticality [8] have been reported in this regime including
!/T scaling in spectroscopy experiments [9, 10]. The
nature of the p < p? phase and that of the strange metal
are two outstanding fundamental questions.

Microscopic models that exhibit such a doping-induced
quantum critical point (QCP) and can also be investigated
in a controlled manner are rare. In early pioneering work,
Sachdev and Ye [11] showed that the random-bond fully
connected quantum Heisenberg model hosts a spin-liquid
phase when solved for SU(M) spins in the large-M limit.
Remarkably, the local spin dynamics in this phase has the
characteristic frequency dependence of a marginal Fermi
liquid [7, 12, 13] and obeys !/T scaling as a consequence of
conformal invariance [14]. A generalisation to a t-J model
including itinerant charge carriers was introduced by two
of the present authors [14] (see also [15–18]), who found
that in the large-M limit the QCP is at zero doping. The
doped metal was found to be a Fermi liquid (FL) at low-T ,
with a higher-T quantum-critical regime corresponding
to a ‘bad metal’ [19–23] with T -linear resistivity larger
than the Mott-Io↵e-Regel value.

Triggered by widespread interest in the broader
Sachdev-Ye-Kitaev (SYK) framework and duality to quan-
tum gravity [24–26], this line of research has been con-
siderably revived recently [27–31]. The realistic case of
spin-1/2 SU(2) electrons is much richer than the large-M
limit considered in these early works [32]. In contrast
to the large-M limit, the undoped SU(2) insulator has

a spin glass ground-state and a finite ordering tempera-
ture [33–35]. The QCP associated with the melting of
this spin-glass phase by charge fluctuations at half-filling
was recently studied in Ref. [27]. It has been shown
that the SU(2) doped model hosts a QCP at a finite
critical doping p = pc [28, 31, 36]. Understanding the
properties of this QCP and whether it shares some of
the properties of cuprate phenomenology in spite of the
highly simplified character of the model is a fundamental
and fascinating question which is currently being actively
investigated [29–31].

In this article, we show that the quantum critical regime
associated with this QCP hosts a strange metal in which
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Figure 1. Phase diagram in temperature T and doping p. A
quantum critical point (QCP; orange dot) separates a spin-
glass ordered phase (SG) at low p from a Fermi liquid (FL)
at large p. Both the SG transition temperature (dark red)
and the characteristic FL scale EFL/4 (dark blue) collapse at
or near the QCP. The background color corresponds to the
power ✓ of the long-time spin correlation; the dark grey data
and line demarcate ✓ = 1. Pale grey dots indicate parameter
values at which calculations were performed. Dashed lines
are extrapolations outside the available temperature range.
Inset: close-up of the QCP.
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We numerically study a model of interacting spin-1/2 electrons with random exchange coupling on
a fully connected lattice. This model hosts a quantum critical point separating two distinct metallic
phases as a function of doping: a Fermi liquid with a large Fermi surface volume and a low-doping
phase with local moments ordering into a spin-glass. We show that this quantum critical point has
non-Fermi liquid properties characterized by T -linear Planckian behaviour, !/T scaling and slow
spin dynamics of the Sachdev-Ye-Kitaev (SYK) type. The !/T scaling function associated with the
electronic self-energy is found to have an intrinsic particle-hole asymmetry, a hallmark of a ‘skewed’
non Fermi liquid.

The normal-state properties of hole-doped cuprates are
fundamentally di↵erent on the two sides of the critical
doping p = p? at which the pseudogap opens. For p >
p? the Fermi surface (FS) is large and consistent with
bandstructure [1, 2]. In contrast, for p < p? there is clear
experimental evidence that a transformation to a ‘small’
FS takes place [2–4]. The vicinity of p? hosts a ‘strange
metal’ in which resistivity is linear in temperature T down
to low-T (for reviews, see [5–7]). Hallmarks of quantum
criticality [8] have been reported in this regime including
!/T scaling in spectroscopy experiments [9, 10]. The
nature of the p < p? phase and that of the strange metal
are two outstanding fundamental questions.

Microscopic models that exhibit such a doping-induced
quantum critical point (QCP) and can also be investigated
in a controlled manner are rare. In early pioneering work,
Sachdev and Ye [11] showed that the random-bond fully
connected quantum Heisenberg model hosts a spin-liquid
phase when solved for SU(M) spins in the large-M limit.
Remarkably, the local spin dynamics in this phase has the
characteristic frequency dependence of a marginal Fermi
liquid [7, 12, 13] and obeys !/T scaling as a consequence of
conformal invariance [14]. A generalisation to a t-J model
including itinerant charge carriers was introduced by two
of the present authors [14] (see also [15–18]), who found
that in the large-M limit the QCP is at zero doping. The
doped metal was found to be a Fermi liquid (FL) at low-T ,
with a higher-T quantum-critical regime corresponding
to a ‘bad metal’ [19–23] with T -linear resistivity larger
than the Mott-Io↵e-Regel value.

Triggered by widespread interest in the broader
Sachdev-Ye-Kitaev (SYK) framework and duality to quan-
tum gravity [24–26], this line of research has been con-
siderably revived recently [27–31]. The realistic case of
spin-1/2 SU(2) electrons is much richer than the large-M
limit considered in these early works [32]. In contrast
to the large-M limit, the undoped SU(2) insulator has

a spin glass ground-state and a finite ordering tempera-
ture [33–35]. The QCP associated with the melting of
this spin-glass phase by charge fluctuations at half-filling
was recently studied in Ref. [27]. It has been shown
that the SU(2) doped model hosts a QCP at a finite
critical doping p = pc [28, 31, 36]. Understanding the
properties of this QCP and whether it shares some of
the properties of cuprate phenomenology in spite of the
highly simplified character of the model is a fundamental
and fascinating question which is currently being actively
investigated [29–31].

In this article, we show that the quantum critical regime
associated with this QCP hosts a strange metal in which
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Figure 1. Phase diagram in temperature T and doping p. A
quantum critical point (QCP; orange dot) separates a spin-
glass ordered phase (SG) at low p from a Fermi liquid (FL)
at large p. Both the SG transition temperature (dark red)
and the characteristic FL scale EFL/4 (dark blue) collapse at
or near the QCP. The background color corresponds to the
power ✓ of the long-time spin correlation; the dark grey data
and line demarcate ✓ = 1. Pale grey dots indicate parameter
values at which calculations were performed. Dashed lines
are extrapolations outside the available temperature range.
Inset: close-up of the QCP.
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2Collège de France, 11 place Marcelin Berthelot, 75005 Paris, France
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We numerically study a model of interacting spin-1/2 electrons with random exchange coupling on
a fully connected lattice. This model hosts a quantum critical point separating two distinct metallic
phases as a function of doping: a Fermi liquid with a large Fermi surface volume and a low-doping
phase with local moments ordering into a spin-glass. We show that this quantum critical point has
non-Fermi liquid properties characterized by T -linear Planckian behaviour, !/T scaling and slow
spin dynamics of the Sachdev-Ye-Kitaev (SYK) type. The !/T scaling function associated with the
electronic self-energy is found to have an intrinsic particle-hole asymmetry, a hallmark of a ‘skewed’
non Fermi liquid.

The normal-state properties of hole-doped cuprates are
fundamentally di↵erent on the two sides of the critical
doping p = p? at which the pseudogap opens. For p >
p? the Fermi surface (FS) is large and consistent with
bandstructure [1, 2]. In contrast, for p < p? there is clear
experimental evidence that a transformation to a ‘small’
FS takes place [2–4]. The vicinity of p? hosts a ‘strange
metal’ in which resistivity is linear in temperature T down
to low-T (for reviews, see [5–7]). Hallmarks of quantum
criticality [8] have been reported in this regime including
!/T scaling in spectroscopy experiments [9, 10]. The
nature of the p < p? phase and that of the strange metal
are two outstanding fundamental questions.

Microscopic models that exhibit such a doping-induced
quantum critical point (QCP) and can also be investigated
in a controlled manner are rare. In early pioneering work,
Sachdev and Ye [11] showed that the random-bond fully
connected quantum Heisenberg model hosts a spin-liquid
phase when solved for SU(M) spins in the large-M limit.
Remarkably, the local spin dynamics in this phase has the
characteristic frequency dependence of a marginal Fermi
liquid [7, 12, 13] and obeys !/T scaling as a consequence of
conformal invariance [14]. A generalisation to a t-J model
including itinerant charge carriers was introduced by two
of the present authors [14] (see also [15–18]), who found
that in the large-M limit the QCP is at zero doping. The
doped metal was found to be a Fermi liquid (FL) at low-T ,
with a higher-T quantum-critical regime corresponding
to a ‘bad metal’ [19–23] with T -linear resistivity larger
than the Mott-Io↵e-Regel value.

Triggered by widespread interest in the broader
Sachdev-Ye-Kitaev (SYK) framework and duality to quan-
tum gravity [24–26], this line of research has been con-
siderably revived recently [27–31]. The realistic case of
spin-1/2 SU(2) electrons is much richer than the large-M
limit considered in these early works [32]. In contrast
to the large-M limit, the undoped SU(2) insulator has

a spin glass ground-state and a finite ordering tempera-
ture [33–35]. The QCP associated with the melting of
this spin-glass phase by charge fluctuations at half-filling
was recently studied in Ref. [27]. It has been shown
that the SU(2) doped model hosts a QCP at a finite
critical doping p = pc [28, 31, 36]. Understanding the
properties of this QCP and whether it shares some of
the properties of cuprate phenomenology in spite of the
highly simplified character of the model is a fundamental
and fascinating question which is currently being actively
investigated [29–31].

In this article, we show that the quantum critical regime
associated with this QCP hosts a strange metal in which
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Figure 1. Phase diagram in temperature T and doping p. A
quantum critical point (QCP; orange dot) separates a spin-
glass ordered phase (SG) at low p from a Fermi liquid (FL)
at large p. Both the SG transition temperature (dark red)
and the characteristic FL scale EFL/4 (dark blue) collapse at
or near the QCP. The background color corresponds to the
power ✓ of the long-time spin correlation; the dark grey data
and line demarcate ✓ = 1. Pale grey dots indicate parameter
values at which calculations were performed. Dashed lines
are extrapolations outside the available temperature range.
Inset: close-up of the QCP.
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We numerically study a model of interacting spin-1/2 electrons with random exchange coupling on
a fully connected lattice. This model hosts a quantum critical point separating two distinct metallic
phases as a function of doping: a Fermi liquid with a large Fermi surface volume and a low-doping
phase with local moments ordering into a spin-glass. We show that this quantum critical point has
non-Fermi liquid properties characterized by T -linear Planckian behaviour, !/T scaling and slow
spin dynamics of the Sachdev-Ye-Kitaev (SYK) type. The !/T scaling function associated with the
electronic self-energy is found to have an intrinsic particle-hole asymmetry, a hallmark of a ‘skewed’
non Fermi liquid.

The normal-state properties of hole-doped cuprates are
fundamentally di↵erent on the two sides of the critical
doping p = p? at which the pseudogap opens. For p >
p? the Fermi surface (FS) is large and consistent with
bandstructure [1, 2]. In contrast, for p < p? there is clear
experimental evidence that a transformation to a ‘small’
FS takes place [2–4]. The vicinity of p? hosts a ‘strange
metal’ in which resistivity is linear in temperature T down
to low-T (for reviews, see [5–7]). Hallmarks of quantum
criticality [8] have been reported in this regime including
!/T scaling in spectroscopy experiments [9, 10]. The
nature of the p < p? phase and that of the strange metal
are two outstanding fundamental questions.

Microscopic models that exhibit such a doping-induced
quantum critical point (QCP) and can also be investigated
in a controlled manner are rare. In early pioneering work,
Sachdev and Ye [11] showed that the random-bond fully
connected quantum Heisenberg model hosts a spin-liquid
phase when solved for SU(M) spins in the large-M limit.
Remarkably, the local spin dynamics in this phase has the
characteristic frequency dependence of a marginal Fermi
liquid [7, 12, 13] and obeys !/T scaling as a consequence of
conformal invariance [14]. A generalisation to a t-J model
including itinerant charge carriers was introduced by two
of the present authors [14] (see also [15–18]), who found
that in the large-M limit the QCP is at zero doping. The
doped metal was found to be a Fermi liquid (FL) at low-T ,
with a higher-T quantum-critical regime corresponding
to a ‘bad metal’ [19–23] with T -linear resistivity larger
than the Mott-Io↵e-Regel value.

Triggered by widespread interest in the broader
Sachdev-Ye-Kitaev (SYK) framework and duality to quan-
tum gravity [24–26], this line of research has been con-
siderably revived recently [27–31]. The realistic case of
spin-1/2 SU(2) electrons is much richer than the large-M
limit considered in these early works [32]. In contrast
to the large-M limit, the undoped SU(2) insulator has

a spin glass ground-state and a finite ordering tempera-
ture [33–35]. The QCP associated with the melting of
this spin-glass phase by charge fluctuations at half-filling
was recently studied in Ref. [27]. It has been shown
that the SU(2) doped model hosts a QCP at a finite
critical doping p = pc [28, 31, 36]. Understanding the
properties of this QCP and whether it shares some of
the properties of cuprate phenomenology in spite of the
highly simplified character of the model is a fundamental
and fascinating question which is currently being actively
investigated [29–31].

In this article, we show that the quantum critical regime
associated with this QCP hosts a strange metal in which
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Figure 1. Phase diagram in temperature T and doping p. A
quantum critical point (QCP; orange dot) separates a spin-
glass ordered phase (SG) at low p from a Fermi liquid (FL)
at large p. Both the SG transition temperature (dark red)
and the characteristic FL scale EFL/4 (dark blue) collapse at
or near the QCP. The background color corresponds to the
power ✓ of the long-time spin correlation; the dark grey data
and line demarcate ✓ = 1. Pale grey dots indicate parameter
values at which calculations were performed. Dashed lines
are extrapolations outside the available temperature range.
Inset: close-up of the QCP.
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Numerical solution of t-J model on a fully-connected cluster
with all-to-all and random tij and Jij
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Figure 2. (a) Imaginary component of the self-energy at the first Matsubara frequency Im[⌃(i⇡T )], for various doping levels p
from 0.1 to 0.895. The dashed lines emphasize the low T -linear regime which characterizes the Fermi liquid. (b) Violation of the
Luttinger theorem at the QCP. The quantity Re⌃extrap(0) � [µ � µ0(p)] vs p for various temperatures 15  �  60 – it vanishes
at low T in the high doping Fermi liquid phase. The doping pc where it deviates from zero defines the QCP (vertical dashed line).
Inset: Electronic compressibility �e = @n/@µ. (c) Inverse lifetime 1/⌧? = �ZIm[⌃extrap(0)] (see App. D). It has a Fermi liquid
T 2 behavior at high doping. Close to the QCP, pc ⇡ 0.16 � 0.19, it becomes linear in T at low temperatures (dashed lines).

Planckian behavior. – We now discuss the QCP, ap-
proaching it from the high-doping side. Figure 2c shows
1/⌧? = �ZIm⌃extrap(0), which is the width of the spec-
tral function A(", !) = �ImG(", ! + i0+)/⇡. In the FL
regime 1/⌧? / T 2 and can be interpreted as the inverse
of the quasiparticle lifetime. Close to the QCP, FL be-
havior breaks down and we find a clear ‘Planckian’ be-
havior [7, 36–41] down to low-T

1

⌧?
' c

kBT

~ , (4)

restoring fundamental constants. Here c is a coe�cient
of order unity; c = 1.0 ± 0.1 for p = 0.19. Furthermore,
the transport scattering rate 1/⌧tr = �2Im⌃extrap(0) is
also approximately T -linear in this regime (see App. G).
Since the self-energy ⌃(!) is strictly local, the elec-
trical resistivity ⇢ defined via the Kubo formula (see
App. E) is determined by 1/⌧tr. This implies that ⇢
has an approximately T -linear dependence. We empha-
size that the resistivity is smaller than the Mott-Io↵e-
Regel value at low-T , in contrast to ‘bad metal’ behavior.
When viewed in terms of Einstein-Sutherland relation
1/⇢ = D �e [20, 23, 52, 53], the T -linearity of ⇢ stems from
the di↵usion constant D / 1/T , rather than from the com-
pressibility �e = @n/@µ, which has little T -dependence
at the QCP (Fig. 2b inset).

Quantum criticality: skewed non-Fermi liquid
and !/T scaling. – We now show that our data sup-
port !/T scaling of the self-energy near the QCP. In real-
frequencies, we expect a scaling form �Im⌃(! + i0+) /
T ⌫�(!/T ) with ⌫ an exponent (⌫ = 2 for a Fermi liquid).
This translates in imaginary time to ⌃(⌧)/⌃(�/2) = ⌃(⌧)
with ⌧ = ⌧/�. In order to test this scaling form

and identify the scaling function ⌃, we plot in Fig. 3ap
|⌃(⌧)⌃(� � ⌧)|/⌃(�/2) and log |⌃(⌧)/⌃(��⌧)| for sev-

eral � and a fixed p = 0.19 close to pc. This allows to
address separately the symmetric (even) and antisymmet-
ric (odd) components of ⌃ under particle-hole symmetry
⌧ ! ��⌧ (! ! �!). Within the range of temperature ac-
cessible to our algorithm we obtain a good scaling collapse
of the data in the long-time limit around ⌧ = 1/2 (see
App. G). The scaling function agrees well with the con-
formally invariant ansatz:

⌃(⌧) = e↵(⌧�1/2)


1

sin ⇡⌧

�⌫+1

, ⌧ =
⌧

�
. (5)

Figure 3b displays the values of ⌫ and ↵ obtained from a fit
of the data in Fig. 3a. We note that ⌫ varies substantially
close to the QCP. The marginal Fermi liquid value ⌫ =
1 [7, 12, 13] and the SU(M ! 1) model value ⌫ =
1/2 [11, 14] are both consistent with our data in the low-
T limit, but lie at opposite ends of our extrapolated range.
We also note that our observed T -linear behavior of 1/⌧tr

has to arise out of a combination of the finite temperature
dependence of the e↵ective ⌫, ↵ and prefactor of ⌃(⌧) (see
App. C).

Remarkably, Fig. 3b shows that at finite-T in the quan-
tum critical region, our model behaves as a ‘skewed’ non-
Fermi liquid, with an !/T scaling function � displaying an
intrinsic particle-hole asymmetry. The latter is encoded
in the spectral asymmetry parameter (skew) ↵ of Eq. (5)
(see App. C), which takes rather large values at finite T .
Whether this asymmetry persists down to zero temper-
ature at the QCP (i.e. ↵ remains finite at T = 0) is an
interesting open question. Recently, such a particle-hole
asymmetry in skewed Planckian metals attracted strong
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Planckian metal
for p ⇡ pc

Large M theory
Resistivity: ⇢(T ) = ⇢(0) + c̃ T . . .

Linear T term is
correction to scaling

from time reparameterization mode.
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Negligible residual resistivity
from random interactions Jij
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Fermi surface coupled to a critical boson
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Fermi surface coupled to a critical boson
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Yields a state without quasiparticle excitations, but the theory is not systematic at large N

Sung-Sik Lee (2009)
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“Yukawa” coupling:
gij`
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i (r, ⌧) j(r, ⌧)�l(r, ⌧)

gijl = 0 , |gijl|2 = g2



Fermi surface coupled to a critical boson

Ilya Esterlis, Haoyu Guo, Aavishkar Patel, S.S. arXiv: 2103.08615
Maria Tikhanovskaya, Aavishkar Patel, S.S. to appear

<latexit sha1_base64="90wTCC33Nuf9fPqbB/+cUK9Li2A="></latexit>

• Yields a systematic large N theory of a “non-Fermi liquid”: a compressible

state without quasiparticle excitations. The Fermi surface is sharp in momen-

tum space, but the spectral functions are di↵use in frequency space.

• There is Planckian dynamics at the Fermi surface:

G(k = kF ,!, T ) ⇠ !�2/3F (~!/kBT )

• There is many-body quantum chaos in the out-of-time-order correlator (OTOC)

with maximal Lyapunov exponent �L = 2⇡kBT/~.
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Fermi surface coupled to a critical boson

A. Eberlein, I. Mandal, and S. S., PRB 94, 045133 (2016)
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Conservation of momentum implies the d.c. conductivity is infinite

Re�(!) = D�(!) + Re�reg(!)

Re�reg(!, T = 0) ⇠ 1

!2/3

Ilya Esterlis, Haoyu Guo, Aavishkar Patel, S.S. to appear
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Conservation of momentum implies the d.c. conductivity is infinite

Re�(!) = D�(!) + Re�reg(!)

Re�reg(!, T = 0) ⇠ 1

!2/3

Have to include the effects of spatial disorder or umklapp

Ilya Esterlis, Haoyu Guo, Aavishkar Patel, S.S. to appear
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Fermi surface coupled to a critical boson
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With g, v, g0 all non-zero, resistivity ⇢(T ) = ⇢(0) + c̃ T . . ..
⇢(0) is determined by v,

while c̃ is determined by a subleading random interaction g0.
These features are just as in the random t-J model.
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• SYK: a solvable model without quasiparticle excita-

tions, with Planckian time dynamics, and maximal

chaos with Lyapunov exponent 2⇡kBT/~.

• Low energy theory of time reparameterizations is the

theory of the boundary graviton in 2D quantum grav-

ity on AdS2.

• Boundary graviton leads to universal �3/2 ln(1/T )
correction to Bekenstein-Hawking entropy of low T
charged black holes in Einstein gravity, and to the

SYK model. So the semiclassical entropy of Einstein

gravity is reproduced by a unitary quantum system

with a discrete spectrum. Further work along these

lines has led to progress on the Page curve describing

the time evolution of the entropy of an evaporating

black hole.

• Random t-J model captures many aspects of the

cuprates over a wide intermediate temperature range,

including the Planckian metal behavior. The linear-

T resistivity arises from the first subleading operator

of random interactions.

• Two-dimensional Fermi surface coupled to a critical

boson has no quasiparticle excitations, and exhibits

Planckian time dynamics and maximal chaos with

Lyapunov exponent 2⇡kBT/~. The linear-T resistiv-

ity arises from the first subleading operator of ran-

dom interactions.
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• SYK: a solvable model without quasiparticle excita-

tions, exhibiting thermalization and many-body chaos

in a time of order ~/(kBT ), independent of micro-

scopic energy scales.

• Low energy theory of time reparameterizations is the

theory of the boundary graviton in 2D quantum grav-

ity on AdS2.

• Boundary graviton leads to universal �3/2 ln(1/T )
correction to Bekenstein-Hawking entropy of low T
charged black holes in Einstein gravity, and to the

SYK model. So the semiclassical entropy of Einstein

gravity is reproduced by a unitary quantum system

with a discrete spectrum. Further work along these

lines has led to progress on the Page curve describing

the time evolution of the entropy of an evaporating

black hole.

• SYK-like random t-J model captures many aspects

of the cuprates over a wide intermediate temperature

range, including the Planckian behavior.
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