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Outline

Relativistic physics in graphene, quantum
critical systems and conformal field theories

— Relativistic signatures in magnetotransport:
el.+th. conductivity, Peltier, Nernst effect etc.

Hydrodynamic description
— Collective, collision-broadened cyclotron resonance

Boltzmann equation

— Recover and refine hydrodynamics with Boltzmann
— Describe relativistic-to-Fermi liquid crossover
— G0 beyond hydrodynamics
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Dirac fermions in graphene

(Semenoff '84, Haldane ‘88)

Honeycomb lattice of C atoms

2 massless Dirac cones in
the Brillouin zone;

Tight binding dispersion

Close to the two

(Sublattice degree of ~ Fermi points<, K':

freedom«— pseudospin)

Fermi velocity (speed of light”)

ve =1110°m/s=

Coulomb interactions: Fine structure constant

H Ve (p -K ) [ Oqublattics
- B =V |k B K|
Y




Relativistic fluid at the Dirac point

Expectrelativistic plasmahysics of
Interacting particles and holes!
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D. Sheehy, J. Schmalian, Phys. Rev. B6it226803 (2007).



Transport and phase diagram

Expectrelativistic plasmahysics of
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Transport and phase diagram

Expectrelativistic plasmahysics of

» Interacting particles and holes!
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Transport and phase diagram

Expectrelativistic plasmahysics of
- Interacting particles and holes!
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Conductivity in and across
the relativistic regime?
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the relativistic regime?
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J.-H. Chen et al. Nat. Phys, 377 (2008).
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+ Magnetotransport?
e.g., Hall, Nernst effect?



Other relativistic fluids:

* Bismuth (3d Dirac fermions with very small mass)
o Effective theories close to guantum phase trarssti
» Conformal field theories

E.g.: strongly coupled Non-Abelian gauge theories
(QCD): tretament via AdS-CFT



Low energy effective
theory at
guantum phase transitions

Relativistic effective field theories> z = 1;
arise often due to particle-hole symmetry

Example: Superconductor-insulator transition (SIT)

Bhaseen, Green, Sondhi (PRL '07).
Hartnoll, Kovtun, MM, Sachdev (PRB '07)



Sl-transition: Bose Hubbard model

Bose-Hubbard model

Coupling

t
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Bose-Hubbard model

Coupling
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Sl-transition: Bose Hubbard model

Bose-Hubbard model

Coupling

t
g= U tunes the Sl-transition

~ |2 , U
Vo| —glul® + Slwl*
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— Relativistic field theory in d=2+|L
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» Transport characteristiof the relativistic
plasma in lightly doped graphene and
close to quantum criticality?
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Questions

» Transport characteristiof the relativistic
plasma in lightly doped graphene and
close to quantum criticality?

 How does theelativistic regimeconnecto
Fermi liquidbehavior at large doping?

 What is the range ofalidity of relativistic
magneto-hydrodynami@s

 Beyond hydrodynamiés

4 Relativistic, /
 hydrodynagic }/
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Model of graphene

Graphene with Coulomb H=H,+H,+H_
Interactions and disorder
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Tight binding kinetic energy a=1
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Model of graphene

Graphene with Coulomb H=H,+H,+H_

Interactions and disorder
il - i0-eAlc
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Tight binding kinetic energy
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Coulomb interactions

£k, Pk, %
Hy I 2/ (2m)? (27)? (2w)2‘1” — @)W, (ka)V (a) U (ky + q) T (k1)

2me”

Coulomb marginally irrelevant!V(a) = ol

a= £ :O(]_) RG: g

(8 T—0 4

+ (@ /9HIn(A/T) ~ In(A/T)




Model of graphene

Graphene with Coulomb H=H,+H,+H_
Interactions and disorder
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Model of graphene

Graphene with Coulomb H=H,+H,+H_
Interactions and disorder

N |E| — |E|_elB\/C
Hy = —Z/d}t ) (n-Fg f’«'+p) T,|
Tight binding kinetic energy a=1
d*k
D 3D 7Y RS R
A=+ a=1

Coulomb interactions

B &k Pk, dq f
H = 5 [ G i s V(s — @)}V (@ + )W)

27mre”
Coulomb marginally irrelevant!V (a) = lal Screening neglected (down by factgr

Disorder: charged impurities

Ze 2
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Time scales

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.

1. Inelastic scattering rate 12 KT 1
(Electron-electron interactions) ee B max{l ,u/T]

Relativistic regimel{ < T): KT
Relaxation rate set by temperature, It ~qg?—t
like in quantum critical systems!
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Time scales

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.

1. Inelastic scattering rate 12 kT 1
(Electron-electron interactions) ee B max{l ,u/T]

Relativistic regimel{ < T): KT
Relaxation rate set by temperature, Te'i ~q® &
like in quantum critical systems! L
2. Elastic scattering rate . (Zez/g)z Py 1
(Scattering from charged impurities) |fimp =~
Subdominant at high T L ma){T,,u]

3. Deflection rate due to magnetic field >
(Cyclotron frequency of non-interacting I~ PP ~ eBve
particles with typical thermal energy ) ° - ma){T, ,u]




Regimes

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.

1. Hydrodynamic regime:

-1
(collision-dominated) Tee =7 Tlmp’TB , W

-1 —1‘




Regimes

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.
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Regimes

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.

1. Hydrodynamic regime:

-1
(collision-dominated) [

-1 -1
imp? Z-B J C()‘

2. Ballistic magnetotransport 1
(large field limit) '

imp ?

-1 -1
IR >1>>1 W

3. Disorder limited transport T
(inelastic scattering ineffective due to u>>T loe 2 Timp
nearly conserved momentum)




Hydrodynamic
Approach



Hydrodynamics

Hydrodynamic collision-dominated regime

Long times,
Large scales

-1
[o>>T1

-1
imp?

It W

{>> [




Hydrodynamics

Hydrodynamic collision-dominated regimeigs=='¢

Long times,
Large scales

|mp’TB , W

-1 —1‘

{>> [

» Local equilibrium established i (r) . fe(r) : Ueo(r)

 Study relaxation towards global equilibrium

» Slow modes: Diffusion of the density of conserge@ntities:

* Charge
e MOomentum
e Energy



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

e 00
Energy-momentum tensod ** = (& + P)u*u® + Pgh* + 7V [GNENG
0 0P
0
Current 3-vector JH = put + VM o,
Py

u” : Energy velocity: u# = (10,0) — No energy current
v Dissipative current (“heat current”)

r*" . Viscous stress tensor (Reynold’s tensor)



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).
e 0 O

Energy-momentum tensod ** = (& + P)u*u® + Pgh* + 7V [GNENG
00 P
0
Current 3-vector JH = put + VM o,
Py

u” : Energy velocity: u# = (:L0,0) — No energy current
V" . Dissipative current (“heat current”)

r*" . Viscous stress tensor (Reynold’s tensor)

+ Thermodynamic relations

e+ P=Ts+ up, de=Tds+ udp,



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

J* = put + v T#Y = (g + P)utu® + Pghv + 74V
Conservation laws (equations of motion):

é'ﬂJ'”' =( Charge conservation



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

JE = put + v# ™" = (g + P)utu®” + Pgh + 7
Conservation laws (equations of motion):

é‘ﬁﬂ" =( Charge conservation

0 E, E,
Energy/momentum conservation =1 —-E 0 B
1 —E, —B 0
BT =FP],+ —T%5,,  __ _on S
T E=-ik——p, Coulomb interaction

imp ‘k‘



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

J* = put + v* T"Y = (g + P)utu® + Pg"¥ + 7V
Conservation laws (equations of motion):

é‘ﬁﬂ" =( Charge conservation

Energy/momentum conservation

o, =P, T
T

imp




Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

. ‘ Heat current and viscous tenso}?

,{ Heat current QY = (g+ P)u” _,UJ”

Landau-Lifschitz, — Entropy current S¥ = Qﬂ/T
Relat. plasma physics
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

| Heat current and viscous tenso}

Heat current QY = (8 + P)u” - J”

Landau-Lifschitz, — Entropy current S* = Qﬂ/ T
Relat. plasma physics
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

| Heat current and viscous tenso}

Heat current QY = (8 + P)u” - J”

Landau-Lifschitz, — Entropy current S* = Qﬂ/ T
Relat. plasma physics

a.T
_ T

= = (N wt M + ) + (¢ = 7) 80,%)

B small!




Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

| Heat current and viscous tenso}

Heat current QY = (8 + P)u” - J”

Landau-Lifschitz, — Entropy current S* = Qﬂ/ T
Relat. plasma physics

a,T
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

| Heat current and viscous tenso}

Heat current QY = (8 + P)u” - J”

Landau-Lifschitz, — Entropy current S* = Qﬂ/ T
Relat. plasma physics

a,T
: V”‘“’+ M‘“‘f«f!”)[(— dyp+ Fopu™) +W;—}
™7 = — (R + ul i\l + T I F (L= 17) 80
\ ,

One singletransport coefficient (instead of twa)!

Irrelevant for response atk O




Meaning of o, ?

* Dimension of electrical conductivity
At zero doping (particle-hole symmetry):

0, =0, (,o,mp O)

= Universal d.c. conductivity of the pure system

Why is g, (g, =0) finite ??




Universal conductivityo

K. Damle, S. Sachdev; (1996).

Particle-hole symmetryp(= 0)

» Key: Charge current without momentum (energy aujte

(particle) ® - Pair creation/annihilation
(hole) @ > leads to current decay

J#20, P=0

* Finite “quantum critical” conductivity!
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Universal conductivityo

K. Damle, S. Sachdev; (1996).

Quantum critical situation: Particle-hole symmeipy=(0)

» Key: Charge current without momentum (energy aujre

(particle) ® - Pair creation/annihilation
(hole) @ > leads to current decay

J#£0, P=0
 Finite “quantum critical” conductivity!

« As in quantum criticality:
Relaxation time set by temperature al

— Universal conductivity Exact (Boltzmann)

Marginal irrelevance of Coulomb: -




Thermoelectric response

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Charge and heat current:  J¥ = pu” —p*
Q¥ =(e+P)u* - J*

Thermo-electric response

J _ g E = 7= HW) etc.
é - T& _V-)T —Ogzy Ozx
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Thermoelectric response

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Charge and heat current:  J¥ = pu” —p*
Q¥ =(e+P)u* - J*

Thermo-electric response

/ — c E &(JII ny) etc.
6)\re i)\ sr




Results from Hydrodynamics



Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity:

-iT:_-*:[".ru.thL B—ﬂ] / _P—|—.'_J_\

Universal conductivity at the quantum gritical pgan= 0

Drude-like conductivity, divergent for

: I - 0,04 — O, Z0
Momentum conservatiomp£0)! P



Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

FIE o Coulomb correction
Longitudinal conductivity: / (0= 277623

anlw b B =0) = (cr.:g+ F_ T )ll—ﬂ(ﬂ@+ S )] +0lK?)

P+el—iwr ! 1l —awr P+e

LE8




Response functions at B=0

Symmetry z—-z: o,,=a,=k,=0

Longitudinal conductivity: COU'O(mI_O Corrzjction
/ g=2rre
{ ! RB_DJI = + pi T ]__E + T J"-:|2 +dk2)

Thermal conductivity:

e 2T
FP+sl—swr

+ O(k2),

Hi-mtwrk;B:ﬂj — EQT +




Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity: COUlo(mb Corgjction
/ g=2rmre
kB =10) = p i _ igk T o’ +0Olk?
_— 3e 1 aXX
Thermopower: * k2T do,, /du
; 2 . d —_— : ...
ol Qs RE o(p,w = 0) i Relativistic

3e d fluid!

Only valid in theFermi liguidregime,
but violated in theelativistic wido




B > 0 : Cyclotron resonance

E.g.: Longitudinal conductivity
w (w+ iy +iw? /)
(w+i7)" —w?

Collective cyclotron frequency of the relativistiapma

QC: pB - wFL:e_B w e 0
“ e T H T 77 7

Orelw) = 00




B > 0 : Cyclotron resonance

E.g.: Longitudinal conductivity
w (w+ iy +iw} /7)
(w+i7)" —?

Collective cyclotron frequency of the relativistiapma

QC: pB - wFL:e_B w e 0
“ e T H T 77 7

Oralw) = 00

Intrinsic, interaction-induced broadening B’

(<« Galilean invariant systems:

No broadening due to Kohn’s theorem)



B > 0 : Cyclotron resonance

Longitudinal conductivity
(w+/7) (w+ i/ + iy + 3w} /7)

Trelw, k) = og

(w+i/T+ i7)* — w?




Can the resonance be observed?

w=xa —iy-i/r

v, =1.100°m/s
=/ 30C

Conditions to observe collective cyclotron resomanc

| | | Parameters:
Collison-dominated regime fiq, << a’k gl

Small broadening Y, T <,
Quantum critical regime P< P, =

High T: no Landau quantizationELL :hv << KT




Does relativistic
hydrodynamics apply?

Do T andu not break relativistic invariance?

o Validity at large chemical potential?

* Beyond linearization in magnetic field?

 Treatment of disorder?



Boltzmann Approach

MM, L. Fritz, and S. Sachdev, cond-mat 0805.1413.

— Recover and refine the
hydrodynamic description

— Describe relativistic-to-Fermi-
liquid crossover

— GO0 beyond hydrodynamics



Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, cond8f.4289

Boltzmann equation in Born approximation

(at+e[E+va]aa%jfi(k,t)= A ONE Y

a.) + i, +, i +i +,1 7,
g :&< HN—1) g HN = 1) :&<
_7j _7j _7j _77:
-) i +i +i
1T X2




Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, condy8ép.4289
Boltzmann equation in Born approximation

o, +dervxglid Jrbed)=aSlkcu{n .o+ a 1k . 0f

Linearization: f,(k,t)= £k, t)+ &, (k,t)




Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, cond8f.4289

Boltzmann equation in Born approximation

0, +de sl |t ) =an Sl {1 (15l o)

Linearization;

coll

flk.t)= £k, t)+ & (k 1)

Great simplification Divergence of forward scattering amplitude in 2d

amp[ —— — =7 ]

— Equilibration along unidimensional spatial direcgon

At p-h symmetry:

f(k,t) = £29(0k, gt — g +ult)) 5 Gu=clt) >

E(k




Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, condy8ép.4289
Boltzmann equation in Born approximation

0, +de sl |t ) =an Sl {1 (15l o)

Linearization: f,(k,t)= £k, t)+ &, (k,t)

Great simplification Divergence of forward scattering amplitude in 2d

amp[ — — =7 ]

— Equilibration along unidimensional spatial direcgon

Atp-hsymmetry: 1, (it)= £, - g+ ) ; du=f)EX

076€*

a2

—_— a‘Q(Iu:O)z




Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, condy8ép.4289
Boltzmann equation in Born approximation

(at +e[E+va]Ba%j f(k.t)=a’1G [k ti{f. (k" O]+ Atk ti{f. (k" )}

General analysis in linear response

falr, k,w) = 2n8(w)f)(k, T(r))
v \ vk vk
Rl - Bt [l (2,0) + vrn? (222,0)]

) v | v .k N - vk
+ Il — %I (e x ) - [B@E) (B0 ) + VTl (L0 )



Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, condy8ép.4289
Boltzmann equation in Born approximation

0, +de sl |t ) =an Sl {1 (15l o)

General analysis in linear response

falr, k,w) = 2n8(w)f)(k, T(r))
W vpk vpk
+ fall —fnl—ek [--E(W}Qﬁi]( ; ) + VT(w)g ||TT (%w—)]

, ) vE | (g {up .rI{' ™ { vpk
+ fRll = Filgg (ex x e2) - [E(wgi,i (T )WT{» { ?'( = w)]

Central element of analysi€hoose appropriate basig,-. (k,t)= Z a @ (A,k)

do(A, k) = &, Momentum or energy-current mode
P (N, k) = A Charge current mode



Og from Boltzmann

L. Fritz, J. Schmalian, MM, and S. Sachdev, condy8ép.4289
Boltzmann equation in Born approximation

0, +de sl |t ) =an Sl {1 (15l o)

General analysis in linear response
falr, k,w) = 2m8(w)f)(k, T{r

y fvpk vk
- oo () oo ()

_ | ( v .k : vpk
b Il — I (e x o) Bl (B0 ) + VT (£,0)]

Central element of analysi€hoose appropriate basig,-. (k,t)= Z a @ (A,k)

Po(A, k) = k, Momentum or energy-current mode
Pr(A, k) = A Charge current mode
Z/ PRFL A = Joeh sl Eideadd, ) =0 Relativistic dispersion ensures tijgt

only couples ta, for clean systems!



Conductivity:o,

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289

General doping:

3.3
_ i |
Clean system: o, (w:u. A = 0) = &2 + oo
y II{ ?Jr' ¥ } E-'— P (—il.ll.-l.-‘) Q
Precise expression e? 1 2in (1) p? (Av)? ? 1

for o! oQu,w) = Aa? N [T (E+P)T] 1—iwte




General doping:

Precise expression

Conductivity:o,

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289

pru? 1
Clean system: g, (w;p, A=0)= e’ +; (i) + Ty
£ —
; 2
— e? 1 2in f“} B p? (Av)? 1
QUL T TN | T ETP)IT] 1w

|
for Og!

Gradual disappearance
of relativistic physics

1 2 3 4 5 T

Will appear in all Boltzmann formulae below!



Conductivity: crossover

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289
General doping:

2 B2
£ 2 L; —I—Hr_:;-—|-§‘3r{ﬂ?w‘“)

Lightly disordered system: o, (w; p, A) =

1 ;

do(A,w,pn) = O(A/a*) «— Correction to hydrodynamics



Conductivity: crossover

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289
General doping:

2 B2
e pru

g +d0(Aw, )

Lightly disordered system: o, (w; p, A) =

1 .

do(A,w,pn) = O(A/a*) «— Correction to hydrodynamics

- . . by
Fermi liquid regime: Cra(W = Dipt > T) A e* p* v E Timp
N ' £+ P
2 1 e p

- (Za)? h Piip

a? oxx(p)

05 1.0 Pimp



Conductivity: crossover

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289
General doping:

2 B2
e pru

g +d0(Aw, )

Lightly disordered system: o, (w; p, A) =

1 ;

do(A,w,pn) = O(A/a*) «— Correction to hydrodynamics

I : S .
Fermi liquid regime: Cra(W = Dipt > T) A e* p* v E Timp
N ' £+ P

2 1 g Iz
m(Za)? kb pimp

a? oxx(p)

Impurity limited

/ conductivity

Universal Ch




Conductivity: crossover

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289
General doping:

2 B2
Lightly disordered system: o, (w; pu, A) = _IE - "; +og+do(A,w, p)
T

imp

— M E
do(A,w,pn) = O(A/a*) «— Correction to hydrodynamics

I : S .
Fermi liquid regime: Ganli = 0; > T) & e P UE Timp

gL
2 1 e op
J.-H. Chen et al. Nat. Phy4, 377 (2008). m(Za)? h pimp
. Doping time "\ \\ / ‘,: a,2 O'XX( p)
e (s »
65 ’3' _'.' I
s 128 A 4

Impurity limited

/ conductivity

Universal Ch

o (e2/h)




Magnetotransport
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very weak disorder and moderate magnetic field
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Magnetotransport

e Strategydescribe thalow dynamics of the momentum maflein
very weak disorder and moderate magnetic field

Result:Full thermoelectric response (for general B) obtaingerms
of thermodynamic quantitiesainly 2 independent transport
coefficients (collision matrix elements)

« At smallB, one transport coefficient is subdominant

— Relativistic hydrodynamics withnly one transport coefficient, is
| ~ Z
recovered! I e1 S>> TBl

Ose(w, B) = oMHP (u, B) + O(b/a’,w/a?)

Xorrections to

hydrodynamics




Magnetotransport

e Strategydescribe thalow dynamics of the momentum maflein
very weak disorder and moderate magnetic field

Result:Full thermoelectric response (for general B) obtaingerms
of thermodynamic quantitiesainly 2 independent transport
coefficients (collision matrix elements)

« At smallB, one transport coefficient is subdominant

— Relativistic hydrodynamics withnly one transport coefficient, is
recovered!

-1 -1
Re[Cxsl, IM[Gxs] Z'ee >> TB
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Cyclotron

resonance: 29 Boltzmann
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Cyclotron resonance revisited

Crossover to Fermi liquid regime:

(0) pB eB eB
we ! = ——

e

° ' . >> - 7
Semiclassicady, recovered gt >> T et P pjob  hkpjur

» Broadening goes to zerc<ohn’s theorem
recoveredNon-broadening of the ¥
resonance for a single parabolic band.

3
L JQBEL'I;- u>>T

=+P)| W¥Bau) -0

Re[64], Im[G
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Cyclotron resonance revisited

Beyond hydrodynamics: Towards ballistic magnetctpamnt

u=T

Large fields [>T >>T W

imp?

W, ¥

2t Resonance Damping
1.4 ¢

1.8 Exact by
i

08|

MHD 06|
0.5 | 0.4 |
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Strongly coupled liquids

Same trends as in exdsdS-CFT)results forstrongly coupled relativistic fluids

S. Hartnoll, C. Herzog (2007)

G rap@hene Resonance Damping
2 ) i
14}
15} Exact 12}
Lt MHD
H MHD S
06 |
05| ol
| B 02 Exact
6 g o i gg

=4 SUSY SU(N)

gauge theoflows to CFT at low energy]

12 0 te
Exact _..=" \
1 ol Exact
0.8} S eenveene
" —.2.f LD "
0.6¢1 i e "'-\_ -.l.
0.4t : MHD B 0.3} D
0.2} F— \
B e —0.4} \
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Summary.

Relarivistic fguid
 Relativistic physics in graphene C)

and quantum Crltlcal Systems HoEeFermthmd Electron Fermi liguid

Interaction dom inated { hyg;{;'odynamic )

_________L_____L________

e Hydrodynamic description: Diorerigina

— collective cyclotron resonandr the relativistic regime
— covarianceb frequency dependent response functions
given bythermodynamicandonly oneparameteny,.

* Boltzmann approach

— Confirmedandrefined hydrodynamidescription
— Understoodelativistic-to-Fermi liquid crossover
e From universal Coulomb-limited to disorder-limited
linear conductivity in graphene
* From collective-broadened to semiclasscial sharp
cyclotron resonance
— Beyond hydrodynamicelescribe large fields and disorder



