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(HEP) QED Conformal anomaly
Scale invariance: Noether: x→ λx jµ = T µν xν

Massless Dirac action is scale invariant

Tµ
µ = 0

Scale anomaly: renormalization of the 

charge introduces a scale:  

1

S
eff

EM = dxτ (x)Tµ
µ∫ (x)



Scale magnetic effect
Scale electric effect

Seff = ∫ d4xτ(x)Tμ
μ(x)

HEP Anomaly induced transport 

B E

M Chernodub, PRL’2016

Inhomogeneous scale factor:

Generation of an electric current

perpendicular to B and grad τ
 Time varying scale factor:


Ohm law with anomalous conductivity


Very hard to test in the cosmological context
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3D Condensed matter  
Nernst effectScale magnetic effect*

The thermoelectric coefficient α should.

• Extrapolate to a non zero value as  T->0 and μ=0.

• Linear in B.

• Proportional to vF (larger in cleaner samples).

α ∼ vFB/T

Experimental signatures

Anomaly based: Chernodub, Cortijo, MV, PRL120, 206601 (2018)	
Kubo calculation: Arjona, Chernodub , MV, PRB99 , 235123 (2019)	
Effect of tilt: Ballestad, Cortijo, MV, Qaiumzadeh, PRB107 , 014410 (2023)

*     M. Chernodub, PRL117, 141601 (2016)	
**  J. M. Luttinger,  PR135, 1505  (1964)

∇φ ↔ ∇T
T

**
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2D?: Graphene vs QED(2+1)

1.  QED(2+1) is not scale invariant (coupling dimension-full). 

  The theory is superrenormalizable. 


Why?: photon propagator 
∼ 1/k2

L = ∫ d2rdtΨ̄(r, t)γμ(∂μ − ieAμ)Ψ(r, t)

Lint =
e2

4π ∫ d3kΨ̄(γ0A0 + vFγiAi)Ψ

2.  Graphene: brane reduced QED

  Photon propagator . The model is renormalizable

  And scale invariant! 


∼ 1/k



RG Analysis. Results

βv = −
e2

16πvF

Finite
Diverges

βe = 0

J. González, F. Guinea, MAHV	
Nucl. Phys. B424, 593 (94) 
Phys. Rev. Lett.77, 3589 (96) 
Phys. Rev. B59, R2474 (99)
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1. The electric charge is not renormalized -> no QED scale anomaly 

2. The Fermi velocity grows to the infrared -> ?
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A reasonable question: will

vF (E) generate a scale anomaly?


(With observable consequences?)


1. The answer to the first Q is (obviously) yes.


2. Observables?

Effective action associated to a scale transformation <-> 

trace of the stress tensor


Tμ
μ = βv < Ψ̄i ⃗γ ⃗∇ Ψ > = −

βv

vF
< ϵ >

It affects the EOS: 

thermodynamics and hydro effects



 Hydro aspects of Dirac matter
Fermi liquids in ultrapure crystalsτee >>τany
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Summary and conclusion


Quantum field theory Condensed matter

Anomalies   New transport phenomena

 Lorentz breaking terms
New anomalies


New QFTs


 Experimental accessibility
Exp-confirmation


of theories
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Statistical physics

Condensed matter

Hydrodynamics

Relativity and

cosmology

Plasma physics

Quantum field theory

Elasticity

String theory

(holography)

DIRAC MATTER The big picture



The adventure of our science of physics is a 
perpetual attempt to recognize that the 
different aspects of nature are really 
different aspects of the same thing.

Condensed matter merges HEP (again)



Tμν =
i
2

Ψ̄ (γμ∇ν + γν ∇μ) Ψ − ημνΨ̄ i (γt∂t + vF ⃗γ ⋅ ⃗∇ )Ψ

S0 = ∫ dt dn ⃗x Ψ̄ i (γt∂t + vF ⃗γ ⋅ ⃗∇ )Ψ

Tα
α = − 2ψ̄ iγμ ∇μψ ≡ 0

• The action

• The stress tensor

• The trace (traceless using eq. of motion)

• The energy density ϵ ≡ T 00 = − vF Ψ̄i ⃗γ ⋅ ⃗∇ Ψ

Under a scale transformation gμν = e2τημν , δgμν = 2τημν

General for massless QED 

The (new) conformal anomaly 

S → Sτ = S + τ∫ dtdn ⃗x Tμ
μ(x) + O(τ2) vF → vF + τβv

∂Sψ

∂τ
= < ∫ dt d2 ⃗x Tμ

μ > Tμ
μ = βv < Ψ̄i ⃗γ ⃗∇ Ψ >
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= −
βv

vF
< ϵ >

Key expressions 

arXiv:2505.13712



 Graphene: more recent hydro exp.
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Probing viscous electronic transport via magnetic field imaging	
Kim, Jacobi et al

Observation of hydrodynamic plasmons and 	
energy waves in graphene 	
THz absorption spectra. Zhao et al.

Scanning carbon nanotube single-electron transistor to 	
image the Hall voltage of electronic flow through channels of 	
high-mobility graphene. 

Sulpizio,Geim et al
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Consequences of conformal anomaly

Thermodynamics

< Tμ
μ > = E − 2P = 0 , E = 2P

• Conformal equation of state:

(1 +
βv

vF ) E = 2P

• Conformal anomaly:
< Tμ

μ > = −
βv

vF
< E >

• Modified EOS:

Specific heat*

* First noticed by Vafek PRL07. MeasurablearXiv:2505.13712
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• Sound wave velocity 

EOS of relativistic fluid     ( )    c → vF

∂P
∂E

=
v2

s

v2
F

vs(T ) =
vF(T )

2 (1 −
βv

vF(T ) )
−1/2

(1 +
βv

vF ) E = 2P

Measurable?

arXiv:2505.13712

Consequences of conformal anomaly

Hydrodynamics

Evidence for second sound in graphene via THz pulses.
Crosson et al., Nat Phys’23

Measurable?


