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Structure of Presentation
 Particle-Hole (P-H) symmetry in Universe and Landau Fermi Liquid 

 Fundamental Properties of Strongly Correlated Fermi Systems

 and flat bands 

 Asymmetrical Conductivity and the P-H violation in Strongly Correlated 
Fermi Systems

 Matter-Antimatter asymmetry in Universe 
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The Universe seems to be made of matter rather than antimatter. But some 

theories of cosmology does not exclude the possibility of there being small 

regions of antimatter out there. However, recent observations show no sign of 

antihelium in cosmic rays, setting an even lower limit on the possible 

abundance of antimatter (K. Abe et al. Phys. Rev. Lett. 108, 131301; 2012).

The obtained result has revealed no antihelium in the cosmic 

rays, implying that antihelium is at least ten million (10-7) 

times less abundant than its normal matter twin.

The asymmetry between matter and antimatter is one of the fundamental puzzles in modern 
physics. In the Big Bang, equal amounts of matter and antimatter should have been created, 

and would have annihilated each other except that some kind of symmetry breaking between 
particles and antiparticles seems have led to the disappearance of antiparticles at an early stage 

in the history of the Universe.

I. Georgescu, Nature Physics, 8, 362 (2012).

Since 1993, Balloon-borne Experiment with 

a Superconducting Spectrometer (pictured) 

has been hunting for signs of antihelium in 

cosmic rays.
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Specific heat (C) is the measurable 

physical quantity that characterizes the 

amount of heat required to change a 

substance's temperature by a given 

amount. 

For gases, heat capacity never falls below the minimum of 3⁄2 R per 

mole (R is the ideal gas constant),  since the kinetic energy of gas 

molecules is always available to store this much heat energy. For 

room temperatures in solids, heat capacity does not depend on 

temperature.

It is quantum mechanics, also known as 

quantum physics or quantum theory 

that gives explanations of the heat 

capacity C at room and cryogenic 

temperatures . 
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Gas phase particles (atoms, molecules, or 

ions) move around freely, therefore the 

kinetic energy of gas molecules is always 

available to store the  energy. 

Eruption of Mount 

Redoubt, Alaska, 

illustrates real gases in 

Nature.

constC =
Ludwig Boltzmann

The phonon contribution 

to the specific heat in a 

solid.
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Almost two hundred years ago, Pierre Dulong and Alexis Petit  discovered

experimentally that the specific heat C of a crystal is close to constant 

independent of the temperature T.  Later, Ludwig Boltzmann reproduced the 

results of Dulong and Petit quantitatively.  However, subsequent 

measurements at low temperatures demonstrated that C drops rapidly as T is 

lowered toward zero, in sharp contrast to Boltzmann‘s theory.

TCelectron =

It was a real crisis. 

Quantum mechanics says electrons of a 

metal are responsible for the specific 

heat. At low temperatures these occupy 

levels P laying below PF . Only small 

amount N (proportional to T) of them 

located above PF . These N electrons are 

able to store the heat.  As a result, C is 

proportional T. 
P=p F

n(p,T=0)
1

N is proportional T

N

3

1TC phonon =



7

Fermi Surface

Fermi level PF

TC =

Metal ᵞγ(exp) γ0 (free electron) γ/γ0

Ag 0.646 0.65 1.00

Cu 0.695 0.50 1.39

Rb 2.41 1.97 1.22

Li 1.63 0.75 2.17
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Refining the model
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Refining the model

Fermi Liquid

The Landau paradigm

Any weakly excited  state of a macroscopic body may be regarded as an 

Assembly/gas of separate elementary excitations . These behave as 

quasiparticles with the effective mass M* and define the properties.   

The effective mass M* is finite, positive and approximately 

independent of  temperature, magnetic fields etc.  

TMTC *=
Metal ᵞγ(exp) γ0 (free electron) γ/γ0

Ag 0.646 0.65 1.00

Cu 0.695 0.50 1.39

Rb 2.41 1.97 1.22

Li 1.63 0.75 2.17
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The calculation of the thermodynamic properties requires a knowledge of 

the energy spectrum.  

.
*

)(
),(

M

ppp
Tp FF −

− 

The effective mass M* is finite, positive and approximately 

independent of temperature, magnetic fields etc.  

The Landau paradigm

Any weakly excited  state of a macroscopic body may be regarded as an 

assembly of separate elementary excitations . These behave as 

quasiparticles with the effective mass M*.   

At the Fermi level the dispersion 

relation for these is 
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Landau Fermi liquid support 

the particle-hole symmetry

The Universe does not 

P-H Symmetry

The distribution function 

at finite temperatures

The weak interaction,  

violating the P-H symmetry 

is too weak to support the visible 

asymmetry
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The integral I on the r.h.s. is proportional:
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At temperatures of a few tens K and fields of a few tens T
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Scaling behavior of the Landau Fermi liquid is trivial 

P=p F

n(p,T=0)
1

.
*

)(
2

2

Fp
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TC 

.* constM =

.)(,)( TTCaTTS ==
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Strongly correlated Fermi systems (or heavy-fermion 

compounds) are fundamental systems in physics that are best 

studied experimentally, which until very recently have lacked 

theoretical explanations . We show both analytically and 

using  arguments based entirely on experimental grounds 

that  the data collected on very different strongly correlated 

Fermi systems  have a universal scaling  behavior, and 

materials with strongly  correlated fermions can 

unexpectedly be uniform in their 

diversity. Our analysis of strongly correlated systems such as 

HF metals and 2D Fermi systems is in the context of salient 

experimental results. 

V.A. Khodel and  V.R. Shaginyan, Superfluidity  in systems with fermion condensate. JETP Lett. 51, 553 (1990).
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N. Oeschler, et. al., Physica B 403 (2008) 1254.

V.R. Shaginyan, M.Ya. Amusia, K.G. Popov, 

Phys. Lett. A 373, 2281 (2009).

Quantum phase transitions and the 

return of  crisis

A century later after the first crisis , the 

very same measurement of the specific

heat  points to a new crisis with our 

theories of matter.

.3/2−

.*/  TMTC =
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Phase transitions, such as the solid-liquid 

transition between ice and water or the 

liquid-gas transition of boiling water, play 

a major role in everyday life . All of them 

take place at finite temperatures, T=Tc. 

QUANTUM PHASE TRANSITIONS

Melting argon ice shows the 

transitions from solid to 

liquid , and finally to gas.

Some phase transition may occur at 

zero temperature (the critical 

temperature Tc=0) representing  

quantum phase transitions.

When T is near Tc, the heat capacity C

typically has a power law behavior:

.)( −− cTTC

.TC 
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Heavy Fermions

 Begin by example:
 Specific Heat is function of T rather than linear in T
 ~ 1000 times larger than expected by Fermi Liquid Theory
 Implies: m* ~ 1000 times larger or even divergent 

 Interesting Properties: 
 Heavy Fermion Systems were the first to display NFL 

behavior.
 The well-defined quasiparticles determine the 

thermodynamic and transport properties of strongly 
correlated Fermi-systems

 M* becomes a function of temperature, magnetic field, etc
 They also are an example of “exotic conductivity” and CT 

violation at macroscopic scale
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The studied object: strongly correlated Fermi systems like heavy 

electron  metals.

Blue regions indicate normal metallic behavior. 

Orange regions indicate anomalous metallic 

behavior with linear resistivity. 

The singular quantum critical point at absolute 

zero produces a wide region of unusual metallic 

behavior at finite temperatures.

LFL
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A.Casey et al., Phys. Rev. Lett. 

90, 115301 (2003);

M. Neumann, J. Nyeki, J. 

Saunders, Science 317, 1356

(2007).
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The heat capacity 

C(T)/T versus T 

as a function of B.

Susceptibility versus T as a function B

The heat capacity C(T)/T versus T 

as a function of x, 2D 3He

.21.0 KTmK M  .302.0 TBmT 
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Normal Fermi liquid Fermi liquid with FC

Normal Fermi liquid and FC Fermi liquid are separated by Topological 
Fermion Condensation Quantum Phase Transition 

T=0

T=0

Entropy is given by 

.)0( 0STS →→
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The effective mass M* is finite, positive and independent of 

temperature, magnetic field, pressure etc.

The normalized effective mass 

extracted from the 

measurements of the specific 

heat C/T on YbRh2Si2 in 

magnetic fields. Our calculations 

are depicted by the solid curve 

tracing the scaling behavior.

C/T=pFM*/π2

T-dependence of the electronic specific heat C/T of 

YbRh2Si2 at different magnetic fields. The values 

of (C/T)max and Tmax at B=8 Tesla are shown. The 

maximum (C/T)max decreases with growing 

magnetic field B, while Tmax shifts to higher T 

reaching 14 K at B=18 Tesla.  
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M. Neumann, J. Nyeki, J. Saunders, Science 317, 1356 (2007).

Entropy versus T as a function of the number density x in 2D 3He

V.R. Shaginyan, et. al., Phys. Rev. Lett. 100 (2008) 096406.
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A 4D function describing M* is reduced to a function of a single variable. 

M* depends on magnetic field, temperature, number density,  and the 

composition.  All these parameters can be merged in the single variable.

V.R. Shaginyan, et. al., Phys. Rev. Lett. 100 (2008) 096406.

Universal scaling behavior of heavy 

fermion metals and 2D 3He



Exotic quantum spin liquid (QSL) is made with 
such hypothetic particles as fermionic spinons 

which carry spin 1/2  and no charge. A great 
variety of QSL are discovered in theory. The 

experimental identifying of QSLs heavily 
depends on theoretical interpretation making 
the search for the corresponding material to 

investigate spin liquid a challenge in 
condensed matter physics.



Mineral Herbertsmithite ZnCu
3
(OH)

6
Cl

2
is an 

insulator

T.T. Han et.al.,
PRB 83, 100402 (2011).,  8





Kazuhiko Deguchi et. al., Natures 
materials, “Quantum critical state in 

a magnetic quasicrystal”

Cd5.7Yb quasicrystal

New objects: Quasicrystals
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Y. Tokiwa, et. al., 

Phys.Rev.Lett. 102 (2009) 066401.
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Landau Fermi liquid support 

the particle-hole symmetry

The Universe does not 

P-H Symmetry

The distribution function 

at finite temperatures

The weak interaction,  

violating the P-H symmetry 

is too weak to support the visible 

asymmetry
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При Т вблизиTc, C имеют 
степенную зависимость:

КВАНТОВЫЕ ФАЗОВЫЕ ПЕРЕХОДЫ

./)(/)( dVVdIdVVdIasym −−=
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JETP Lett. 108, 335 (2018) 
Asymmetric Tunneling Conductance 
and the Non-Fermi Liquid Behavior 
of Strongly Correlated Fermi Systems

Nat. Phys. 18, 691–698 (2022). 

Stepanov, P. Thermopower probes 

electronic flat bands. Nat. Phys. 18, 617–

618 (2022). 

V.A. Khodel, V.R. Shaginyan, and V.V. Khodel, New approach

in the microscopic Fermi  system theory, Phys. Rep. 249, 1 (1994).
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Experimental facts show that the particle-hole 

asymmetry exists in HF compounds and is accompanied 

by Fermi surface transformation. 

Such behavior is illuminated by the strong enhancement 

of the observed low-temperature value of the Seebeck coefficient.

Interaction-driven giant thermopower in

magic-angle twisted bilayer graphene

“Emergent low-energy particle–hole asymmetry and giant

thermopower peaks”
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V.R. Shaginyan, Dissymetrical tunneling  in heavy-fermion metals, JETP Lett. 81, 222 (2005);

V.R. Shaginyan and K.G.Popov, Asymmetric tunneling, Andreev reflection and dynamic conductance spectra in strongly 

correlated metals,  Phys. Lett. A361, 406 (2007); 
V.R. Shaginyan, A. Z.Msezane, G. S. Japaridze, V.A. Stephanovich, and Y. S. Leevik,

Asymmetric tunneling conductance and the non-Fermi liquid behavior of strongly correlated Fermi

systems,  Pis’ma v ZhETF, 108, 359 (2018).

Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and P. Jarillo-Herrero,

Unconventional superconductivity in magic-angle graphene superlattices 

Nature 556, 43 (2018).
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Asymmetric Tunneling Conductance 
and the Non-Fermi Liquid Behavior  of Strongly Correlated Fermi Systems

JETP Lett. 108, 335 (2018)
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Examples of FC theory application

Scaling behavior of HF metals
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The single particle spectrum and the 

distribution function Asymmetry of the density of states

V. R. Shaginyan, G. S. Japaridze, M. Ya. Amusia, A. Z. Msezane, and K. G. 

Popov, Europhysics Letters 94, 69001 (2011).
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How we can solve the problem ?

Idea

 Fermion condensation quantum 

phase transition violates the P-H 

symmetry and T invariance 

Dark matter support the P-H

violation

Dark energy support the stability of 

Universe

 The P-H symmetry is violated at 

low temperatures T 

   At elevated T the P-H symmetry is 

restored
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The vacuum is represented  

by the dark energy

The dark matter

At first seconds, T is higher 

or about the Fermi energy.

The asymmetry is absent. 

Asymmetry as a function of T=T0/EF 

Quasiparticles 

is the light matter

The dark matter forms 

quasiparticles. Thus the light matter

matter is small part of the dark one. 
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Baryon asymmetry resulting from a 

quantum phase transition in the early 

universe .

A novel mechanism for explaining the matter-antimatter asymmetry of the 

universe is considered. We assume that the universe starts from completely 

symmetric state and then, as it cools down, it undergoes a quantum-phase 

transition which in turn causes an asymmetry between matter and antimatter. The 

mechanism does not require the baryon-number–violating interactions or CP

violation at a microscopic level. Our analysis of the matter-antimatter asymmetry 

is in the context of conspicuous experimental results obtained in the condensed-

matter physics.

V. R. Shaginyan, G. S. Japaridze, M. Ya. Amusia, A. Z. Msezane, and K. G. Popov, 

Baryon asymmetry resulting from a quantum phase transition in the early universe. EPL 94, 69001 (2011).

V. R. Shaginyan, A. Z. Msezane, V. A. Stephanovich, G. S Japaridze, and E. Kirichenko, Flat bands and strongly

correlated Fermi systems. Physica Scripta 94, 065801 (2019).

V.R. Shaginyan, A.Z.  Msezane, G.S. Japaridze, and V.A. Stephanovich, Violation of the Time-Reversal and Particle-Hole

Symmetries in Strongly Correlated Fermi Systems: A Review. Symmetry 12, 1596 (2020).
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antimatter

matter

matter

The gravitational behavior of antimatter is still 

unknown. While we may be confident that 

antimatter is self-attractive, the interaction between 

matter and antimatter might be repulsive.

It was shown that voids can originate from small negative fluctuations in the 

primordial density field, which (acting as if they have an effective negative 

gravitational mass) repel surrounding matter, and grow as the largest 

structures in the Universe. These new cosmological scenarios could 

eliminate the uncomfortable presence of an unidentified dark energy, and 

maybe also of cosmological dark matter, which would together represent 

more than the 95% of the Universe content. 

The gravitational repulsion would 

prevent the mutual annihilation of 

isolated and alternated systems of 

matter and antimatter.

If large-scale voids are the 
location of antimatter.

These voids may emerge as a 
result of FCQPT.

Piran T., Gen. Relativ. Gravit., 29, 363 (1997).

M. Villata, EPL, 94 20001 (2011). 

.)0( 0STS →→

Baryon asymmetry Arrow of time
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1. The physics of strongly correlated Fermi systems is determined by 

quasiparticles.  

2. Contrary to the Landau quasiparticles, the effective mass of these 

quasiparticles is strongly depends on temperature, magnetic fields, 

density, etc. 

3. This system of quasiparticles forms the non-Fermi liquid behavior 

including  the particle – hole asymmetry producing  CT violation at the 

macroscopic scale.

4. Baryon asymmetry, arrow of time and high entropy result from a quantum 

phase transition in the early universe .

Summary
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Thank you for your attention!
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