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Summary of the project (25IRF-1C002) 

• Date and place: The project started on 27-Jun-2025 at the Division for 
Quantum Technologies, A. I. Alikhanyan National Laboratory (Yerevan 
Institute of Physics)

• Group members: Arshak Hovhannisyan, Hakob Khachatryan, and Qristinne 
Hovhannisyan

• Main research themes: 1) Quantum mechanics of few- and many-body 
systems, exactly solvable few-body quantum models, the internal structure of 
atoms and molecules composed simultaneously from matter and antimatter 
particles, superposed/delocalized quantum states of protons in molecules, 
quantum matter, e.g., metallic hydrogen, under extreme hydrostatic pressures, 
and 2) the many-body theory of reorganizable/deformable particles. 

• Publication: M. Goli, D. Bressanini, Sh. Shahbazian, Phys. Chem. Chem. Phys. “The two-positron 
gluic bond as a manifestation of ‘super’ van der Waals interactions” 28, 11154 (2026)
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Supporting slides 
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The Heitler-London model on the origin of the homopolar covalent bonding        
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No electron 
exchange = No 
entanglement 

Theory: De = 3.15 eV, Re = 0.87 Å
Exp: De = 4.75 eV, Re = 0.74 Å

De

Z. Phys. 44, 455 (1927), Hinne Hettema, Quantum chemistry: Classic scientific papers, World Scientific, 2000.  
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The Heitler-London (approximate) wavefunction and its ramifications

Ground state = 
covalent bond

Excited states 
= anti-bonding
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Beyond the Heitler-London wavefunction: Approximate but practically exact wavefunctions

JCP 1, 825 (1933), RMP 32, 205 (1960), JCP 41, 3663 (1964), JCP 49, 404 (1968), Adv. Quantum Chem. 87, 1 (2023)

Sometimes the only way to answer a question is 
to solve the exact model numerically...



The mirror symmetry of matter and anti-matter
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The CPT 
symmetry

Maybe there is antichemistry somwhere, 
and who knowns, maybe even antibiochemistry...



Timeline of some important experiments on the anti-hydrogen atom 
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2002: cold antihydorgen atoms were first produced at CERN
2010: the first cold antihydrogen atoms were trapped successfully
2016: the spectrocopic 1s-2s transition frequency was meausred and it was demonstrated to 
be equal to that of the hydrogen atom's transition frequency within the error bars of the measurements 
2023: it was demonstrated that antihydrogen falls in the gravitational field similar to hydrogen atom
obaying Newton's gravitional law (no negative mass) 
2025: the hyper-fine structure components of 1S-2S transitions was observed and was demonstrated to 
be equal to that of the hydrogen atom's transition frequency within the error bars of the measurements 

As far as these experiments reveal until now, within the error bars of the measurments,
there is no difference between properties of the hydrogen and antihydrogen atoms

Nature 419, 456 (2002), Nature 468, 673 (2010), Nature 541, 506 (2016), Nature 621, 716 (2023), Nature Phys. 21, 507 (2025)



The spectroscopy of the anti-hydrogen atom: 1S-2S transition
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It is a matter of time to produce the first antiHydrogen molecule...



Mirror symmetry between covalent and “anti-covalent” bonds
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Z. Phys. 44, 455 (1927), Hinne Hettema, Quantum chemistry: Classic scientific papers, World Scientific, 2000.  

2

2 2
1 2

12 1 1 2 2

( 1)( 1) ( 1)( 1) ( 1)( 1) ( 1)( 1) ( 1)( 1)ˆ
2 2

H
elec

a b a b

H
r r r r r

∇ ∇ − − + − + − + − + −
= − − + + + + +

1ee m= = =

( ) ( )2 2
( 1)( 1)H H

eff ab elec ab
ab

U R E R
R

+ +
= +

( )2 2 2 2ˆ H H H H
elec elec e ab elecH E RΨ = Ψ

2

2 2
1 2

12 1 1 2 2

( 1)( 1) ( 1)( 1) ( 1)( 1) ( 1)( 1) ( 1)( 1)ˆ
2 2 a

H
positr

b a b
onicH

r r r r r
+ + − + − +∇ ∇

= − − + + +
+ − +

+ +
−

( ) ( )2 2
( 1)( 1)

eff ab ab
a

H H
positronic

b

U R E R
R

=
−

+
−

( )2 2 2 2ˆ H H H H
positronic positronic positronic positronicabH E R Ψ=Ψ

Antichemistry is boring...



Timeline of some discoveries on Positron and positronium binding to atoms  
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JPB 35, R81 (2002), Riv. Nuovo Cimento. 34, 151 (2011), PRL 79, 4124 (1997)

-9

Positronium (Ps) atom,a bound state of an electron and a positron, it
has 10 seconds lifetime in its singlet ground state and decays spontaneously to gamma
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1997: for the first time it was demonstrated by Ryzhikh and Mitroy that a neutral atom, Li, may bind 
to positron forming e Li species  
1998-2002: a large number of neutral atoms were demonstrated computaionally to form stable e A 
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 simialary stable PsA species, A=Li, Na, K, C, O, ...



Usual mode of positron and positronium binding to molecules
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RMP 82, 2557 (2010), JPB 38, R57 (2005), CPC 14, 3458 (2013), PCCP 15, 16208 (2013)



Positron as a bonding agent: Gluonic bonds 
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Angew. Chem. Int. Ed. 57, 8859 (2018), CPC 20, 831 (2019), Ashcroft and Mermin, Solid State Physics (1976)

Positron acts as a virtual cation...



Two positron bonds: The interaction energy and the one-electron/positron densities
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JCP 155, 054306 (2021), PCCP  25, 29531 (2023)



Two positron bonds: Evidence for a “super” van der Waals bond
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PCCP 10.1039/d6cp00453a (2026)
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Future plans 
• What is the nature of three-positron bonds and the three-center two-positron 

bonds? Is there a universal model, similar to Heitler-London’s, for the gluonic 
bonds? 
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JCP 155, 054306 (2021), Chem. Sci. 13, 13795 (2022)
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More technical slides… 
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The multi-component quantum chemistry of positronic species 

Prepared by Shant Shahbazian (Report-1) (May-2026) 29

{ }( )

{ }( ) 1 2

22 2 2 2
,

, , , ,

,1 ,2

1 1ˆ ˆ
2

ˆ                 1=electron, 2=positron

k k k k kN N N N N
i k

elec pos ext
k i k l k i j k i j ii k j l i k j k

N NM M

ext
i ji j

H V R
r r r r

Z ZV R
r R r R

α

α α
α

α αα α

−
> >

∇
= − − + +

− −

= − +
− −

∑∑ ∑∑∑∑ ∑∑∑

∑∑ ∑∑



   



 

 

RMP 85, 693 (2013), CR 113, 36 (2013), CR 120, 4222 (2020)

{ } { }( ) { }( ) { } { }( ), , , ,
ˆ , ; , ;elec pos elec pos i k i k elec pos elec pos i k i kH r R E R r Rα α ασ σ− − − −Ψ = Ψ

  

 

[ ]best Min
E E= Ψ ( ) { } { }( )

{ }
12,1 23,1 12,1 23,1

ˆ, ,... , ,...;
M

trial ki
i k

r r c A r r dψ
∞

Ψ =∑ ∏ 

How to solve this equation?

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1 2 211 21 1,1 1,1 2,1 2, ,1 ,1 1,2 1,2 2,2 2,2 ,2 ,2
1 2

1, ,..., det ... det ...
! !MCHF k N N N Nx x x x x x x x

N N
φ φ φ φ φ φ

 
Ψ =   

 

       



The Quantum Monte Carlo as definite proof for the positron binding capacity 
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JCP 154, 224306 (2021)



The nature of the one-positron bond: energy partitioning 
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CPC 20, 831 (2019), PCCP  25, 29531 (2023)

One-positron bonds have only an exotic electrostatic nature



The nature of the two-positron bond: energy partitioning 
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CPC 20, 831 (2019), PCCP  25, 29531 (2023)

Two-positron bonds have a dual nature, an electrostatic part and a part coming from 
pure quantum correlations between electrons and positrons 



The radial distribution functions 
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PCCP  25, 29531 (2023)
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