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part I 

we can start with some history…
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image: sciencefacts.net

Starting point: the AtomSpring School on Gravity & Cosmology / 18-20.05.2026
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source: Duke U.
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The Four Elements and Duality


✴ Elemental Forces: Earth, Water, Fire, 

and Air, governed by the sacred 

center, often associated with the Fifth 

Element or the cosmos.


✴Duality: All matter was thought to exist 

in a state of dynamic balance hot and 

cold, light and dark, life and death. 

Matter and spirit were not separate

ancient Mayans (10th BC)
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source: wikipedia
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source: facebook

Spring School on Gravity & Cosmology / 18-20.05.2026

The (Atomic) Theory of Anu and Parmanu


Acharya Kanad’s Vaisheshika Sutra, a Sanskrit 

text, outlines his atomic theory. According to his 

theory:


✴All matter is made of indivisible, indestructible 

particles called Parmanu (subtle atoms).


✴These Parmanu combine to form Anu (visible 

atoms), which then create more complex matter.


✴The combination of these atoms occurs due to 

an unseen force, driven by motion and time.


✴Atoms differ based on the properties of the 

matter they create (such as taste, smell, texture).

ancient Indian (6th BC)
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images: private collection
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- Does something “move”?


- Is it “empty”?


- How does an electron exist?


Also


- Quantum Mechanics!

image: Phys. Rev. Lett.
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image: Phys. Rev. Lett.
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α
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part II 

atomic nuclei
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<latexit sha1_base64="GGhY9Z5xX+8DreObnNYE8Zr5zvI="></latexit>
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Balmer series
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James Chadwick
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“…ο πυρήν του υδρογόνου φέρει τη μονάδα του 
θετικού ηλεκτρισμού, το όλον δε άτομον του 

υδρογόνου αποτελείται εκ του πυρήνος τούτου και 
ενός αρνητικού ηλεκτρονίου, περί τον πυρήνα αυτόν 

κινουμένου…” 

“…ο πυρήν του ηλίου αποτελείται από τέσσαρας 
πυρήνας υδρογόνου και δύο αρνητικά ηλεκτρόνια…” 

“…the nucleus of hydrogen carries one unit of 
positive charge, while the atom of hydrogen 

consists of the nucleus and one negative electron 
in orbit around it (the nucleus)…” 

“…the nucleus of helium consists of four nuclei of 
hydrogen and two negative electrons…” 

1926
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Electromagnetic force:


generated by exchanged massless 

photons


Strong nuclear force:


must be stronger then E/M inside 

the nucleus


must be weaker than E/M outside 

the nucleus

20
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- Pauli exclusion principle:


Two fermions (p,n) cannot be at the same 

position (strong repulsion at r—>0)


 - Square well potential:


For p, a Coulomb barrier VB exists

Can be neglected for r >>R

R can be determined by scattering (RBS)


 - But what is the mediator?

Yukawa postulates the “pion”
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- Yukawa:


a π meson generates the attraction between nucleons


 - π meson mass:


Estimated via the Heisenberg uncertainty principle


 - What does it mean?


Energy conservation can be violated if the


uncertainty principle is valid


<latexit sha1_base64="XeyVjQYGM3dk8Zv0FWZdLwYmT4o="></latexit>

!E ·!t →
⊋

2

Photons: m=0 —> infinite range


Pions: m≠0 —> discrete range 

<latexit sha1_base64="YkmFQdZJ9NcPP0QKWqhqNf7NfxM=">AAACAnicdVDLSgMxFM3UV62vqks3wSK4Kpk+pnYhFEVwWcG2QltLJk3b2EwyJBmhDN35AW71E9yJW3/EL/A3TB+CFj1w4XDOvdx7jx9ypg1CH05iaXlldS25ntrY3NreSe/u1bWMFKE1IrlUNz7WlDNBa4YZTm9CRXHgc9rwh+cTv3FPlWZSXJtRSNsB7gvWYwQbK9UvTgNym+ukMyhbLpeLxSK0xENePm8JKiBULkE3i6bIgDmqnfRnqytJFFBhCMdaN10UmnaMlWGE03GqFWkaYjLEfdq0VOCA6nY8vXYMj6zShT2pbAkDp+rPiRgHWo8C33YG2Az0ojcR//SYlkaGi+tN76QdMxFGhgoy296LODQSTvKAXaYoMXxkCSaK2QcgGWCFibGppWwy3+/D/0k9l3W9rHdVyFTO5hklwQE4BMfABSVQAZegCmqAgDvwCJ7As/PgvDivztusNeHMZ/bBLzjvX3RQl/Q=</latexit>

E = mc
2

<latexit sha1_base64="928WNkqjUxuO+H1TSt6KRnCInnA="></latexit>

!t →
h

mc2
↑ R → c!t =

h

2mc
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A traditional goal of nuclear physics has been the understanding of the properties of atomic 

nuclei in terms of the “bare” interaction between pairs of nucleons. However, the underlying 

theory of strong interactions, QCD, shows that the NN interaction is not fundamental.

The nucleon-nucleon interaction is still unknown nowadays!

The NN interaction:

✴ has short range (~ 1 fm = 10-15 m) <— particle scattering, size of nucleus

✴ is (very) attractive for distances  1-2.5 fm


✴ is repulsive for short distances, <0.7 fm —> solid, repulsive core; shapes the size of the 

nucleus

✴ saturates; nucleons interact with their closest neighbors. Binding energy: 8 MeV/A

✴ is charge independent; Vpn=Vnn=Vpp <— deuteron

✴ depends on relative spin orientation of nucleons

✴ has a tensor character —> departs from spherical symmetry
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The NN interaction
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The NN interaction

Microscopic approach: The degrees of freedom are the nucleons (position, spin, isospin) 
<latexit sha1_base64="L+bn58nfbKwmjG9hWPxp9rOaPc8="></latexit>

ωri, ωpi, ωsi, ωti (i = 1, . . . , A)
<latexit sha1_base64="IuGVbT+OOZb2CSxiTEjkSjlyx1g="></latexit>

!NN = ω(εr)ϑms

S
ϖTz

T

<latexit sha1_base64="12rF1od/PbJelGIRdMw5TIFhcq0="></latexit>

H =

A∑

i=1

Ti +
1

2

∑

i,j

V (i, j)

Parameterizations of the NN potential rely on NN scattering and the deuteron properties.


There are two classes: local and non-local


V(i,j) is not known; symmetry arguments help.


NNN terms are often neglected. In (very recent) years, this has been revised!
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Symmetry

General form:
<latexit sha1_base64="LiWi9jE13YLMWn4IWk6pef7cSZM="></latexit>

V (1, 2) = V (ωr1, ωp1, ωε1, ωϑ1, ωr2, ωp2, ωε2, ωϑ2)

Nucleon exchange invariance:
<latexit sha1_base64="cSw4CIYm/lcu7iyCF6DFuujFe1Y=">AAACCXicdVDdSgJBFJ61P7M/q8tuhiRQkGV3M9e9CIQgujRIE3SR2XHUwdmdbWY2EPEJeoBu6xG6i257ip6g12j8CUrqgwMf33cO55wviBmVyrI+jNTK6tr6Rnozs7W9s7uX3T9oSJ4ITOqYMy6aAZKE0YjUFVWMNGNBUBgwchsML6b+7T0RkvLoRo1i4oeoH9EexUhpyW/k7aJTOG/knaJd6GRzluk6FctzoWV6tuuVHU2s0ql75kHbtGbIgQVqnexnu8txEpJIYYakbNlWrPwxEopiRiaZdiJJjPAQ9UlL0wiFRPrj2dETeKKVLuxxoStScKb+nBijUMpRGOjOEKmBXPam4p8elVzxeHm96lX8MY3iRJEIz7f3EgYVh9NYYJcKghUbaYKwoPoBiAdIIKx0eBmdzPf78H/ScEy7bJavS7nq5SKjNDgCxyAPbOCCKrgCNVAHGNyBR/AEno0H48V4Nd7mrSljMXMIfsF4/wLLS5kL</latexit>

V (1, 2) = V (2, 1)

Translational invariance:
<latexit sha1_base64="967W7J7TXSzFEMSA21/voHhAl0o="></latexit>

V (1, 2) = V (ωr, ωp1, ωε1, ωϑ1, ωp2, ωε2, ωϑ2)

Galilean invariance:
<latexit sha1_base64="t9fE/ee354JpYtlwjqpU1te20Ig="></latexit>

V (1, 2) = V (ωr, ωp, ωε1, ωϑ1, ωε2, ωϑ2)

Rotation invariance:

Parity invariance:

<latexit sha1_base64="BSoFqZwgCSUExZFqL6liQXt9Iuc="></latexit>

V (1, 2) = scalar

<latexit sha1_base64="q9uC0bsz8jGfKYFLYQLNSOE1GTg="></latexit>

V (ωr, ωp, ωε1, ωϑ1, ωε2, ωϑ2) = V ( ω→r, ω
→p, ωε1, ωϑ1, ωε2, ωϑ2)

Time-reversal invariance:
<latexit sha1_base64="hzb1qUWgNHRUu/LXabPKnOzqYys="></latexit>

V (ωr, ωp, ωε1, ωϑ1, ωε2, ωϑ2) = V (ωr, ω
→p, ω

→ε1, ωϑ1, ω
→ε2, ωϑ2)
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Symmetry

Under the symmetry considerations:

<latexit sha1_base64="uvbpnswHRxKJShGukDZxCPCPyW4="></latexit>

V (1, 2) = VC + VS( ωε1 · ωε2) + VTS12(ωr) + VT →S12(ωp) + VL(ωL ·
ωS) + VQ(ωL ·

ωS)2

spin-orbit interaction:


tensor operator:


scalar terms:

<latexit sha1_base64="0Q/SXifCpkWY1e6dOctt1yU5VQg="></latexit>

ωL ·
ωS =

1

2
(ωr → ωp) · ( ωε1 + ωε2)

<latexit sha1_base64="BukUXfTZMNwp5gIwAnbPD/IBvZU="></latexit>

S12 = 3

(

ωε1 ·

ωr

r

)(

ωε2 ·

ωr

r

)

→ ( ωε1 · ωε2)

<latexit sha1_base64="derFfgNSaUV9htS0vK84u5QWWVs="></latexit>

Vω = Vω(r
2, p2, L2) ω = {C, S, T, T →, LS,Q}
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Klein-Gordon for the pion field:


solution:


Yukawa potential:

<latexit sha1_base64="HP39fYsVXCZf3EIpjZlmz0fw7ak="></latexit>

(

→
2
↑

m2

ω
c2

⊋2

)

ω = ↑gε(ϑr)

ω = g
e→µr

r
µ =

mωc

⊋

V = g2
e→µr

r
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<latexit sha1_base64="zmxaOLHvNI2ciHgJBWq9hf8BCvw="></latexit>

N = N(0)e→ωt = N(0)e→t/ε = N(0)e→t ln 2/t1/2
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ΒΕ ~ Α   εξαρτάται από τον όγκο ΒΕ ~ –Α2/3    εξαρτάται αρνητικά από την επιφάνεια

??

??

ΒΕ ~ –Z2 / A1/3     εξαρτάται αρνητικά από τη δύναμη Coulomb

p–p

n–n p–n

ΒΕ ~ –(N-Z)2 / A = –(A-2Z)2 / A

ΒΕ ~ δ, δ=+1,0,-1 για e-e, e-o, o-o

εξαρτάται από την ασυμμετρία Z-N

εξαρτάται από το ζεύγος 
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BE(Z,A)	 = av A 

	 	 	 	 	 – aS A2/3 

	 	 	 	 	 – ac Z2 / A1/3 

	 	 	 	 	 – asym (A-2Z)2 / A 

	 	 	 	 	 – δap / A1/2

Όγκος

Επιφάνεια

Coulomb

Συμμετρία

Ζεύγος

Carl Friedrich  von Weiszäcker

av 15.247 MeV

as 16.325 MeV

ac 0.685 MeV

asym 22.098 MeV

ap 10.608 MeV

Atomic Mass Evaluation 2022
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• B(A,Z)/A fits the data quite well

• It cannot explain ‘peaks’ that occur at ‘magic numbers’,

where those nuclei are strongly bound

• 𝑁 or 𝑍 = 2, 8, 20, 28, 50, 82, 126

Double magic nuclei (both 𝑁 and 𝑍 are magic):

• 4He, 16Ο, 40Ca , 48Ca , 48Ni , 208Pb
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Nuclear Shell Model
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Deformed Shell Model
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Sven Göata Nilsson

Nilsson model
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Super/Hyper/Ultra - Deformation 
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Octupole deformation
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Symmetries in nuclear physics
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Nuclear shapes and symmetries
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part III 

particles
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Discovery of the pion
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Neutrinos
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Strangeness
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The particle zoo  - a “periodic table”
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The particle zoo  - a “periodic table”
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The quark model
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The 3 forces of the SM
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Symmetry breaking
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The Higgs mechanism
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The Higgs decay mechanism
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