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Il. A BRIEF CHRONOLOGY OF THE 350-YEAR-OLD THEORY
OF THE FUNDAMENTAL EVOLUTION EQUATIONS
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The 350-year-old theory
of the classical fundamental evolution equations

1687 Isaac Newton
"Philosophige Naturalis Principia Mathematica" (1687)

1788 Giuseppe Lodovico Lagrangia
"Mécanique analytique" (1788)

1809 Siméon Denis Poisson
"Traité de mécanique" (1811)

1827  William Rowan Hamilton
"On a General Method in Dynamics" (1834, 1835)

1838 Joseph Liouville
"Note sur la Théorie de la Variation des constantes
arbitraires" (1838)
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The 100-year-old theory
of the quantum fundamental evolution equations

1925 Werner Karl Heisenberg

1925, 1926  Paul Adrien Maurice Dirac

1926 Wolfgang Ernst Pauli

1926 Erwin Rudolf Josef Alexander Schrédinger

1927 John von Neumann
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The 150-year-old theory
of the many-particle evolution equations

1860, 1867 James Clerk Maxwell
1872 Ludwig Eduard Boltzmann
1900, 1912  David Hilbert

In Hilbert’s own words: "Boltzmann’s work on the principles of mechanics suggests the
problem of developing mathematically the limiting processes which lead from the

atomistic view to the laws of motion of continua".

1902 Josiah Willard Gibbs
"Elementary principles of statistical mechanics" (1902)

1945 Mykola Mykolayovych Bogolyubov
"IM report" (1945)

80th Anniversary of the Bogolyubov hierarchy (BBGKY hierarchy)
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The 160-year-old theory
of the fundamental evolution equations of quantum fields

1865 James Clerk Maxwel

1915 David Hilbert

1925, 1928 Paul Adrien Maurice Dirac

1926 Oskar Klein, Walter Gordon, Vladimir Fock

1954  Chen-Ning Franklin Yang, Robert Laurence Mills
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The fundamental evolution equations of classical mechanics.
Newton — Lagrange equation (1687, 1788)

o2 d

ﬁq(t) = —qu(t)),
q(t) =0 = ¢°,
imﬂﬁozﬂ

Examples:
®(q) = 0 — motion by inertia (straightforward, uniform);
®(q) = ‘7; — harmonic oscillator;

d(q) = 15 — conic sections — ellipse, parabola, hyperbola
(empirical Kepler’s laws of planetary motion);

oq) =177

—hard sph
0, g0, ard spheres
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Hamilton equations (1827)

d . OHy
d .. OHy

qi(t)j1=0 = a »
pi(t)jt=0 = P}

X,-E(q,-,p,-)eR3><R3, f:1,...,N

N o N
HNEHN(X1,...,XN)227'+ Z (D(qi_qj)
=

i<j=1
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The origins of the concept of the generator
of fundamental evolution equations: Poisson brackets.

Simeon-Denis Poisson, 1809 ("A treatise of mechanics", 1842)
Carl Gustav Jacob Jacobi, 1862, 1842
Marius Sophus Lie, 1872
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Anti-commutativity:

{fn.on} = —{gn. v},
Jacobi identity:

{fn, {9n, P} )+ {Bns { s gn )+ {9n, {An, v} } =0,
Linearity:

{afy+ Ban, hn} = offn, hn} + B{gn. AN}, a, B €R,
Leibniz rule:

{fn.onbn} = {gn, v} hn + gn{ v, Bn}
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X(t) = (qi(1), pi(t)) € R® x R®, i=1,...,N
Canonical relations

{gi,p;} = dij,

{gi,q;} =0,

{plvpj} =0
Hamilton equations (1842)

th,'(t) = {X,'(t), HN}
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Liouville equation (1838)

AN(t) = AN(t, X, .. ,XN) = A(,)V(X1 (f), A ,XN(t)),
Xi(t) = xi(t, X1, ..., XN)

AN = {An(t). H).

An(t)j1=0 = AY

1. Time reversibility (Poincaré’s reversion theorem);
2. Law of conservation of energy;
3. Invariance under the Galilean transformation (G. Galilei, 1638)

Note: Lorentz transformation (H. Lorentz, 1892),

Poincaré transformation (H. Poincaré, 1906)
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The mean value functional
(mathematical expectation) of observables

Riesz’s theorem (1909) on the representation of a linear functional

(An) = (/ du(xq, ..., xy))"" /AN(X1,...,XN)du(X1,...,XN),

d,u(X1,. .. ,XN) = DN(X1,. .. ,XN)dX1 R dXN,

(An)(t) = (1, DR) " (An(1), D) =
(1,08)~" /AN(t,x1,...,XN)DR,(X1,...,XN)dX1 dxy =

(1, Dn(t)) ! /A?V(x1,...,xN)DN(t, Xq,. .., XN)dXg ... AXy,

Dn(t, X1, ..., xn) = D¥(x1(=1), ..., xn(—1))
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Observables and a state

Dual Liouville equation

2-Dn(t) = {Fh Du(D)}
Dn(t)jt=0 = D}y

{Hn, Dn(t)} = LyDn(1),
{An(t), Hn} = LnAn(t),
Ly=—Ln

(SN(t)A(,)V)(X1 ey XN) = A?\,(X1 (8),...,xn(1)),
(S5 (D) (X1 Xw) = DX (=8, Xn(—1)) =
(Sn(=1)D)(xq, - - -, Xn)
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Pure and mixed states

Probability density: (/, Dn(t))™" Dn(t, Xy, ..., Xn)dXq ... dxy

/DN fooooi) S TT60% - 0e(t Sove o)) . i

{:1,‘..,/N} k=0

/DN()”(1,...,)”(N)d)”(1 L dRy =1



II: A brief chronology of the 350-year-old theory, of the fundamental evolution equations
0000000000000 00e00000000000000000000000

The 100-year-old theory
of the quantum fundamental evolution equations
(a finite number of degrees of freedom)

1925 Werner Karl Heisenberg

1925, 1926 Paul Adrien Maurice Dirac

1926 Wolfgang Ernst Pauli

1926 Erwin Rudolf Josef Alexander Schrédinger

1927 John von Neumann
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Observables and a state of quantum systems

Observables are self-adjoint operators A defined on a Hilbert
space H.

Examples of observables: X; = (G;, p;), i = 1,..., N are defined
on Hy = H®N (Maxwell-Boltzmann statistics)

(@i, &) = (Gig; — §q) =0,
[P, Bj] =0,
[9i, Bj] = inlo;

The representation of canonical commutation relations in L%,

(Bip) (&1, -, €N) = _'ha?, p(&1, -5 EN);

(@) (&1, - En) = Eio(&1s -+ -5 EN)
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Examples: Hamiltonian of quantum systems

A=Y "+ ) o@.9)
i=1 i<j=1
R h2 N N
Av=—5D B+ D ®(E.4)
i=1 i<j=1
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Heisenberg equation (1925)

d - .
aAN(t) = [An(t), Hn],
An(t)|i=o = AR,
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The mean value functional
(mathematical expectation) of observables of quantum systems

(An) = (TrDy) ' TrAnDy,

the density operator Dy = Dy(%1, ..., %) = Dn(1,...,N)
is defined on the space Hy = HON
(the kernel of the operator Dy is known as the density matrix)

(Dne)(Exs-- - EN) =
/dgq L IENDN(Er i €l EN)OED - EN)
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Von Neumann equation (1927)

DY) Tr G () AX DY, =

(An)(t) = (Tr DR) " Tr An(H) DR, = .
= (Tr D (1))~ "Tr A% D (1)

(TrGR(DDR) " Tr ARG (1) D}y

R' >t Gy (1)DY = e v DO e thin
d; —Dn(t) = [An, Dn(1)]
dt ) b
Dn(t)|¢=o = DY
= N3 Dn(t)

[Fn, Dn(t)] = —;(HNLA?N(t) — Dn(t)A)
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Pure and mixed states of quantum systems

D= Zk)\kPwk,
Ak 2 0, Zk)\k =1, Puo=(o )k, ke e,

Pun() = GR(DPyy = Py, Un(t) = e 1y
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Schrodinger equation (1926)

) .
hafﬂN(t) = Hyon(t),

t)N|t:0 = wl?l
N
¢N ZAg,wN + ) B )en(t)
i<j=1

Note. Quantum oscillator (motion with discrete energy values). Ground state (vacuum)

with energy 2.
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Note. Some properties of quantum systems

Variance of the observal?/es
var(A) = (Tr(A — (A))?)?
Heisgnberg uncertaipt}i relation
var(A)var(B) > |([A, B])|

The quantization problem
ap = pq = 3(ap + Pq) — GP, PG 3(ab + pa)
Systems of fermions or bosons. Spin of particles

Hy = Sy HEN, where SF; = (Sy;)? are the orthogonal projectors
onto the symmetric subspaces Hﬁ and the antisymmetric
subspaces H,, of the tensor products of the Hilbert space .
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Evolution equations of quantum systems:
phase space representation

1927 Hermann Klaus Hugo Weyl
1932 Eugene Paul Wigner

(A(G,P)#)(q / dg'A(g,q)e(d),
Weyl transformation
A(g.p) = /dq’e‘f'%<p"">A(q + 5.9 -
A(q, p) is the symbol of the Weyl operator A(q, p).

Mean value functional

T A(@. p)D(G,p) = ™" / A(q. p)D(q. p)dgdp
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The pure state D(q, q') = ¥(q)v*(q’) is the
Wigner distribution function

W(q,p) = /dqe HEeDy(q+ Lypr(g- )

The generator of the von Neumann equation
. 0
(W D)(qvp) = —p%D(qu) +
h h
{(p—=P")m) (¢ — _ =z /
iz | @9 P (0(a+ 30) — o(a— 51)D(a.p).

where D(q, p) is the Weyl symbol of the operator D(q, p).

Note. Quasi-classical limit (correspondence principle)

2
Jim (N*D)(q,p) = (£*D)(g,p) = {(% + (q)), D(q.p)}



II: A brief chronology of the 350-year-old theory, of the fundamental evolution equations
0000000000000 0000000000000e000000000000

The 150-year-old theory
of the many-particle evolution equations
(an infinite number of degrees of freedom)

1860, 1867 James Clerk Maxwell
1872 Ludwig Eduard Boltzmann
1900, 1912 David Hilbert

In Hilbert’s own words: "Boltzmann’s work on the principles of mechanics suggests the
problem of developing mathematically the limiting processes which lead from the
atomistic view to the laws of motion of continua".

1902 Josiah Willard Gibbs
"Elementary principles of statistical mechanics" (1902)

1945 Mykola Mykolayovych Bogolyubov
"Institute of Mathematics report" (1945)
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80th Anniversary of the Bogolyubov hierarchy (BBGKY hierarchy)
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The mean value functional
(mathematical expectation) of observables

(A)(t) = (1,D(0))"'(A(t), D(0)) = (I, D(1)) "' (A(0), D(t)),

A(t)_(A05A1(tX1) A(tx‘h"-vxn)""))
(b, f) = Zno /bnx1,... (X1, ..., Xp)dxy .. . dXp

(t) ( A/\/lLX1,...,XN),0,...)7
(1.DM(0)) = - /DN Xt xn)dX .. dXy
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Bs(t,x1,...,xs):z(_1)n Z As—n(t, (X1, -+, Xs) \ (Xys -+ -5 Xin))s

P Py
— 1
FS(X-I yee aXS) = (I’ D(O))_1 Z m / D(s)+n(x1 g aXs+n)dX1 s dXS+n
n=0 "

(B(1), F(0)) = (B(0), F(1))

Note. (af)n(X1 P 7Xf7 i / fn+1 (X1 s oo Xny Xnpd )an+1 )

(a*g)n(x1,... xn) = Zgn1(x17~-w n)\ (%))
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Hierarchies of evolution equations

FLUR e Le¥ B(t)

BBGKY hierarchy

;F(t) — &"L*e F(t)
e Lre " = L£* + [0, L7],

(L% + o, L1F(0)s(x, - -, Xs) =

{HS’ FS } + Z/{q) qS+1 FS+1(t7 X, .. 7XS+1)dXS+1}
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Kinetic equations
Equations of a continuous medium (hydrodynamic equations)

Boltzmann kinetic equation (1872)

0 0
Eﬁ(tv X1) = _<p17 aiq‘]>f1(t7x1) +

/ dpzdn (n, (b1 — p2)) (i (£, B3 G (1,05, G ) —

2
R3xS2

—f(t,p1, q)fi (t, P2, 1))

Hydrodynamic equations
(Euler equations (1757), Navier—Stokes equations (1842), Hilbert expansion (1912))
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The 160-year-old theory
of the fundamental evolution equations
(continuum of degrees of freedom)

1865 James Clerk Maxwel

J. Clerk Maxwell. A Dynamical Theory of the Electromagnetic Field. Phil. Trans. R.
Soc. Lond. 1865 155, 459-512 (published 1 January 1865)

1915 David Hilbert, Albert Einstein
1925, 1928 Paul Adrien Maurice Dirac
1926 Oskar Klein, Walter Gordon, Vladimir Fock

1954  Chen-Ning Franklin Yang, Robert Laurence Mills
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Phil. Trans. R. Soc. Lond. 1865 155, 459-512 (1 January 1865)

VUL A Bysaabol Thaiy 4f s Kleitasia
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The Maxwell equations
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The Dirac equation
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The Klein—-Gordon—Fock equation

(O + m?)e(x) =0,

O=0% — 05 — 93, — 9,
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The Yang—-Mills equations

OFO‘
aBy ABEY —
8X“ +f A#FW_O,

po _ 0A7 OA; LA

mY g xm 8x1’
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The gravity field equations

Einstein, A. (1915). Die Grundlage der allgemeinen
Relativitatstheorie. Annalen der Physik, 49(7), 769-822.

Hilbert, D. (1915). Die Grundlagen der Physik. Nachrichten von
der Gesellschaft der Wissenschaften zu Géttingen,
Mathematisch-Physikalische Klasse, 1915, 395—-407.
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The megascale of the Universe (1028 m «< 10%m)

lil.1. THE MEGASCALE OF THE UNIVERSE (10%8m < 10°m)
The largest structures in the Universe
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The megascale of the Universe (1028 m < 105m)

The cosmic web ~ 2 -10%°m

Large-scale cosmic web

Dark-mattér
- halo ofa
galaxy

Matter along

filaments

| | gas. galaxies
dark mattar .

1 ..'-"""-_Gas c}oud%condnnse
1 out of gas delivered
Galaxy halo " alopg cosmic wab

A\
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The megascale of the Universe (1028 m < 105m)

Massive filaments of galaxies separated by giant voids
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The megascale of the Universe (1028 m < 105m)

Note. The number of galaxies in the Universe
~ 10 - 10'? galaxies or ~ 10°* stars




The megascale of the Universe (1028 m < 105m)

(scale > 10%*m)

Apus
1 Lapu:

o
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The megascale of the Universe (1022m < 10°m)

Laniakea Supercluster (scale 5-10%*m)

‘Perseus-Pices
Supercluster

Shapely iy Ry
Supercluster | You Are Here




The megascale of the Universe (1028 m < 105m)

Virgo cluster (1.5 - 1023m), Milky Way (1.2 - 102" m)

Solar System

-

xI\Jt=_.':1rl:35,r bright stars
9 0y

Orion spirq_l,ar'nﬁ A ‘3 Milky Way galaxy

GREAT
ATTRACTOR
"

e o

a
e

VIRGO
CEUSTER

LOCAL GROUP
OF GALAXIEE

g

4 PERSEUS

CLUSTER

Note. 107 superclusters in the Universe
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HUBBLE
VOLUME
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The megascale of the Universe (1028 m «< 10%m)

Scale 102! — 10%*m

Note. The number of galaxies in the Universe ~ 103
(~ 1024 stars)
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The megascale of the Universe (1028 m «< 10%m)

Andromeda galaxy (1.5 - 102" m)
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The megascale of the Universe (1028 m < 105m)

Milky Way (1.2 - 102" m)

. Cygnus Arm

Carina:Sagittanius Amm

Norma Arm

Crux-Bcullm Arm

¥
Paraeus A m

T4 s Qur Salar Syaein

*Loscal or Orian Anm




Ill: The scal
0000000C

The megascale of the Universe (1028

m <& 105m)

MILKY WAY
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The megascale of the Universe (1028 m < 105m)

Note. Stars in the Milky Way galaxy ~ 10°
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The megascale of the Universe (1028 m «< 10%m)

Scale 10° « 10™m

1978: llustration drawing of a Black hole

2014: Interstellar black hole f}argantua by Kip Thorne

2016: Advanced computer simulation

2019; The first-ever real image of a Black hole (MB7)

2021: Polarized view of MB7

Note. The number of black holes in the Universe ~ 40 - 1018
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The megascale of the Universe (1028 m < 105m)

Scale 1.5-10"m

Xmapa Oopra
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The megascale of the Universe (1028 m «< 10%m)

Stellar scale 2-10° < 3-10'2m
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The megascale of the Universe (1028 m < 105m)

Earth (10'm)
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The megascale of the Universe (1028

m <& 105m)
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The megascale of the Universe (1028 m < 105m)

MOONS

OF OUR SOLAR SYSTEM
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The macroscale of the Universe (105m < 10*5m)

lI.2. THE MACROSCALE OF THE UNIVERSE (10°m < 10~°m)
Human civilization (scale 103m)
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The macroscale of the Universe (105m & 10*5m)

Scale 102m
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The macroscale of the Universe (10°m <> 10~3m)

Scale 102m
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The macroscale of the Universe (105m < 10*5m)

Scale 10'm
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The macroscale of the Universe (10°m <> 10~3m)
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The macroscale of the Universe (105m < 10*5m)

Flora

Tea plant
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The macroscale of the Universe (10°m <> 10~3m)
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The macroscale of the Universe (105m & 10*5m)

Cherry Love
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The macroscale of the Universe (10°m <> 10~3m)
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The macroscale of the Universe (10°m < 10— 5m)

10'm
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The macroscale of the Universe (10°m < 10— 5m)

Your body consists of
37 trillion cells divided into
200 different types
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The macroscale of the Universe (105m & 10*5m)

THALAMUS
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The macroscale of the Universe (10°m <> 10~3m)

3  SEA ANIMALS

B < H =

Clams Dystar Lobster Detopus Crab
-
Shrimp lellyfish Seaharse Shalls Starfish
Seapnemonse  Cuttlofich squid Coldfish Sea urchin
Shark Mlcarl Walms
Panguin Whale Dolphin Cormarant Turthe

Y Tanuh s o

Seagull Soa lien Sturgean Clawn fish Piranha
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The macroscale of the Universe (105m < 10*5m)

Coral colonies (2.5-10"'m <« 1073m)
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The macroscale of the Universe (10°m <> 10~3m)

Kingdom of fungi (107'm <« 5-1072m)
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The macroscale of the Universe (10°m < 10— 5m)

Organized colonies of ants (1072m < 5-1073m)




The macroscale of the Universe (10°m < 10— 5m)

SCIENTISTS IN BRAZIL DISCOVERED A
TERMITE SUPERCOLONY UP TO 4,000 YEARS
OLD, COVERING AN AREA AS LARGE AS
GREAT BRITAIN.

Ill: The scal
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The mesoscale of the Universe (10~°m < 10~ %m)

111.3. THE MESOSCALE OF THE UNIVERSE
Cell size (1um=10"%m, 1nm =10"%m)

(10°m < 10719)

Cell Size

Typical plant cell
T0-100 pm L
' . e 4 Poliovirus
Chloroplast Tryparnasema |protozoan) e o 30 nm
z-10 g
B 23umlong HIV (AIDS virus) @
J‘ ” @ Chiamydomonas a9 nm
B _J LS [green alga)
J 5_6um DNA molecula
e | B f
E . % 2 nim diameter
ME = | Mitachondrion i o
= pans | juman r "
Hen's egg - e blood cell ;
65 mm 7-8 pm diameter ol % /
] T4 bacteriophage / ‘
- -
e Escherichia colf 225nm long &
Y (bacterium) [
Neuron 1-5 wm long .~ o
cell body Tobacco mosaic virus
70 pm 300 nm long
Light microsc (dawn to 200 nm}
Electron micrascopes (down to 0.5 nmj|
1 mm 100 pm 10 pum 1 pm 100 nmi 10nm Tnm 0.5nm
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The mesoscale of the Universe (10~°m < 10~ %m)
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The mesoscale of the Universe (10~°m < 10~ %m)
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Ill: The scal

The mesoscale of the Universe (10~°m < 10~ %m)

Some typical cells
animal cell el 'n?mbrare

ceniricles
femnirosome)

RO TR ==

bacteria cell
hacitus o)

Golgi complas ——"_

cytoplasm—"
CNOTOSome

plasmodesima
___—Tihosomes

capellel T mesgsome
© Encyclopesdia Dritsrnica, b,
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The mesoscale of the Universe (10~°m < 10~ %m)

Bacteria (0.5- 10 ® m < 5-10"%m)




The mesoscale of the Universe (10~°m < 10~ %m)

Viruses (10-8m)

Hiw Hepatitis B Coronavirus HPY
- - Pl
o i
W o O ” % &
Smallpox Wirus Astrovirus Herpges Virus Mumps
o

Rotavirus Ebola Virus Bacteriophage Rabies Virus
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The mesoscale of the Universe (10~°m < 10~ %m)

Colonies of proteins (10~"m < 10-2m)
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The mesoscale of the Universe (10~°m < 10~ %m)

Structure of DNA (10-°m)

7T TS v
W) / .
—— L J‘ // 5
. ”
e double S
e = helix __-:_. —
e VURN'S S

. ~ &
B P O guanine
/\E - g adenine
phosphate i
R " F deoxyribose @ thymine
\Bm % backbone & cytosine
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The microscale of the Universe (10~ 1%m < 10—35m)

lI.4. THE MICROSCALE OF THE UNIVERSE (10~ ""m < 1073°m)

What Is a Molecule?

A MOLECULE |5 AN ELECTRICALLY NEUTRAL GROUF
OF ATOMS JOINED TOGETHER BY CHEMICAL BONDS

Lo

Oxygen Methane Caffeine

A molecule may consist of two datoms of the same
element or many atoms of different elements.

seienrenof es.org

Note. A water molecule (2.8 - 10-1m)



II: The scal
The microscale of the Universe (10~ 1%m < 10—35m)
(5-10-"2m)
Atoms (nucleus (protons & generally neutrons) & electrons)

OriGins oF THE ELEMENTS

A
.

Hg

= e BT O e Ng

Nﬁ‘”.id L - : AL "SIy Py S, "C-' AE
Cg; 'i' Tiaes C.rn hlnt F-E.o C.nn Na Vs erc GQ Gi;‘a‘i Si By’

'ng S Y Zay N8 Mo T 7Ry “RhPdAg“CalIn_~Sn7SbTe 1

C_s =" "y HF Ta W Re Gs'lr F't h.x Hg Tl 'Pb Bl Da'At “Rn =
1 sal va z

Fr.Rg. 1 Rf Df © 59 |Bh”Hs " Mt” Ds "Rg “Cn=Nh"Fl “McLv " Ts Clg"

_Lg"C&"P; "NF “Pm” Sm Eu “Gd“Tn D"f Ho Er “'Tm ‘r"b Lu =

L_Ac "[Th ™Pa."U_~Np -Du .B.m Cm”Bk "ICf *Es "Fm’"Md" No” Lr
B lvsi@ Lvs &
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The microscale of the Universe (10~ 19m < 10=3%m)

Atomic nucleus (10~ '4m)
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The microscale of the Universe (10~ 1%m < 10—35m)

Antihyperhydrogen-4 (5- 10~ '5m)
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The microscale of the Universe (10~ 1%m < 10—35m)

Hadrons (10~ °m)

L

u
Li
! d Postive Kaon
C, © Q ¢
d
©;
Prokon Meutre
o ubron ‘u,
Hegative Kaor
Baryons Mesons

Note. Types of meson: tetraquarks, hexaquarks & glueballs
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The microscale of the Universe (10

Leptons U Quarks & Bosons < 10~ 1% < 10-2m

ry
Standard Model - the theory of everything
Physiciste balisve thal matter — sverything crested in the universs by the
Big Bang some 14 bilion years age - is made up of 12 fundamenial
partiches and six fonce carmiers. Thess makes up the Standard Mode!

Muclews s mads of neutrons
and prefons. .

© whizh s made
0 Eetoan | 1 of quarks

" Fundameninl particies and forces (year of dscoven) J
Lo QUARKS 5 194 Quarks ony 3,

Thess partickes Down NS BNt
177 tgelbar
i
a - 5"0"9: 1547

emisl on thair own
Charm 1973

Elgctron
Electron 1857
_ Botlam 1877

reulring
1356
y Top 1984
FORCE

e faur
partizles
Phatan
Mt 1857
¥ :-.r 1900
reulrng 19621 - ~ | Z bosen 1963
Tau 197s|  reTS 1| W+ bozon 1085
These eight particies - foundin | Y Aok
v =
COTIE ATPE — CAMmS inte erisfence Glugn 1873
in momenta afier iy Bang | Higgs bosan 2012

Sumos




The microscale of the Universe (10~ 1%m < 10—35m)

Standard Model Lagrangian

1 1 1
= —W w"-—B B"--GIG
ESM 4 It 4 Fi 4 T ' |

kinetic energies and seif-interactions of the gauge bozens

+ Lp" [fﬁﬁ = %gr-'ﬂﬁ, = %E'VBﬂ ]f- +Ry’ [fﬁ;f & %g'ygﬁ ]R

kinetic energies and electroweak interactions of fermiong

-V (¢)

.. 1 ¥ i Yol
5 (:r-ﬁ —Egr-Wﬂ —Eg YB, J|¢$

W 2 ¢ and Higgs masses and couplings
+ g'(ar"T.q)G; + (GLgR +G,L4R +hc)

e Y
interactions between quarks and gluons

fermion masses and couplings to Higgs
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The microscale of the Universe (10~ 1%m < 10—35m)

The Planck length 1.6 - 1073°m

be the shor
universe.

It would take more planck lengths to
span a grain of sand than it would
take grains of sand to span the
ohservable universe,
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Time scales of the Universe (4.35 - 10'85 < 5.4 . 10~ 445)

lI.5. TIME SCALES OF THE UNIVERSE (4.3 - 10""s < 5.4 - 10~%4s)

The process of matter clustering

0000 e,
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Time scales of the Universe (4.35 - 10'85 < 5.4 . 10~ 445)

5.4.10"% s - Planck time

1072 s - an average lifetime of a W-boson W+ /W~—
(weak interaction)

10~ '8 5 - the smallest time interval that can be measured using
modern technologies

2.10-15 s - the period of oscillations of the electromagnetic
field of visible light

2.2-107% s - an average lifetime of a muon p=/u™
8.85 - 102 s - an average lifetime of a neutron n/n

1.3624 - 10" s (4.32 - 10° years) - in Hinduism, the unit of
measurement of time is "Day of Brahma"

4.35.10"® 5 (13.7 - 10° years) - the universe’s existence
> 10% s (> 10?8 years) - e~ /et
> 10" s (> 10%* years) - pt/p~
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Time scales of the Universe (4.35 - 10'85 < 5.4 . 10~ 445)

Note

Fastest phenomena in the
Universe

Gravity Neutrinos
299,792km/s Ve

L

y - |

Bmim; of oiiter ® (“3‘ I w

edges of Universe Quantum Entanglement
952,000 kmy/s * Instantaneous

\




Time scales of the Universe (4.35 - 10'85 < 5.4 . 10~ 445)

Honor to the Scientists!

Glory to Ukraine!
Glory to Heroes!
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