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1. Introduction (10')
2.Modern science and fundamental constants (30’)

3.Fundamental constants = Planck constants (30’)
4.Interpretation (19')
5.The Universe as we know it today (1')

“When you change the way you look at things, the things you look at change” (Max Planck)
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Turning point in physics (1)

Measuring Earth-Sun distance = Change our view of the Universe

TRAITE
D'ARISTARQUE

DE SAMOS.

SUE LES GRANDEURS FT LES DHSTANOP-

‘DU SOLEIL ET DE LA LUANE.

TRADUIT EN FRANCAIN , POLR LA PREMISAE Firs

Parn M. 1 Comte o FORTIA D'URBADN

Translated from ancient Greek to French (1823)
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Turning point in physics (1)

Aristarchus measures a difference between LQ-FQ and FQ-LQ
- Sun is not infinitely far from Earth

First Quarter (FQ)

days

[14d 18h 35’]

days

[14d 17h 257]

Last Quarter (LQ) (Not to scale)
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Turning point in physics (1)

14 /2 141
* ZT[ = — = 870[89.850]
14415 29

. . . EM 1 ,
sinB=P* which gives — =~ — —,
B B g ES 20 387

*Note that trigonometry was not yet invented so Aristarchus uses purely geometrical arguments
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Turning point in physics (1)

As seen from the earth a sun
eclipse tells us that D= D,,
[DszD/w]

From Moon eclipse
Aristarchus estimated
D, =0.33 D¢
[D,,=0.273 D]

ot MCCEPtick Rostr Pictures t ken every 30’
(28-Aug 2007)

Sun diameter is therefore D= 20 x 0.33 x D = 7 D¢

[D. =110 D,]
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Turning point in physics (1)

According to
Aristarchus

c @

Moon Earth

(to scale !)

Sun
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Turning point in physics (1)

Aristarchus Archimedes, Aristotle

Aristarchus was correct, but geocentric model
was retained ... for ~2000 years (!)
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Turning point in physics (2)

Why coal turn red when heated? - Change our view of the Universe

4. Ueber irreversible Stvraiduﬂgsvt-)rgcﬂnge; Conclusion Of the article ( p.54)

von Mawx Planck.

{Nach den Sitzungaber. d. k. Akad. d. Wissensch, zu Berlin vom 4. Febroar Wiihlt man nun die ,natiirlichen Einheiten® so, dass in dem

1897, 8. Juli 1897, 16. December 1897, 7. Juli 1898, 18. Mai 1899 und  1o1en Maasssystem jede der vorstehenden vier Constanten den

nach einem auf der 71. Naturf.-Vers. in Miinchen gehaltenen Vortrage Wert 1 annimmt, so erhiilt man als Einheit der Liinge die

fiir die Annalen bearbeitet vom Verfasser.) Grosse :

/% - -

als Einheit der Masse:

be
V7 - -

als Einheit der Zeit:

Unveiled p. 29 !

(Eingegangen 7. November 1899.)

This paper allows to:

* summarize physics of the past (<1900)

* [ay the foundations of modern physics (>1900)

Bonus: It took all XXt century to interpret the
results !
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Turning point in physics (2)

Today

e | will summarize physics of the past (<1900) 3o’

* You will lay the foundations of modern physics (>1900) 30
* We will make the interpretation 20
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Which constant define us ?
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TS

WingSpan

Note : Navel center of a circle
with radius = Height/2

HOR) JE O - = ; LS A R ] ey
rn-ﬂ-f F Ay !
Heih S ot T B PRSI, PO, L F "'F 'L‘?.J

V/truwan Man — Leonardo da Vinci (~1490)
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Which constant(s)
define a guitar ?
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Well-Tempered Clavier
(1rst book 1722)

1) How many of perfect fifths can fit p octave ?
Answer: no (n,p) solution exists to 3™ = 2n*P

Best affordable approximation *:
* Nn=12, p=7 [129.7 =128 @ 1%] = 12 notes in one octave

» Using r = f(Note n+1) / f(Note n) = cte, f =frequency
* r12=2 r="4/2=1.059

fxL=k=nv/2,ne N*

6t string
330 f(Hz)

-r=f/f(E,)
2) Arbitrary L=650 mm 325 434 486 650 L(mm)

0.5 0.66 0.75 1 L/L,=1/r

*(n=3, p=5) @5% and (n=31,p=53)@0.2% also possible
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Fundamental constants

What about the

nnnnnnnnnnnnnnn



How to measure L, T, M ?

Space Time Matter
Length (1 Time (T) Mass(M)
* Finger * Heart beat (=15s) * Grain
* Hand * day / night * Food container
* Feet * Moon cycle
e Forearm e Season cycle (360 days)
* Farm units * Tropical year (365.25 days)
- inch, foot, yard - Water clock —> grain, ounce, pound...
- mile — Day, year

+ : practical
- : not precise and not universal (depends on the region)

[ Human related measurement J
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How to measure L, T, M ?

Metric units introduced to harmonize the units among French regions

Length and Mass from French revolution (1792-99)
= Under Lavoisier guidance, put in place a decimal system
(dm, cm, mm, dg, hg, kg) 18 germinal an Il (7 april 1795)

e 3
3
~ " &
- 3
L,,'..'é_'v
e, I g =

(36 Rue de Vaugirard Paris)

Defined as the ten millionth part
of % of the earth's meridian, first
precisely measured by Picard in
1669

[1 kg platinum standard]

One gram is defined as the absolute
weight of a volume of pure water equal
to the cube of the hundredth part of a
meter, and at the temperature of
melting ice. Water density= 103 kg.m"3

Time
= benefits from the clock’s
development in XVII*" century

in W
| ) b
s
]
f i
L]
@ 1 |
| il

[pendulum clock]

... and the division of time on the
basis of the solar year (360+5 days
for the Egyptians) and the base 60
of the Sumerian system (24 hours,
60 minutes, 60 seconds).

P. Pralavorio

Planck constants

16



How to measure L, T, M ?

Length() __________Time() ______|Mas(v)

- Decimal — Sexagesimal - Decimal

1/107 of the North part of the  1/86400 part of the Mass of water in a cube of 1 cm.
meridian: solar day Water density= 1g.cm-3
40000km /4 /107 =103 km

- Meter — Second - Gram

+ : practical, precise
- : not universal (geocentric)

[ Earth related measurement J
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Fundamental Constant (1)

Speed of light (c)

S R .
Dre 1 Hor 3 af Ocran:. 3 O
(=

Moy,

: Galileo uses telescope to discover
L e e O it ' .

P Reas | _ Jupiter Moons (Jan-Mar 1610)
E?&-s.?fj =

DieaH oz,

Eye x15
Diey 7 2. ye & 5

Pars worsus o6

Hiw  Parr verenr Ortm

Diec 1. 30
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b s ©)
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Sidereus Nuncius (Mar 1610)
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Fundamental Constant (1)

Speed of light (c)
Ole Romer uses a telescope and a
ombre de Jupiter .
pendulum clock to measure time of
Jupiter Moon lo emersion (1670-76)
— 42.5 hours for one rotation

émersion dusatellite

immersion d’un satellite

[ |

Eye x15

Romer predicts that lo emersion will arrive 10’
(600 s) later when Earth is in T4 than when he

measured itin T1
Published 7 Dec 1676 in «Journal des scavans»
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Evolution of Earth — Jupiter distance between two oppositions

d (R,)
J 4 L | | |
_‘19/7;713/512§6 [Would have been 17h25’ if speed of light infinite]
6 T, T 3
Gihadso” T ' [T
7/8/1676 / 1.3 R, \
T1 \
4")*/ , AR EEE LT
2 - A2 — 2 2 ‘
TJ?2=d?=R;*+ R/*- 2R R;cos(a) |
2| 1 5300
| rotations !
= (P,/P;)¥3R, = 5.2 R; (P,=11.8 yr)
! L] ‘ L ,
0 ‘ — — - ‘ - » o (deg)
360
—>d = R;V 28-10.4 cos(a) o ¢ 0 10 . .t ()
' R 100 125 200 300 365 400  tl

c=1.3 R;/600 = 300 000 km/s = 3 10® m.s! 1690

150 ooo%oo km Huyghens
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Fundamental Constant (2)

Gravitational constant (G)

T |Isaac Newton developed a
PHIL.OSOPHI A mathematical theory of the

NATURALIS attraction between two objects
FRINCIPIA using infinitesimal calculus (1687)
MATHEMATICA.
Autore §S. NEWTON, Trin. Coll. Cantab. Soc. Mathefeos R

Profeffore Licafiano, & Societatis Regalis Sodali.

IMPRIMA'TUR.

S. P E P Y S\ RegiSocs PR B SES.
Sulii 5. 1686. i

LONDINI

Jufla Societatis Regie ac Typis Fofephi Streater. Proftat apud
plures Bibliopolas.  A4mzo MDCLXXXVIL
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Fundamental Constant (2)

Gravitational constant (G)

Newton 2" law : F=m a 2> kg m s2

Newton universal gravitation :

";1:' = kg2 m2

F oc

(4

Need a constant G to restore the units

[G]=kgms?/(kgzm?2)=kgim3s?
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Gravitational constant (G)

‘0\ Copper wire (k)
M O :
oS ) Weight (Pb)
*e o1 4 Ry, = 0.152m
« _M=158kg

(Not to scale) \\\\\\\\\\ Oscillation period T=420 s

around equilibrium

—d—1
d =0.225m

Torque: FL= k 6 (like a spring with a constant k)

Moment of Inertia of the 2 balls: J = 2m(L/2)? = mL2/2

Henry Cavendish makes the first
measurement of G (1798), writing
first modern experimental paper
(60 pages), including systematics

At equilibrium of the 2 forces :
mM _ 2m*mLO

Fgrav = G733 —2 T2
L 6d
G = 27'[2 EF
G = 6.67x1011kgt.m3.s2

Angular speed: o = 2= X (like a pendulum |9(ns™ _ |10 )
T NJ L (m) l

> k=2?mL2%/T?2 = F = 2?mL6/T2 = 107 N

To be exact, Cavendish did not compute G, it was done
a century later — but he could have !
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Fundamental Constant (3)

Planck constant (h)

Long standing question: how can the steel or the coal
change color when it is heated ?
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Fundamental Constant (3)

Planck constant (h)

XIXth century: atomic theory of heat (statistical thermodynamic) +

development of electromagnetism (mediated by light) +

measurements of (ideal) black body radiations
— Measurements described by an Universal law (Kirchhoff, 1867) = function?

Radiance (a.u)

Infrared

3000K

*"+ﬁ+*-+*4W+*'4'+ —+H— !

N

=

, 1.0 2.0
I I l l

5> M (um)

750 400 300 150

> f=c/M (THz)
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Fundamental Constant (3)

Planck constant (h)

‘ ‘ Planck discovered the law in 1900 saying
2 1 that atoms are harmonic oscillators with

I'= =W i —1 - E = hf. Probability of light emission at
/\ frequency f depends on temperature

/ ! \ which corresponds to E = kT:
Infrared / AR

=
()]
o
—

* hf << kT : growing probability to emit

— —— —— —— —

vd {\ light of frequency f
| |
/ | | 1IN * hf >> kT : low probability to emit light
hf << kT hf = kT hf>> kT log(f)  ©of frequency f
IzTZZsz ' ¢ 1~ — I«f—hfe'ﬁ——f3 e7ir
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Fundamental Constant (3) ﬁﬂﬁ@lf

Planck constant (h)

1 1
104 yltraviolet | visible | infrared

Planck’s law

8
z 2hc? 1 .
5 el I = Some numbers for the Sun (more in back-up):
g A5 hc eT =5800K > E=kT=110kg.m2.s2
2l ekl —1 « f.og = 430x1012 Hz > E = hf = 3 10"9kg.m2.s2
g * fowe= 750x102 Hz = E = hf = 5 10%kg.m?2.s2

2+

0 —"=Z00 73 10 00 A (um)

L ' > foc/) (THZ)

oo 750 400 300 150

The measurements (1900) allow to determine the value of h (and k)
*h =6.6 1034 kg.m?2.s1
k=1.410723kg.m?.s2.K"
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Fundamental constants 2 Universe ?

3 fundamental constants (« universal ») known

= Speed of light : c =[]t x [T]H =3.010% m.st
» Gravitational constant : G =[L]®*x [T]?x [M]1=6.7 10} m3.s2 kg™
= Quanta dynamics : h=[L1’x[T]*x[M]1=6.6103*m?stkg

+ : practical, precise, universal (!)

Use these constants to deduce a characteristic length
(L, = [L]), a time (T, = [T]) and a mass (M, = [M])
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Universal constants 2 Universe ?

3 fundamental constants (« universal ») known

= Speed of light : c =[L]*x[T]? =3.010% m.st
» Gravitational constant : G =[L]3x [T]?x [M]*=6.7 10} m3.s2.kg™
= Quanta dynamics : h=[L1’x[T]*x[M]1=6.6103*m?%stkg

—45
L= /i—i‘ = | o =VIE X 10-69=VI5 X 1070 = 4 X 10735 m
l/—f’; =4,13.10-% em,

tp= \/i_}; = |20 515 x 10-85=V1.5x 1086 = 1.2 x 103 s

243x1040
1/ % = 1,38 . 1042 gee,

Mp= \/% =\/2°“°—26=\/3 x 10-15=v/30 x 10-16 = 5.5 x 108 kg

6.7x10~11

%ﬁ:zﬁjﬁ.lﬂ*ﬁg,
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Interpretation

—45
¥ \/i—? :\/420;‘:100; =V1.5% 10-69=v15x 10-70 = 4 x 1035 m
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Interpretation

—45
¥ \/i—? :\/%:\/1.5 X 10=69=v15x 10-70 = 4 X 10735 m

cxTy=
3.10%x (1.5 101%x 3.107)
=10%°m

S. Glashow serpent swallowing its tail

New York Times Magazine, Sept. 26, 1982, p. 40
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Interpretation

tp= Ji—? :\/;‘jgi‘;;jn/oas X 10-85=y1.5x 1086 = 1.2 X 103 s

: . 18 .
Universe: 10*°s ~ 10435

T,= 1.510%x 3.107
=510%s
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Interpretation

M,= \/% =\/2(;111‘;:2161:\/3 x 10-15=v/30 x 1016 = 5.5 x 10 kg

M, = 0.05 mg = cell weight ??

=~ 10%kg /
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Interpretation

M,= \/% =\/2(;111‘;:2161:\/3 x 10-15=v/30 x 1016 = 5.5 x 10 kg

H . -28 -3
Universe: 102 kg.m ~ 1/097 kg.m-3

d,=M,/V,
=M, /L3
= 1097 kg.m"3

d, = 1028 kg.m3

Note dyy e, = 103 kg.m3
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Conclusion (as of today)

v’ Originally, the Universe was contained in a 3D volume
with a characteristic Planck length of L, = 10>m

v At time t=t,, the density of the Universe was d, = M,/V,
~ 10°/ kg.m3, that of a black hole?

v'Since then, the time increments in steps of t =t, = 1043 s
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Planck’s Law vs wavelength

Spectral Radiance / 2hc? 1
[103 kg. s2.srl] PR

e @ O B8 https://www.desmos.com/calculator

= Untitled Graph | Save

I t 3
< & « / =0.5 um
A -80000 +
2-6.626-10 5%-2.997-10% 1
x5 6.626-10 >*-2.997-10% -
—23
e x-1.380-10 -3800 o 1 ﬂ
2 60000 i
N 2662 1034 2997108 1
B 6.626-10 %2 997-10°
x-1.380-10" 233000
e —1
40000
*The Wien’s law gives
—_ _ —_ T—
Anax =2.9/T = 0.5 um for T=5800K
l10‘6 2‘5510'6 3x10°6
2 A (um)
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Planck’s Law vs frequency

Spectral Radiance / 2hf3 1 2hf 1
[ = = T =5800 K (Sun)
kg.s?.sr 2 hf 2 hf
[kg / cz o H
L %] O B https;//www.desmos.com/calculator w L 6 -_? 5]

= Untitled Graph | Save

+
Q 2662 1033 1 | | | |

(2.997 - 108)2 — A1 1 11 S A v |

e ’ SsEmssmena e 34OTHz
Y 2138010725802 2KTf? bt cekT o8
(2.997 - 108)2 = —5—
Cc
Q2662 1033 [ = th3 hf ~ kT =1019 | el Il
(2.997-108)2- (et~ 1) T 3c2 D f=120THz

b 6.626-10" %«

_ 3
266261075433 "o [ — 27, kT hf >> kT 10°
(2.997 - 108)2 ez

k|
*Note that f, . # ¢/A., - The Wien’s law in this case 2
is f._ =2.8kT/h = 340 THz for T=5800K L P TAMAY ey AR EYM RIS WRRHIILET

| | T >
10 100 1000 f (THz)
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Planck’s Law vs data

One measurement at low f=cte showing I vs T

r:;m, [ T
Pig3 |Feit leh ok Stenselk. i
P
L L _|_ L | B+ At bereckined npo Wierd s
d I i :u.un:u_; '| “ i J‘,,ﬂﬁ/’
moaeis W e Bl : e - -1 L Rdpted. = 2P S0 I I M s e
P ——— - " Pleriede A
=== BN
/’-‘_ —/:T}/
- =i
// —'“’/
d/ 3 ‘J.
- |-
7 _«"
4 el
7L :
A
il
1 df‘]i
) 1+ r? 1 aga” | wda” | 507 z @ | _solon’) s oot
Batsz FoEarEEErERE
= /
/ ®|@ | @ becpadhtat il den |sciavdregr. JForpern 1
7
ri sl ol e derrn| sclesvereps v
j o|o|o . measurements
S aa p W
{
Il
. i I
7
v
’/
Fig. 3.

Rubens and Kurlbaum, Annalen der Physik, 4, 649, 1901
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