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Appendix 3. The base units of the Si

Starting from the new definition of the SI described above in terms of fixed numerical values of
the defining constants, definitions of each of the seven base units are deduced by taking, as
appropriate, one or more of these defining constants to give the following set of definitions,
effective from 20 May 2019:

— The second, symbol s, is the SI unit of time. It is defined by taking the fixed numerical
value of the caesium frequency Ave.. the unperturbed ground-state hyperfine transition
frequency of the caesium 133 atom, to be 9 192 631 770 when expressed in the unit Hz,
which is equal to s™".

— The metre, symbol m, is the SI unit of length. It is defined by taking the fixed numerical
value of the speed of light in vacuum ¢ to be 299 792 458 when expressed in the unit m/s.
where the second is defined in terms of A v,

— The kilogram, symbol kg, is the SI unit of mass. It is defined by taking the fixed
numerical value of the Planck constant /i to be 6.626 070 15 x 107 when expressed in the
unit J s, which is equal to kg m’ s, where the metre and the second are defined in terms
of ¢ and Avg,.

— The ampere, symbol A, is the SI unit of electric current. It is defined by taking the fixed
numerical value of the elementary charge e to be 1.602 176 634 x 107" when expressed in
the unit C, which is equal to A s, where the second is defined in terms of Avg..

— The kelvin, symbol K, is the SI unit of thermodynamic temperature. It is defined by taking
the fixed numerical value of the Boltzmann constant k to be 1.380 649 x 107" when
expressed in the unit J K™, which is equal to kg m”* s~ K™, where the kilogram, metre and
second are defined in terms of /1, ¢ and A ve..

-~ The mole, symbol mol, is the SI unit of amount of substance. One mole contains exactly
6.022 140 76 x 10 elementary entities. This number is the fixed numerical value of the
Avogadro constant, N, when expressed in the unit mol™ and is called the Avogadro
number.

The amount of substance, symbol n, of a system is a measure of the number of specified
clementary entities. An elementary entity may be an atom, a molecule, an ion, an electron,
any other particle or specified group of particles.

— The candela, symbol cd, is the SI unit of luminous intensity in a given direction. It 1s
defined by taking the fixed numerical value of the luminous efficacy of monochromatic
radiation of frequency 540 x 10'* Hz, K., 10 be 683 when expressed in the unit Im W',
which is equal to cd st W', ored srkg™' m™ s’, where the kilogram, metre and second are
defined in terms of A, ¢ and Awg,.
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[eHepanbHa KOHepeHuisa Mip | Bar

Bw3Ha4yeHo MiKHapoOHWA MPOTOTUN KiNorpaMa, BUrOTOBNEHWIA i3 cnNaBy NNaTWHW i ipuaito. NpoToTun 36epiraeTbes B
MixHapoaoHoMy bropo mip i Barw. MNporonolleHo MiXXKHapoOHWA eTanoH MeTpa.

MoaHwnx pesontouiin He byno NpuiHATO.

Mepeo3Ha4eHo NiTp AK 0b'em Kinorpama Bogwn. YTo4HeHe 03Ha4YeHHA Kinorpama siK oOWHL Macn, 03Ha4yeHo
«CTaHOQapTHY Barny», BU3Ha4eHOo CTaHdapTHe NPUCKOPEHHA BiNkHOro NafiHHA, 3anpoBaflXeHo BUKOPUCTaHHA rpaMa
CUIIA.

MpWAHATO 03Ha4YeHHA kapaTa Ak 200 mr,
3anponoHOBaHO MiXHaPOoOHY LWWKany TemnepaTyp.
MNeperNAHYTO METPWUYHY KOHBEHLLD.

CTBOpPEHO KOHCYNILTaTUEHY KOMICIO 3 eNekTpUuKMN.

BwzHa4eHo I'IFCFI'[C.'!E.‘ﬁ'}‘r B abconoTHMX eNeKTPUYHWX 00 MHWULLAX.

Bu3HayeHo aMnep, bap, KynoH, apal, reHpi, AXo0yb, HeIOTOH, OM, BONLT, BaT, Bebep. BubpaHo Ha3By AnA rpaayca
Llenscia. Mana niTepa | 3aTeepa)eHa AK No3Ha4YyeHHA NiTpa. K KoMy, Tak i Kpanky byno NnpuAHATO AK NO3HAYEHHA
NecaTKOBOI 4aCTUHW. 3aMiHeHo CMMBONW ONSA cTepa i cekynam [1]&. MponoHyeanocs, ane He byno 3aTeepaxeHe
3arallbHe NoBepHEeHHA 00 OOBrol CMCTeMW HyMepaUil.

O3Ha4yeHo KeNbBiH Ta cTaHOapTHY atMocepy. MNMovyanocA BCTaHoBNeHHA MiXXHapoOHO! CUCTEMW OOWHWMUL (MEeTp,
Kinorpam, cekyHila, amnep, KenseiH, kKaHoena).
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(1954)
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(1960)

12-Tadd
(1964)
13-Ta
(1967)
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(1971)
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(1975)
16-Tad
(1979)
17-Tad
(1983)
18-Ta&
(1987)
19-Ta
(1991)
20-Tadd
(1995)

O3Ha4eHO KeNbBiH Ta cTaHDapTHY aTMmocdepy. MNoYanoca BCTaHOBNeHHA MixHapoOHO! CUCTeMWM O0WHWUL (MeTp,
Kinorpam, cekyHia, aMmnep, KenbBiH, KaHoena).
MeTp nepeBU3Ha4YeHo Yepes OOBMWHY XBWUNI cBiTna. NpUAHATO OOWMHWLI: repu, NoMeH, NoKc, Tecna. HoBa MeTpu4Ha

cnucrteMa oTpuMmana Ha3ey Cl, «the modernized metric system». MNigTeepaxeHo BXXUBaHHA Npedikcis Miko-, HaHo-,
MiKpo-, Mera-, rira- Ta Tepa-.

MoBepHeHOo No4YaTKoBe 03Ha4YeHHA NiTpa Ak 1 am3. 3aTeepaXkeHo npedikcn artTo- Ta peMTo-.

[MepeBn3Ha4YeHo CeKyHOY AK TpMBanicTe 9 192 631 770 nepionie BUNPOMIHIOBaHHA, WO BiANOBINaE Nepexony Mix
OBOMa HaATOHKMMK PIBHAMW OCHOBHOMO CTaHy Uesito-133 npw TemnepaTypi 0 K. I'pagyc KensBiHa nepediMeHoBaHo B
Ke/lbBiH. 3MiIHEHO 03Ha4YeHHA KaHOenw.

BW3Ha4yeHo HOBY OCHOBHY 0OWHUK Cl — MoNb. 3aTEepOxeHo oOWHWLUI Nackans, ciMeHc.
3aTEepAXeHo NpedikcK NeTa- Ta ekca-. 3anpoBadXeHo padionoriyHi oouHwuUi rpei Ta bekepens.
BW3Ha4eHo oOWMHWLUI KaHOena, 3ieepT. 3aTBEp A EHO BWKOPWUCTaHHA ONA NO3Ha4YeHHA niTpa cumeonie | Ta L.

MeTp BM3Ha4YeHO Yepes WeWAKICTL CRiTA.

MpwitHATO AoroeipHe 3Ha4eHHA AnAa ctanol [1kosedcoHa, K, Ta ctanol poH KniTuuHra, Rk, roTylo4ncs Ao
nepeBn3Ha4eHHs aMmnepa n Kinorpama.

JanpoealxeHo HOBI Npediikck HoKTo-, 3enTo-, 3eTa- Ta WoTa-.

HonaTkoei oanHuui Cl paniad Ta cTepafiad cTany NOXiogHUMKU OANHULIAMM.



20-Ta¥
(1995)

21-wa?
(1999)

22-Tay
(2003)

23-TA&
(2007)

24-Ta?
(2011)
26-Ta M
(2018)

HopnaTtkoBi oanHuui Cl pagiaH Ta cTepafdiaH ctany NoxXiaHMMKM OOQNHULAMM.

3aTBepAKeHo HoBY oauHULI0 Cl KaTan = Mofb 3a CeKYHAY 0N KaTaniTU4HO! akTUBHOCTI.

NinTBEpAXKEHO BXWBAHHA KOMM abo Kpankun AN No3Ha4YeHHs NeCcATKOBOI YacTUHW, ane He Ons
rpynyBaHHS CUMBOIB 3 METOW MONEreHHA YATAHHA: «41Ucna MoXyTb ByTu po3aineHi Ha
TRINKW ONA NonerweHHA YUTaHHA, Hi Kparnku, Hi KOMW He BCTaBNAIOTLCA B MPOMIXKKWN MiX
rpynamum»L1],

PO3'ICHEHHS LLOO0 Ke/bBiHa Ta ifei oo NnepeBn3HayeHHa OesKnX 0OCHOBHUX 0AMHULbL S.

3aTBepAXXKeHO NPOoeKT ManbyTHLOro Nepeo3Ha4yeHHA 0OCHOBHMUX 04WNHULb Si.

MepernaHyTo BU3Ha4YeHHA oauHULbL Cl Kinorpam, aMmrep, KebBiH Ta MOJb Yepe3 BifNoBifHi
(hyHOaMeHTanbHi cTanu: MnaHka, enemMeHTapHuil 3apaj, BosbLMaHa Ta ABOrafipo, OHOBNEHI
3HaYeHHA AKUX Takox Byno 3aTteepaxeHo.l?]
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On the definition of time saales

Resolution 2

The General Conference on Weights and Measures (CGPM), at its 26th meeting,

165 150
-10

ARCTIC

chukchi
Sea.

NORTH
PACIFIC
OCEAN

135
-9

OCEAN

ILES MARQUISES
(French Palynesia)

TLES GAMBIER
(French Polynesi)

Istands
o

Clipperton iand -
s

SOUTH| PACIFIC
OdEAN

-3

Greenland

NORTH
ATLANTIC
OCEAN

(DENMARK)

Denmark
Strait.

=
[é Greenland Sea
]

=2

Norwegi|
Sea

Saint Helena.

SOUTH
ATLANTIC
OCEAN

Saint Helena,

an
Tristan da Cunha
wK)

TRISTAN DA CUNHA

" Gough siand.

15
+1

svalbard

A

mm\% =

Borents

Fr

Novaya
ZEMLYA

hus
e

Tromeln stand
0o s

MAURITIUS

Reunion.
e

nch Southern and
(FRANCE)

British ndian

INDIAN

Ile Amsterdom
(5. and Ane. Lans)

lle SaintPoli
(55 and An. Lands)

|Antarctic Lands

ocean ety
w6

%mm
T

OCEAN

Ashmoreand
Grier siands
Pty

ARCTIC| OCEAN

> 0 o,

" NEW SIBERIAN
S SLANDS

Sea of
Okhotsk

Eost Siberian Sea

Chukeh®
sea

Bering Sea

% o, US 10, o0
Leeuny smo

NORTH
PACIFIC
OCEAN

Date Line

q o o RInES
et Coordinated Universal Time (UTC) (south Arsica) 1LES KERGUELEN
(scministered by UK. fi ly G ich Mean Time (GM’ (.. and Ant Lands)|
formerly Greenwich Mean Time (GMT)
da A (umberindies sndard ime e e
inzonewhen s 12 roan, UTO e
o un (80w sord vorwan
1:00 200 3:00 400 5:00 600 8:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00
<11 -10 -9 -8 -7 -6 -4 -1 0 +1 +2 +3 +4 +5 +6 e +8 +9 +10
Boundaryre i not necessarily authorittive Add time zone number to local time to obtain UTC. WEST EAST  Subtract time zone number from localtime to obtain UTC.
Add

Subract time zone number from UTC to obtain local time.

time zone number to UTC to obtain local time.



“ATOMHI TOOUHHUNKN"

Louis Essen (right) and Jack Parry
(left) standing next to the world's first
caesium-133 atomic clock.

Rb oscillator

Chip-scale atomic clocks, such as this one unveiled in 2004,
are expected to greatly improve GPS location.
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The Kibble balance is the machine that makes the redefinition of the kilogram possible.



HOW A KIBBLE BALANCE
(VIRTUALLY) COMPARES
ELECTRICAL POWER AND
MECHANICAL POWER

https://www.nist.gov/si-redefinition/kilogram-
kibble-balance

-y

Weighing mode:

The upward force on

the coil is the product

of the current (1), the
magnetic field strength
(B), and the length of wire
in the coil (L). It exactly
equals the weight (mg)

of the test mass. Therefore
mg = [BL.

------

Force/weight of the
test mass equals
the mass (m)

times the local

gravity (g).

Velocity mode:
The voltage (V)
induced in the
coil as it moves
equals velocity
(v ) times BL.

-----
......

magnet
system

Weighing Mode: mg=IBL Velocity Mode: V =vBL
so mg/l =BL soV/v=BL

BL is the same in each case and cancels out. Thus
IV (watts elec. power) = mgv (watts mech. power)
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The Sl system before the redefinition:
Dependence of base unit definitions on
other base units (for example, the metre is
defined in terms of the distance travelled by
light in a specific fraction of a second), with
the constants of nature and artefacts used

to define them (such as the mass of the IPK
for the kiloaram) en.wikipedia.org/wiki/Redefinition of S| base units

The Sl system after the redefinition:

Dependence of base unit definitions on
physical constants with fixed numerical
values and on other base units that are
derived from the same set of constants.



Kilogram-is-defined-by-taking-the fixed -numerical -value-of-the-Planck-constant--to-be
6.62607015x10~ 34 when-expressed-in‘the-unit-J-s,- which-is-equal to-kg-m?-s ™1 -
where the metre-and-the second are-defined-in-terms-of -c-and-Av .

Ampere-is-defined by taking the fixed -numerical -value-of the-elementary- charge-e-to:
be-1.602176634x 10 '%-when-expressed-in-the-unit-C, which is equal to-A-s, where-
the second is-defined in‘terms-of Av .9

Kelvin-is-defined by taking -the fixed numerical value of the-Boltzmann-constant k-tor
be 1.380649x10723-when-expressed-in-the unit-J-K™!,-which-is-equal ‘to-
kg-mz*S_E*K_1,'where'the'kilogram,'metre'and' second-are-defined-in-terms-of-h, ¢
and-Av_.9

One-mole-contains-exactly-6.02214076x10%3-elementary-entities.-An-elementary-
entity may-be-an-atom, a‘molecule, an‘ion, an-electron,-any-other-particle-or-specified-
group-of-particles.

Candelais-defined by-taking the fixed numerical -value-of-the:-luminous-efficacy-of
monochromatic radiation-of frequency-540x1012 Hz, K <> 10'be 683 -when-expressed-

in'the'um’t']m-W_l,'which'iS'equalrto'cd-sr-W_l, 'c:-r'cd-sr-kg_l-m_z-sB
kilc:-gram,-metre-and-secund-are-defmed-in-terms-of-h,-c-and-&vCS.‘

,’'where the

« h=6.626070 15 x 10734 kg-m2-s~1
« e=1.602176634x10717 A5

e« k=1.380649 x 1023 kg:m2-K~-1.5—2
« Ny = 6.022 140 76 x 1023 mol—1

« €=299792 458 m-s1

en.wikipedia.org/wiki/Redefinition_of SI_base_units . av.. = Av(**¥Cs) = 9192631770 572
« K4 =683 cd-srsikgl-m—?



uk.wikipedia.org/wiki/Mncno_Asoragpo

Na = 6.022 14 6.022 140 76 x 1023 monp—1

Densities and Imperfections of Single Crystals
September 1955 - Physical Review 99(6):1747-1750
DOI:10.1103/PhysRev.99.1747

23 1
A. Smakula - J. Kalnajs - V. Sils 6.02368x10 mole

A new determination of Avogadro’s number from lattice
constant and density of single crystals

February 1957 - Il Nuovo Cimento 6(S1):214-220
DOI:10.1007/BF02724776

A.Smakula - J. Kalnajs

https://www.nist.gov/si-redefinition/kilogram-silicon-
spheres-and-international-avogadro-project
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« h=6.626070 15 x 1073 kg-m?-s~1
« 2=1.602176634x10" 1% A5

« k=1.380649 x10-23 kg'm<-K~1.5-2
« Ny =6.022 140 76 x 1023 mol~1

« C=299792458 m-s~! 1C — %)\&1631:?15_
e Avcs = Av(™*Cs)p = 9192 631770 571 ﬁﬂcs
e K.q =683 cd-srs®kg=l-m~2 C- /" C

Am= 233 352 158

h.1c

Wa= 2= s 7015 %1531~ 142

(K= 1380 643%15 2. 1k m2
/c_E et

“
A= ?.60211653 bx |U_}3'1C




MCTP-02-43
hep-th /0208093

2 /?_ P.A.M. Dirac, Nature 139 (1937) 323; Proc. Roy. Soc. A165 (1938) 199.

Comment on time-variation of fundamental constants

M. J. Duffl [HES/P /96 /40
Michigan Center for Theoretical Physics

Randall Laboratory, Department of Physics, University of Michigan . .
Ann Arbor, MI 481091120, USA TASSNS-HEP-96/62

The Oklo bound on the time variation of the
fine-structure constant revisited

Thibault Damour®®¢, Freeman Dyson®

—0.9%x 1077 < (a®M° —a") /o < 1.2 x 1077

a = 1/137.0359895(61)



© Springer International Publishing Switzerdand 2015
T. Padmanabhan, Sleeping Beauties in Theoretical Physics, Lecture Notes in Physics 895,

DOI 10.1007/978-3-319-13443-7_]

| The Grand Cube of Theoretical Physics

A
G
Newtonian MNon-relativistic
Gravity Quantum
Gravity
General Theory of
Relativity Everything
i
M 5 }
Classical Quantum
Mechanics Mechanics
l/c Special Cuantum
Relativity Field
Theory

Fig. 1.1: The landscape of theoretical physics can be concisely described by a cube —
The Cube of Theoretical Physics — whose axes represents the three fundamental con-
stants G.h and ¢ '. The venices and linkages describe different structural properties

—



General Gravity Schrodinger-
Redativity vl

http://cjwainwright.co.uk/maths/physicscube/



Jlo 3ycmpiui ¢ Heoinw na
HAYKOBUX NIKHIKAX HA

meampanbHOMy mauoani!
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