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Part I
Fundam ental constants: param eters and units

Lev B.Okun

A bstract. There are two kinds of fundam ental constants of N ature: din ensionless (like

! 1=137) and din ensionful (c | wvelocity of light, ~ | quantum of action and angular
momentum ,and G | Newton’s gravitational constant). To clarify the discussion I sug-
gest to refer to the form er as findam ental param eters and the latter as fiindam ental (or
basic) units. It is necessary and su cient to have three basic units In order to reproduce
in an experim entally m eaningful way the din ensions of all physical quantities. T heoret-
ical equations describing the physical world deal w ith dim ensionless quantities and their
solutions depend on din ensionless fundam ental param eters. But experin ents, from which
these theories are extracted and by which they could be tested, involve m easurem ents, ie.
com parisons w ith standard din ensionful scales. W ithout standard dim ensionfulunits and
hence w ithout certain conventions physics is unthinkable.

1. Introduction: param eters and units

There is no well established term inology for the fundam ental constants of Nature. It
Seam s reasonable to consider as fundam ental the din ensionless ratios, such as the fam ous

= e’=~c’ 1=137 and sin ilar gauge and Y ukawa couplings in the fram ew ork of standard
m odel of elem entary particles or its extensions.

It is clear that the num ber of such constants dependson the theoreticalm odelat hand
and hence depends on personal preferences and it changes of course w ith the evolution of
physics. At each stage of this evolution it includes those constants w hich cannot be

expressed In term s of m ore fundam ental ones, because of the absence of the latter ﬁl 1.
At present this number is a few dozens, if one includes neutrino m ixing angles. It blow s
up with the inclusion of hypothetical new particls.

O n the otherhand the term \fundam entalconstant” is often used for such din ensionfuil
constants as the velocity of light ¢, the quantum of action (and of angular m om entum ) ~,
and the N ew ton gravitational coupling constant G . This article is concemed w ith these
din ensionfill constants which I propose to call fundam ental (or basic) units.

Physics consists of m easurem ents, form ulas and \words". T his article contains no new
form ulas, it dealsm ainly w ith \words" because, unlke m any colleagues of m ine, I believe
that an adequate language is crucial in physics. T he absence of accurately de ned temm s
or the uses (ie. actually m isuses) of illde ned tem s lead to confiision and proliferation of
w rong statem ents.

2. Stoney’s and P lanck’s units of ., T ,M

T he three basic physical din ensions: length L, tine T, and mass M w ith corresponding
m etric units: an , sec, gram , are usually associated w ith thenam e of C F .G auss. In spite of
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trem endous changes in physics, three basic din ensions are still necessary and su cient to
express the dim ension of any physical quantity. T he num ber three corresponds to the three
basic entities (notions): space, tin e and m atter. It does not depend on the din ensionality
of space, being the sam e In spaces of any dim ension. It does not depend on the num ber
and nature of fiindam ental interactions. For instance, n a world w ithout gravity it still
woul be three.

In the 1870's G J. Stoney [E], the physicist who coined the term \electron" and m ea—
sured the value of elem entary charge e, introduced as universal units of Nature for L, T,
M:lg=e¢e E=cz,ts =e E=03,ms = e G. T he expression form s has been derived by
equating the Coulom b and N ew ton forces. T he expressions for Iy and ts has been derived
from m 5, cand e on dim ensional grounds: m P = =k ,t5 = L=c.

W hen M . Planck discovered in 1899 ~, he Introduced [ﬂ] as universal units of N ature
forL, T,M:p = ~=mpcC, b = ~=mpcz,mp = P ~c=G .

O ne can easily see that Stoney’s and P lJanck’s units are num erically close to each other,

their ratios being P
3. The physicalm eaning of units

The G auss units were \earth-bound" and \hand-crafted". The an and sec are connected
w ith the size and rotation of the earth.! The gram is the m ass of one cubic an of water.

An In portant step forward wasm ade In them iddle of XX century, when the standards
of an and sec were de ned In tem s of of waveJength and frequency of a certain atom ic
Iine.

Enom ously m ore universaland fundam entalare c and ~ given to usby N ature herself
asunitsofvelocity v]= [L=T Jand angularmomentum [J]= M vL]= M L2=T ] or action
[S]= ET]= M v?T ]= M L?=T ]. (Here [ ]denotes din ension.)

3.1 Themeaning of c

It is In portant that c is not only the speed of light in vacuum . W hat is much m ore
signi cant is the fact that it is the m axim al velocity of any ob ct in N ature, the photon
being only one of such ob Fcts. T he findam entalcharacter of cwould notbedin inished In a
world w ithout photons. T he fact that c isthem axin alv leads to new phenom ena,unknow n
In new tonian physics and described by relativity. T herefore N ature herself suggests ¢ as
fuindam ental unit of velocity.

In the Introduction we de ned as fiindam ental those constants w hich cannot be calcu-
lated at our present level of fundam entalknow ledge (or rather ignorance). T his \negative"
de nition applies equally to param eters and to units (to and to c). At rst sight
looks superior to ¢ because the value of doesnot depend on the choice of units, w hereas
the num erical value of ¢ depends explicitly on the units of length and tim e and hence on
conventions. However c is m ore fundam ental than  because its fundam ental character
has not only a \negative" de nition, but also a \positive" one: it is the basis of relativity
theory which uni es space and tin €, as well as energy, m om entum and m ass.

'metre wasde ned in 1791 asa 1/40,000,000 part of Parism eridian.
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By expressing v in unitsofc (usually it isde ned as = v=c) one sin pli es relativistic
kinem atics. On the other hand the role of ¢ as a conversion factor between tim e and
distance or between m ass and restenergy is often overstated in the literature. Note that
In spite of the possibility of m easuring, say, distance in light—seconds, the length does not

becom e dentical to tim e, just as m om entum is not dentical to energy. This com es
from the pseudoeuclidian nature of four-din ensional spacetin e.

3.2 Them eaning of ~

Analogously to ¢, the quantity ~ is is also fundam ental In the \positive" sense: it is the
quantum of the angular m om entum J and a natural unit of the action S. W hen J or S
are close to ~, the whole realm of quantum m echanical phenom ena appears.

Particles w ith integer J (bosons) tend to be in the sam e state (ie. photons in a laser,
or Rubidium atom s In a drop of BoseE instein condensate). Particles w ith halfinteger J
(ferm ions) obey the Pauli exclusion principle which is so basic for the structure of atom s,
atom ic nuclei and neutron stars.

Symm etry between ferm ions and bosons, dubbed supersym m etry or SUSY , is badly
broken at low energies, butm any theorists believe that it is restored near the P lanck m ass
(In particular in superstrings and M -theories).

The role of ~ as a conversion factor between frequency and energy or between wave—
length and m om entum is often overstated.

It is naturalw hen dealing w ith quantum m echanical problem s to use ~ as the unit of
J and S.

3.3 The status of G

The status of G and its derivatives, mp , b , o , is at present di erent from that of c
and ~, because the quantum theory of gravity is still under construction. The m a prity of
experts connect their hopesw ith extra spatialdin ensionsand superstrings? But the bridge
between superstrings and experinm ental physics exists at present only as w ishful thinking.
R ecent surge of interest to possible m odi cations of N ew ton’s potential at sub-m illim etre
distances dem onstrates that the position of G isnotas m asthatofcand ~.

4. The cube of theories

T he epistem ological role of ¢, ~, G units In classifying theories was rst dem onstrated in
a Ppcular article by G . Gam ov, D . Ivanenko and L. Landau [E], then quite seriously by
M . Bronshtein [E,E],A . Zelm anov @,ﬂ]and others (see eg. [E,@]);and it is known now
as the cube of theordies.

T he cube is located along three orthogonal axes m arked by ¢ (actually by 1=c), ~,G .
T he vertex (000) corresponds to non—relativistic m echanics, (c00) | to special relativity,
(0~0) | to non—relativistic quantum m echanics, (c~0) | to quantum eld theory, (c0G )

2T he characteristic length of a superstring s:]p:p cutr yWhere gyt = (q2 =M 2GUT ). Asiswell
know n, the fundam ental param eters are \running": their values depend on q2 .)
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| to general relativity, (c~G ) | to futuristic quantum gravity and the T heory of Every—
thing, TOE . There is a hope that in the framework of TOE the values of dim ensionless
fundam ental param eters w ill be ultin ately calculated.

5. The art of puttingc=1,~=1,G =1

Theuniversalcharacter of ¢;~;G and hence ofm p ;b ;% m akesnaturaltheir use in dealing
w ith futuristic TO E . (In the case of strings the rolke of b is played by the string length .)
In such naturalunits all physical quantities and

variables becom e din ensionless. In practice the use of these units is realized by putting
c=1,~=1,G (or )= 1 in all ormulas. However one should not take these equalities
too literally, because their left-hand sides are din ensionfiil, while the right-hand sides are
din ensionless. Tt would bem ore proper to use arrow s \! " (which m ean \substituted by")
nstead of equality signs \=".

The absence of c;~;G (or any of them ) In the so obtained din ensionless equations
does not din inish the fundam ental character of these units. M oreover it stresses their
universality and in portance.

It is necessary to keep In m Ind that when com paring the theoretical predictions w ith
experim ental results one has anyway to restore (\ ") the three basic unitsc;~;G in equa-
tions because allm easurem ents involve standard scales.

T he above argum ents In ply w hat is often dubbed asa \m oderate reductionian ", which
In this case m eans that all physical phenom ena

can be explained In termm s of a few fundam ental Interactions of fundam ental particles
and thus expressed in termn s of three basic units and a certain num ber of fundam ental

din ensionless param eters.

6. International system of units

An approach di erent from the above underlies the Intemational Systam ofUnits (Systam e
Intermmationale dUnitees | SI) , ]. This System includes 7 basic units (m etre, second,
kilogram , am pere, kelvin, m ole, candela) and 17 derivative ones. T he SIm ight be useful
from the point of view of technology and m etrology, but from the point of view of pure
physics four out of its seven basic units are evidently derivative ones. E lectric current is
num ber of m oving electrons per second . Tem peratuire is up to a conversion factor

(Boltzm an constantk = 1:38 10 23 jpules/kelvin) is the average energy ofan ensem ble
ofparticles. M ole is trivially connected w ith the num ber ofm olecules in one gram m olecule,
called Avogadro’s number N, = 6:02 16°/mol. As for unit of optical brightness or
illum ination (candela), it is obviously expressed in tem s of the ux of photons.

It is interesting to com pare the character of k w ith that of ¢;~;m p . The Boltzm an
constant is an In portant conversion factor which signals the transition from a few (or
one) particle system s to m any particle system s. H owever it radically di ers from c;~;m p ,
as there is no physical quantity with the dim ension of k, for which k is a critical value.
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T he role of conversion factor is only a secondary one for c;~;m p , whereas for k it is the
only one.

In the fram ew ork of ST vacuum is endowed w ith electric pem ittivity "y = 8:85 10 12
farad/m and m agnetic perm eability o= 12:57 10 '’ newton/(am pere)?,whereas"y o =
1=c?. This is caused by electrodynam ic de nition of charge, which in ST is secondary w ith
regpect to the current. In electrostatic units "g = (¢ = 1. According to the ST standard
this de nition is allowed to use In scienti ¢ literature, but not In textdbooks (see critical
exposition of ST in ref. [L13)).

7.Rem arks on G abriele’s part [[J

Inote with satisfaction that som e of the original argum ents and statem ents do not appear
in his part of this Trialogue . Among them there are the follow ing statem ents: 1. that
in string theory there is room only for two and not three dim ensionful constants ,];
2. that units of action are arbitrary [which m eans that ~ is not a fundam entalunit (LO )J;
3. that m asses unlike length and tin e intervals are not m easured directly ]. G abriele
adm its In section E that his two units can be \pedagogically confusing" and the set c;~; o
is \m ost practical", but he considers the latter \not econom ical" and in other parts of the
part he insists on using ;2 instead of ~.

O focourse, if you forget about the pedagogical and practical sides of physics, the m ost
econom ical way is not to have fundam ental units at all, like M ike, but that is a purely
theoretical approach (\hep-th"), and not physical one (\physics", \hep-ph").

It seam s to m e Inconsistent to keep two units (¢; ) explicitly In the equations, while
substituting by unity the third one (~), as G abriel isdoing in partﬁand refs. [@,E,].
A ccording to my section E above, this corresponds to using ~ as a unit of J and S, whilke
not using c and 4 asunits of velocity and length.

Talso cannotagree that theelectton m ass, orG r areasgood for the role of fundam ental
unit as the Planck massor G .

8.Rem arks on M ike’s part [[I}

In section E ofM ike'’s parthe Introduces a de nition of fundam ental constants w ith the
help of an alien w ith whom it is possble to exchange only din ensionless num bers. A ccord—
ing toM ike,only those constants are fundam entalthe values ofwhich can be com m unicated
to the alien. ThusM ike concludes that there exist no fundam entalunits. A ccording tom y
Ssection E above, this actually corresponds to the use of ¢;~;G as fundam entalunits.

In fact, at the end of section E M ike writes \that the m ost econom ical choice is to
use natural units w here there are no conversion factors at all." M ike explained to m e that
hisnaturalunitsarec= ~ = G = 1. A s these equalities cannot be considered literally, T
believe that M ike uses the sam e three units as Tdo. However he concludes section [J w ith
a statem ent: \C onsequently, none of these units or conversion factors is fundam ental."

(In regponse to the above paragraph M ike added a new paragraph to his section E, in
which he ascribed to m e the view that one cannot putc= 1. A ccording to my section E,

{74



one can (and should!) put c= 1 in relativistic egations, but m ust understand that this
m eans that c is chosen as the unit of velocity.)

The \alien de nition" of fuindam ental constants is m isleading. W e, theorists, com m u—
nicate not w ith aliens, but w ith our experin ental colleagues, students, and non-physicists.
Such com m unication is in possible and physics is unthinkable w ithout standardized dim en—
sionfil units, w ithout conventions..

Conceming M ike’s criticisn of my article [@], I would lke to make the follow ing
rem ark. The statem ent that only din ensionless variables, functions and constants have
physicalm eaning in a theory does not m ean that every problem should be explicitly pre—
sented in din ensionless form . Som etim es one can use din ensionfulunits and com pare their
ratios w ith ratios of other din ensionfulunits. T his approach was used in ref. @J, w here
entertaining storiesby O .Volberg ]and G .Gamov ]were critically analyzed. In these
stories, in order to dem onstrate the peculiarities of relativistic kinem atics, the velocity of
light was assum ed to be of the order of that of a car, or even bicycle, w hile the everyday life
ram ained the sam e as ours. In ref. ] Thave shown that if ¢ is changed, w hile din ensions
of atom s are not changed (m ass and charge of electron aswellas ~, are the sam e as in our
world), then electrom agnetic and optical properties of atom s (and hence the everyday life)
would change drastically because of change of ,which is the ratio of electron velocity in
hydrogen atom to that of light. It is not clear to m e why in section E of his paper M ike
disagrees w ith these considerations.

9. Conclusions

It is obvious that using proper language (term s and sem antics) three fundam ental units
are the only possible basis for a selfconsistent description of fundam ental physics. O ther
conclusions are viable only through the In proper usage of temm s.
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Part II
Fundam ental units in physics: how m any, if any?

G abriele Veneziano

A bstract. I summ arize my previous work on the question of how m any fundam ental
din ensionfiil constants (fundam ental units) are needed in various theoretical fram ew orks
such as renom alizable QFT + GR, od-fashioned string theory, and m odem string/M —
theory. I will also try to underline where past and present disagreem ent on these issues
between Lev Okun,M ke Du ,and m yself appears to be originating from .

1. Introductory rem arks

Som e fteen years ago I wrote a short letter [@] on the num ber of (din ensionful) fuin—
dam ental constants In string theory, where I cam e to the som ew hat surprising conclusion
that two constants, w ith din ensions of space and tim e, were both necessary and su cient.
Som ew hat later, I becam e aware of S. W einberg’s 1983 paper [ll], whose way of looking
at the question of de ning fundam ental constants In physics I tried to ncorporate m my
subsequent work on the sub jct @,].

A fter reading those papers of m ine once m ore, I still subscribe to their content, even
if T m ight have expressed som e speci ¢ points di erently these days. Here, rather than
repeating the details of m y argum ents, Iw ill try to organize and sum m arize them stressing
where, In my opinion, the disagream ent between Lev, M ike and m yself arises from . T have
the In pression that, in the end, the disagreem ent ism ore In the words than in the physics,
but this iswhat we should try to nd out.

T he rest of this note is organized as follow s: In section E Im ake som e trivial introduc—
tory statam ents that are hopefully

uncontroversial. In sections [}, | and [§ I describe how I see the em ergence of funda-
m entalunits (the nam e Tw ill adopt for fundam entaldim ensionfulconstants follow Ing Lev'’s
suggestion) in QFT+ GR, in the old Nam bu-G oto form ulation of quantum string theory
(QST ), and in the socalled Polyakov form ulation, respectively. In Sectjons Iwilltry to
point at the origin of disagreem ent between m yself and Lev while, in section I], the sam e
willbedonew r.t.M ike. Section | brie y discusses the issue of tin evarying fundam ental
units.

2. Three questions and one answ er
Letm e start w ith two statem ents on which we all seem to agree:

Physics is always dealing, in the end, w ith dim ensionless quantities, typically repre—
senting ratios of quantities having the sam e din ensions, eg.
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Tt is custom ary to introduce \units", ie. to consider the ratio of any physicalquantity
g to a xed quantity ug of the sam e kind so that

a= (g=uq)uq ; (22)

where uy is a name (eg. centim etre or second ) and (g=uy) is a num ker. O bviously,

Q=P = (@=ug)=(p=ug).
Letusnow ask the follow Ing three questions

Q1: are units arbitrary?

Q 5 : are thereunitsthat arem ore fundam entalthan othersaccording to S.W einberg’s
de nition [El]?

Q3: How m any units (fundam ental or not) are necessary?

and try to answer them in the context of di erent theories of elem entary particles
and interactions.

I hope we agree that the answer to the st question is yes, since only g;=g; m atter
and these ratios do not depend on the choice of units.

I think that the answer to the other two questions depends on the fram ework we
are considering (Cf. W ennbery, ref. @]). T he next three sections therefore analyze Q ,
and Q 3 w ithin three distinct fram ew orks, and provide, for each case, answers A, and A3,
respectively.

3. Fundam entalunits in QF T+ GR

Quantum Field Theory (QFT ) (orm ore speci cally the Standard M odel (SM )) plusG eneral
Relhtivity (GR ) represent the state of the art in HEP before the string revolution of 1984.
W einberg’s 1983 paper EI] re ects therefore the attitude about FC ’s at the dawn of the
string revolution. Twould sum m arize it brie y as follow s:

B:aquali &d yes.

At the QFT level of understanding c and ~ appear to be m ore fundam ental units of
speed and action than any other. In new tonian m echanics only the ratios of various
velocities in a given problem m atter. By contrast, in (special) relhtivity the ratio
of each velocity appearing in the problem to the (universal) speed of light, ¢, also
m atters. Likew ise, in classicalm echanics only the ratios of various term s in the action
m atter, the overall nom alization being irrelevant while, in QM , the ratio of the total
action to the (universal) quantum of action ~ doesm atter (large ratios, for instance,
correspond to a sam iclassical situation). It appears therefore that both ¢ and ~ have
a special status as the m ost basic units of speed and action.

Indeed, kt’s apply S. W einberg’s criterion EI] and ask: can we com pute ¢ and ~ in
term s of m ore fundam entalunits? W ithin Q FT the answer appears to be an obvious
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no. Had we chosen instead som e other arbitrary units of gpeed and action, then,
w ithin a given theory, we would be able to com pute them , In principle at least, in
term s of c and ~, ie. In term s of som ething m ore fundam ental (and of som e speci ed

din ensionless constants such as ).

A : m ost probably three

It is quite clear, I think, that n QFT+ GR we cannot com pute everything that is
observable in tem s of ¢, ~, and of dim ensionless constants, w ithout also introducing
som e m ass or length scale. Hence it looks that the answer to the third question is
indeed three. Unlke in the case of c and ~, it ism uch less

obvious, however, which m ass or length scale, ifany, ism ore filndam entalin the sense
of SW . The Planck m ass, M p , does not ook lke a particularly good choice since it
is very hard, even conceptually, to com pute, say,m¢ orm, In tetm s of M p In the
SM + GR fram ework. This is a bit strange: we seem to need three units, butwe can
only dentify two fiindam ental ones. So why three? W hy notm ore? W hy not less?

W hy not more? This is because it looks unnecessary (and even\silly" according
to present understanding of physical phenom ena) to Introduce a separate unit for
tem perature, for electric current and resistance, etc., or separate units for distances
in the x,y and z directions. I refer to Lev for a discussion about how to go from the
seven units of the Intemational System of Units (SI) down to three ], and for how
three fundam entalunits de ne the so-called \ ‘cube" of physical theories [@].

And why not less, say just wo? W ellbecausem ass or energy appear as concepts that
are qualitatively di erent from , say, distances or tin e intervals. Let us recall how
m ass em erges in classical m echanics (CM ). W e can base CM on the action principle
and get F = m a by varying the action

1 5 dav

S = —m x° V() dt) ma=F —; (3.1)

2 dx
but, as it’s well known, classically the action can be rescaled by an arbitrary factor.
Ifwe had only one species of particles in N ature we could use, instead of S,
Z Z

5 V(x) at

X

1 1dv
2 m

m dx

x° Vi(x) dt) a=F (32)

N =

N o physicalprediction would change by using units in w hich m asses are pure num bers
provided we rede ne forces accordingly! In this system of units ~ would be replaced

by ~=m and would have din ensions of v? t. If we have already decided for c as
unit of velocity, ~ would de ne therefore a fiindam ental unit of tim e (the C om pton

wavelength of the chosen particle divided by c). However, In the presence of m any

particles of di erent m ass, we cannot decide which m ass to divide the action by,

which choice ism ost fiilndam ental.

I think there is even a deeper reason why Q FT + GR needs a separate unit form ass.
QFT isa ected by UV divergences that need to be renom alized. T his forces us to
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introduce a cuto which, in principle, hasnothing to dow ith ¢, ~ orM p ,and has to
be\rem oved" in theend . H ow ever, ram nants of the cut-© ram ain in the renom alized
theory. In QCD , for instance, the hadronic m ass scale (say m ) origihates from a
m echanisn known as din ensional transn utation, and is arbitrary. Perhaps one day,
through string

theory or som e other uni ed theory of all interactions, we w ill understand how m
isrelated toM p ,but in QF T+ GR it isnot. W e do not know therefore which of the
two,Mp orm,ismore fundam entaland the sam e is true for the electron m assm ¢,
for Gy etc. etc.

The best we can do, n QFT+GR, is to take any one of these m ass scales (be it a
particle m ass or a m ass extracted from the strength of a force) as unit of m ass and
consider the ratio of any other physicalm ass to the chosen unit as a pure num ber
that, In general, we have no way to com pute, even in principle.

4. Fundam ental units in old-fashioned quantum string theory (Q ST )

B:yes,cand !

W ith string theory the situation changesbecause it is as if there w ere a single particle,
hence a single m ass. Indeed, a single

classical param eter, the string tension T , appears in the Nam bu-G oto (NG ) action:
Z s Z
S=T d@rea); —= _° d@re); (41)

S

w here the speed of light ¢ has already been im plicitly used in order to talk about
the area of a surface em bedded in gpacetin e. T his fact allow s us to replace ~ by a
wellde ned length, 5,which tumsout to be fundam entalboth in an intuitive sense
and in the sense of S.W einbery. Indeed, we should be able, in principle, to com pute
any observable In term s of c and ¢ (see below for an exam ple). O f course, I could
instead com pute c and ¢ In tem s of two other physical quantities de ning m ore
dow n—to-earth units of space and tim e, but this would not satisfy SW ’s criterion of
having com puted c and ¢ In tem s of som ething m ore fundam ental!

A : the above two constants are also su cient!

Thiswas the conclusion of my 1986 paper: string theory only needs two fundam ental
din ensionfilconstantscand g, ie.one fiindam entalunit of speed and one of length.

T he apparent puzzle is clear: where has our loved ~ disappeared? My answer was
then (and still is): it changed its dress! H aving adopted new units of energy (energy
being replaced by energy divided by tension, ie.by length), the units ofaction (hence
of ~) have also changed. And what aboutmy reasoning in Q FT+ GR ? O bviously it
does not hodd water any m ore: For one, QFT and GR get uni ed in string theory.
Furthem ore, the absence of UV divergences m akes it unnecessary to introduce by
hand a cuto .
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And indeed the m ost am azing outcom e of this reasoning is that the new P lanck
constant, g, isthe UV cuto . W e can express this by saying that, in string theory,
rstquantization providesthe UV cuto needed in order tom ake second quantization
wellde ned. Furthem ore, In quantum string theory (Q ST ), there are de nite hopes
to be able to com pute both M p and m , (in the above string units, ie. as lengths) in
term s of 4, ¢ and of a dim ensionless param eter, the string coupling (see below ).

The situation here rem inds m e of that of pure quantum gravity. As noticed by
Novikov and Zeldovich , partV ,ch.23,par.19], such aptheory would only contain
two fundam ental units, ¢, and the Planck length k = Gy ~c 3, but not ~ and
Gy Separately. W em ay view string theory as an extension of GR that allow s the
introduction of all elem entary particles and all fiindam ental forces in a geom etrical
way. No wonder then to nd that only geom etrical units are necessary.

Let us consider for Instance, w ithin the string theory fram ework, the gravitational
acceleration a, induced by a string of length L, on a string of length L, sitting at a
distance r from it. A sin ple calculation gives (forr  Lq;Ly):

L

- o2 -1,
2= 5d (42)
w here gy isthe (din ensionless!) string coupling discussed in the next section. C learly,
the answer does not contain anything else but geom etrical quantities and a pure

num ber.

A nother m ore fam iliar exam ple is the com putation of the energy levels of atom s In
term s of the electron m ass, its charge, and ~. These are given, to Iowest order in
by

1 & 7’ 1

wme - = (mecz) z (4.3)

En = 2n?

W einberg argues, convincingly I think, that the quantities E,, are

less fundam ental than the electron charge, m ass and ~. However, if we argue that
what we are really m easuring are not energies by them selves, but the transition

frequencies

2c

1
~ 2 n2 m 2 s

er (4.4)

we see that, once m ore, only c and g, and som e In principle calculable din ension—
less ratios (such as the electron m ass in string units, . = m =M g), appear In the
answer @]. O bviously, f we follow W einberg’s de nition, ¢ and s=c, and not for
nstance c=!1, and 1=!1, (which are lke the \m odem" units of length, and tim e),
play the role of fundam ental units of length and tim e.

5. Fundam ental units in m odern Q ST /M -theory

W enow tum to the sam e set of questionsw ithin the context of rstquantized string theory
in the presence of background elds. Here I will attem pt to give A, and A3 together.
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T he beautiful feature of this form ulation is that all possble param eters of string theory,
din ensionfill and din ensionless alke, are replaced by background elds whose vacuum
expectation values (VEV ) we hope to be able to determ ine dynam ically. A s a prototype,
consider the bosonic string in a gravidilaton background. T he din ensionless action (ie.
the action divided by ~ In m ore conventional notation) reads:

Z
1 p— 5
S=5 @ X @ X G X)>R() X) dz (51)
whereX =X (; ), = 0;1;:::;D 1, are the string coordinates as functions of the
world-sheet coordinatesz = ( ; ),w ith regpect to which the the partialderivatives are de—

ned. Furthem ore,G  isthe so<called stringm etricand  is the socalled dilaton. Finally,

and R ( ) are, regpectively, them etric and scalar curvature of the tw o-din ensionalR ie-

m ann surface having coordinates and . isclearly din ensionless, while the dim ensions
of them etric com ponents G are such that G X X isalso din ensionless.

T he exponential of the expectation value of gives the din ensionless param eter |
known as the string coupling gs | that controls the strength of all interactions (eg. )
and thus also the string—loop expansion. Instead, the expectation value of G converts
lengths and tin e intervals into pure

num bers. Thus, through its non trivial din ension, the metric G actually provides
the m etre/clck, ie. the

fuindam ental units of space and tim e that we are after.

Ifthe VEV of G  is proportional to , the at m Inkow skian m etric, then it will
autom atically Introduce the constants c and g of the previous section via:

6 (X )i=dag & (% . % (52)

The mere niteness of c and ¢ is clearly of fundam ental In portance. However, In
our context, the realquestion is: do the actualvalues of c and g m ean som ething (in the
sam e way in which the actual value of h i does)? W hat is, in other words, the di erence
between din ensionfiil and dim ensionless constants? The answer is a bit subtle. String
theory should allow to com pute in temm s of the VEV of . Sim ilarly, it should allow
to com pute ( X ) 2 G X X  for som e physical length X (say for the H ydrogen
atom ). C alling that pure num ber som any centin etreswould x the string length param eter
In an but, of course, this would be jist a convention: the truly convention-independent
(physical) quantity is jast ( X ) 2. Both h iand ( X ) ? are pure num bers w hose possible
values distinguish one theory (or one vacuum ) from another.

The di erence between the two kinds of constants, if any, sin ply stem s from the fact
that, while di erent values ofh i (or )de negenuinely di erent theories, values of Iz i
that are related by a G eneral C oordinate Transform ation (GCT ) can be com pensated by

2 rem ains the same. In

a GCT on X and thus de ne the sam e theory as long as ( X )
particular, if G i as iIn the exam ple discussed above, the actual proportionality
constants ¢ and ¢ appearing in (@) can be reabsorbed by a GCT . This is why it does

notm ake sense to tak about the absolute values of c and 4 or to com pare them to those
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ofan alien: only the din ensionless num bers ( X ) 2, ie. the values of som e physical length
or speed In those units are physically relevant and can be com pared (see section I]).

T he situation would be very di erent if G i would not be reduchble to via a
GCT.That would mean a really di erent world, like one with a di erent value of . In
ref. @] Igave the exam ple of G 1 proportional to the de-Sitterm etric, stressing the fact
that, In such a vacuum , even ¢ disappears in favour of a din ensionless param eter sin ilar
to h i. Thus, as stressed in @,], my early statem ent in ] about having just two
constants should be considered valid if the vacuum of Q ST ism inkow skian, in particular
In the NG formulation of Q ST .

To summ arize, QM provides, through the string metric G , a truly fundam ental
m etre/clock allow Ing us to reduce spacetin e distances to pure num bers whose absolute
value is physically m eaningful. N ote, inciddentally, that in C lJassicalGR only g X X
isan Invariant. H owever, in the classical case (and even for classical strings), only ratios of
quantities of this type m atter while n Q ST, ( X ) ? is, for each sihhgle X , a m eaningfiil
pure num ber.

In conclusion, I still stand by my rem ark in [19] that the findam ental constants of
Nature are, in Q ST , the constants of the vacuum . How m any (physically distinct) choices
of ts VEV 's does Q ST allow? W e now believe that all known consistent string theories
correspond to perturbations around di erent vacua of a single, yet unknown, \M -theory".
W e stilldo not know , however, how m any physically inequivalent non-perturbative vacua
M —theory has. Untilthen, Ido not think we can really answ er the question of fundam ental
units in Q ST ,but Iwould be very surprised if, in any consistent string vacuum , we woul

nd that we need m ore than one unit of length and one of tim e.

6. T he disagreem ent w ith Lev

Lev cannot accept (part |1) that ~ has disappeared from the list. He clain s that, w ithout
~, there is no unit of m om entum , of energy, and, especially, of angular m om entum . But,
as I said In the previous two sections, ~ has not really disappeared: it has actually been
prom oted, in string theory, to a grander rol, that of providing also, through QM ,an UV
cuto that hopefully ram oves both the in nities of Q FT and ordinary Q uantum G ravity
and the ubiguitous singularities of C lJassical GR .

Iwould concede, how ever, that, given the fact thatm om entum and energy are logically
distinct from lengths and tin es for ordinary ob fcts, insisting on the use of the sam e (or
of reciprocal) units for both sets can be pedagogically confusing. T herefore I do agree that
the setc,~,and 5 de neatpresent,within Q ST , them ost practical (though not them ost
econom ical) set of fundam entalunits.

To rephrase m yself: within the NG action there seam s to be no reason to introduce
a tension T or ~. The action is naturally the area and the P lanck constant is the unit of
area needed to convert the action into a num ber. However, by the standard de nition of
canonically conjigate variables, this would lead to identical din ensions for m om enta and
lengths (or for tin es and energies). For strings that’s ne, sinhce we can dentify the energy
of a string w ith its length, butwhen it com es to ordinary ob Ects, ie. to com plicated bound
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states of fundam ental strings or branes, it looks less confiising to give m om entum a unit
other than length. In order to do that we introduce, som ew hat arti cially, a conversion
factor, the string tension T , so that energies are now m easured in ergs, in G €V , or w hatever
we wish,di erent choices being related by irrelevant rede nitionsof T .

7. The disagreem ent w ith M ike

T wo issues appear to separate M ike’s position from my own:

T he alien story

M ike quotes an exam ple, due to Feynm an, on how we could possibly tell an alien

to distinguish left from right. Then he asks: can we sin ilarly com m unicate to an

alien our values for ¢ and ¢ and check whether they agree with ours? Iclain the

answer to be: yes, we can, and, to the sam e extent that the alien willbe able to tell

uswhether her’ agreesw ith ours, she w illalso be able to tellus w hether her ¢ and
s agree w ith ours.

Tn order to do that, we \sin ply" have to give the alien our de nitions of an . and
S. In temm s of a physical system she can possbly dentify (say the H atom ) and ask:
which are your valuesof cand ¢ in these units? If the alien cannot even dentify the
system then she lives in a di erent world/string-vacuum ; if she does, then she should
com e up w ith the sam e numbers (eg.c= 3  10%an /s) or else, again, her world is
not lke ours. It thus looks to m e that the alien story supports the idea that we do
have, In our own world, som e findam ental units of length and tim e. M ike seam s to
agree w ith m e on the alien’s reply, but then concludes that ¢ is not a fiindam ental
unit because a com pletely rescaled world, in which both ¢ and the velocity of the
electron In the H atom are tw ice as lJarge, is Indistinguishable from ours. I conclide,
instead, that ¢ is a fundam ental unit because the

velocity of our electron in units of ¢ is a relevant num ber to be com pared w ith the
alien’s.

Incidentally, the sam e argum ent can be applied either to som e ancestors (or descen—
dants) of ours, or to Inequivalent string vacua. A value of ¢ in an /s for any of those
which di ers from ourswould really m ean di erent worlds, eg.worlds w ith di erent
ratios of the velocity of the electron in the Hydrogen atom and the speed of light.
W em ay either express this by saying that, in the two di erent worlds, c isdi erent
in atom ic units, or by saying that c is the sam e but atom ic properties di er. No
experin ental result w ill be able to distinguish about these two physically equivalent
statem ents since a rescaling of all velocities is inessential.

R educing fundam entalunits to conversion factors

M ike’s second point is that these units can be used as conversion factors, ke kg , In
order to convert any quantity into any other and, eventually, everything into pure

3To stress thatm y alien’s reaction is di erent from that of M ike’s alien I have also changed the alien’s
gender.
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num bers. However, I do insist that the point is not to convert degrees K elvin into
M €V , centim etres Into seconds, or everything into num bers. T he in portant point is
that there are units that are arbitrary and units that are fundam ental in the sense
that, when a quantity becom es O (1) in the

latter units,dram atic new phenom ena occur. Itm akes a huge di erence, for instance,
having or not having a fiindam ental length. W ithout a fundam ental length, proper—
ties of physical system s would be invariant under an overall rescaling of their size,
atom s would not have a characteristic size, and we would be unable to tell the alien
which atom to use as a m etre. By contrast, w ith a fundam ental quantum unit of
length, we can m eaningfully talk about short or lJarge distances (as com pared to the
fundam ental length, of course).

G oing back to the discussion at the end of section E, the pure number ( X ) 2 has
a meaning in itself. In the absence of any fundam ental units of length and tim e
Iwould be able to rescale this num ber arbitrarily (eg. by rescaling G ) without
changing physics. Only ratios of two lengths in the problem , ke ( X 1)?=( X 3)°
would m atter. Because of QM , however, there is a fundam entalrod (and clock) that
gives, out of any singke physical length or tin e Interval, a relevant pure num ber.

O n this particular point, therefore, I tend to agree w ith Lev. T here is, In relativity,
a fundam ental unit of speed (its m axin al value); there is, In QM , a fundam ental
unit of action (a m inim aluncertainty); there is, in string theory, a fundam entalunit
of length (the characteristic size of strings). Q ST appears to provide the m issing
third fundam ental unit of the threeconstants systam . T hese three units form a very
convenient system except that, classically, the units of action are com pltely arbitrary
(and the sam e is true therefore of m ass, energy etc.), while, quantum m echanically,
only S=~ matters. In string theory this allow s us to dentify the Planck constant
w ith the string length elin inating the necessity, but perhaps not the convenience, of
a third unit besides those needed to m easure lengths and tin e intervals.

I also agree with M ke that all that m atters are pure num bers. As I stressed in
section IZ, it iseasy to convert any quantity into a pure num berby choosing arbitrarily
som e unit. Tonly add to this the observation that relativity and quantum m echanics
provide, in string theory, units of length and tim e which look, at present, m ore
fiindam ental than any other. The number of distinct physical quantities (and of
corresponding units) is a m atter of choice and convenience, and also depends on our
understanding of the underlying physical laws. W ithin QFT + GR it looks m ost
usefiil to reduce this number to three, but there is no obvious candidate for the
third unit after c and ~. W ith Q ST, the third unit naturally em erges as being the
string length 5. However there appears an interesting option to do away w ith ~.
G oing further down, say from two to one or to zero, m eans considering space as
being equivalent to tim e or as both being equivalent to pure num bers, w hile, kesping
the two units c and ¢, allow s to express space and tim e intervals in term s of pure
num bers.
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T his iswhat distinguishes, in m y opinion, fundam entalunits from conversion factors.
W hile I see no reason to distinguish the units of tem perature from those of energy,
and thus to Introduce Boltzm ann’s constant, I see every reason to distinguish space
from tim e and to introduce ¢ as a fundam ental unit of speed and not as a trivial
conversion factor. A nother clear di erence is that, while the ratio E (T )=T isalways
the sam e, we do observe, In Nature, a variety of speeds (all less than ¢, so far), of
lengths, and of frequencies.

8. T In e variation of fundam ental units?

I think that the above discussion clearly indicates that the \tin e variation ofa fundam ental
unit", like ¢, has no m eaning, unless we gpecify what else, having the sam e units, is kept
xed. O nly the tin e variation of dim ensionless constants, such as  or ( X ) 2 for an atom

have an intrinsic physicalm eaning.

W e do believe, for instance, that iIn a coan ological background the variation In tim e of
G  is accom panied by a corresponding variation of the X  ofan atom so that ( X ) ?
rem ains constant. T he sam e is usually assum ed to be true for . However, this is not at
all an absolute theoretical necessity (eg. can depend on tine, In Q ST, if does), and
should be (and indeed is being) tested. For instance, the same ( X ) 2 is believed to grow
w ith the expansion of the Universe if X  represents the wavelength of light com ing to us
from a distant galaxy. T he observed red shift only checks the relhtive tim edependence of
( X )? foran atom and for the Iight com ing from the galaxy.

However, Ickhin that, In principle, the tin e variation of ( X ) 2 hasa physicalm eaning
for each one of the two system s separately because it represents the tin e variation of som e
physical length w r.t. the fundam ental unit provided by string theory. For instance, in the
early Universe, this quantity for the CM BR photons was much sn aller than it is today
(0 (10%9)). Tfitever approached valuesO (1), thism ay have left an In print of short-distance
physics on the CM BR spectrum .
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Part III
A party political broadcast on behalf of the Zero C onstants

Party
M ichaelJ.Du

A bstract. A ccording to them anifesto of O kun’s T hree C onstants Party, there are three
fundam entaldim ensionful constants in N ature: P lanck’s constant, ~, the velocity of light,
¢, and New ton’s constant, G . According to Veneziano’s Two Constants Party, there are
only two: the string length , and c. Here we present the platform of the Zero C onstants

Party.

1. The false propaganda of the T hree C onstants Party

A's a young student of physics in high school, I was taught that there were three basic
quantities In Nature: Length, M assand Tin e @I]. A 11 other quantities, such as electric
charge or tem perature, occupied a lesser status since they could all be reexpressed in
term s of these basic three. A s a result, there were three basic units: centin etres, gram s
and seconds, re ected in the threeJdetternam e \CG 3" systam (or perhapsmn etres, kilogram s
and seconds In the altemative, but still three-letter, \M K S" system ).

Later, as an undergraduate student, I leamed quantum m echanics, special relativity
and new tonian gravity. In quantum m echanics, there was a m Ininum quantum of action
given by P lanck’s constant ~; in special relativity there was a m axin um velocity given by
the velocity of light c; in classical gravity the strength of the force between two ob Fcts
was determ ined by N ew ton’s constant of gravitation G . In term s of length, m ass, and tin e
their din ensions are

1

[cl= LT
~]= LM T *
Gl=1°M T 2: (11)

O nce again, the num ber three seam ed in portant and other dim ensionful constants, such
as the charge of the electron e or Boltzm ann’s constant k, were som ehow accorded a less
fundam ental role. This tted in perfectly with my high school prejidices and it seem ed
entirely natural, therefore, to be told that these three din ensionfiil constants determ ined
three basic units, rst denti ed a century ago by M ax P lanck, nam ely the Planck length
Lp ,thePlanck massM p and thePlanck tine Tp :

| O —
Lp = G~=c= 1%16 10 *°m
| J—
Mp = . ~c=G = 2177 10 ®kg
Tp = G~== 5390 10 *s 12)

Yet later, researching into quantum gravity which attem pts to com bine
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quantum m echanics, relativity and gravitation into a coherent uni ed fram ework, I
Jeamed about the Bronshtein~Zeln anov-O kun (BZO ) cube @], w ith axes ~, ¢ land G ,
which neatly summ arizes how classical m echanics, non—+elativistic quantum m echanics,
new tonian gravity and relativistic quantum eld theory can be regarded respectively as
the (~jc 5G) ! 0, H%G)! 0,(~;c Y ! 0,and (G)! 0 lm its of the fiull quantum
gravity. Note, once again that we are dealing w ith a three-dim ensional cube rather than a
square or som e gure of a di erent din ension.

W hat about K aluzaXK lein theories which allow forD > 4 gpacetim e dim ensions? Un—
like ~ and ¢, the din ensions 0of G depend on D :

Gpl=M 1P T ? (13)

and hence (dropping the P subscript), the D -dim ensional P lanck length Lp ,m assM p and
tin e Tp are given by

LDD 2: GDNC 3
MpD 2=Ggp, WP %D
Tp? ?=Gp~c ' P: (14)

A frer com pacti cation to four dim ensions, G G4 then appears as

1 1
— = Vv ; (1.5)

Ga Gp
where V is the volum e of the com pactifying m anifold. Since V has the fourdim ensional
interpretation as the vacuum expectation value of scalar m odulus elds com ing from the
intermal com ponents of the m etric tensor, it depends on the choice of vacuum butdoesnot

introduce any m ore fundam ental constants into the lJagrangian.

A dherents of this conventional view of the fundam ental constants of N ature have been
dubbed the \T hree C onstants Party" by G abriele Veneziano ]. Lev O kun is their leader.

U ntil recently I wasm yself, Im ust confess, a card-carrying m em ber.?

2. The false propaganda of the Two C onstants Party

My faith in the dogm a was shaken, how ever, by papers by G abriele [@,E,], selfstyled
leader of the rebel Two Constants Party. A s a string theorist, G abriele begins w ith the
tw o-dinm ensional N am bu-G oto action of a string. H e notes that, apart from the velocity of
light stillneeded to convert the tin e coordnate t to a length coordinate x° = ct, the action
divided by ~ requires only one dim ensionful param eter, the string length , (denoted
by G abriek).

5 ~
- 21
z cT» ( )

“ Tt seem s that the choice of length, m ass and tin e as the three basic units is due to G auss @], S}
we could declare hin to be the founder of the T hree C onstants Party, although this was long before the
signi cance of ¢ and ~ was appreciated.
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where T, = 1=2 ¢ ? is the tension of the string and ° is the R egge slope. T his is because
the N am bu-G oto action takes the form

So 1

= —ZArea (2.2)
~ 2

So if this were to describe the theory of everything (TOE ), then the TOE would require
only two fundam ental din ensionfill constants ¢ and ,. In superstring theory, the ten—

din ensional P lanck length is given in tem s of the string length , and the vacuum expec-
tation value of the dilaton eld

Lig’= L’he i (23)

Onceagain,thevev of willbedi erent In di erent vacua butdoes not introduce any new
constants into the lagrangian.

A sim ilbar argum ent for reducing the three constants h;c;G to jist wo was m ade
previously by Zeldovich and N ovikov [@] w ith regard to quantum gravity. T he E instein—
H ibert action divided by ~ involves G and ~ only In the com bination G ~ appearing in the
square of the P lanck length, and so we need only Lp and c. O f course quantum gravity
does not pretend to be the TOE and so this argum ent still leaves open the num ber of
din ensionfill constants required fora TOE .

In the light of the 1995 M —theory [@] revolution, we m ight w ish to update G abrielke’s
argum ent by starting w ith the corresponding threedim ensional action for the M 2-brane,

S3

1
— = — (3d-volume) ; (24)
~ 3

w here the corresponding param eter is the m em brane length 5.

37 = ~=cT3 (2.5)
and where T3 is the m em brane tension. A lftematively, we could start w ith the six-din en—
sional action of the dualM 5-brane,

Se 1

— = (6d-volum e) (26)

~ 6

6
w here the corresponding param eter is the wvebrane length ¢

6
= 2.7
6 T, (2.7)

and w here T¢ isthe vebrane tension. E leven-din ensionalM -theory is, In fact, sin pler than
ten-din ensional superstring theory in this respect, since there is no dilaton. C onsequently,
the three lengths: m em brane length, vebrane length and eleven-din ensionalP lanck length
are all equal 3] up to calulable num erical factors 5 6 L;; . So the fundam ental
length in M +theory is 3 rather than , and w ill be shorter for string coupling less than
unity £41.

However, even ifwe substitute 3 for ,,G abriele would say that we are still left w ith
the num ber two. T his also reduces the num ber of basic units to jist two: length and tin e.
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G abriele’s clain led to m any heated discussions in the CERN cafeteria between Lev,
G abriele and m yself. W e went round and round in circles. Back at TexasA & M , I continued
these argum ents at lunchtin e conversations w ith Chris Pope and others. There at the
C ollege Station H ilton, we eventually reached a consensus and pined what G abriele would
call the Zero C onstants Party ].

O ur attitude was basically that ~,cand G are nothing but conversion factorseg.m ass
to length, in the form ula for the Schwarzschild radiusR g

2Gm
Rg = =
or energy to frequency
E = ~!
energy to m ass
E=mdc

no di erent from Boltzm ann’s constant, say, w hich relates energy to tem perature
E = kT :

A s such, you m ay have asm any so-called \fiindam ental" constants as you lke; the m ore
di erent units you em ploy, the m ore di erent constants you need.® Indeed, no less an
authority than the C onference G enerak des Poids et M esures, the intemational body that
adm inisters the ST systam of units, adheres to what m ight be called the Seven C onstants
Party, decreeing that seven units are \basic": m etre(length), kilogram (m ass), second
(tin e), am pere (electric current), kelvin (thermm odynam ic tem perature), m ole (am ount of
substance), candela (lum inous intensity ), w hile the rest are \derived" @,@ ]. The attitude
of the Zero C onstants Party is that them ost econom icalchoice is to use naturalunitsw here
there are no conversion factors at all. Conssquently, none of these units or conversion
factors is fundam ental

Incidentally, Lev (part ﬂ) ob Fcts In his section E that equations such as c= 1 cannot
be taken literally because ¢ has din ensions. In my view , this apparent

contradiction arises from trying to use two di erent sets of units at the sam e tin e, and
really goes to the heart of m y disagreem ent w ith Lev about w hat is real physics and what
ism ere convention. In the units favored by m em bers of the T hree C onstants Party, length
and tim e have di erent din ensionsand you cannot, therefore, putc= 1 (jistasyou cannot
putk = 1, ifyou want to follow the conventions of the Seven C onstants Party). If you want
to putc= 1, you must trade in your m em bership card for that of (or at least adopt the
habits of) the Two Constants Party, whose favorite units do not distinguish length from
tine® I these units, ¢ is din ensionless and you m ay quite literally set it equal to one.
In the natural units favored by the Zero Constants Party, there are no din ensions at all

°In this respect, I take the the num ber of din ensionful fundam ental constants to be synonym ous w ith
the num ber of findam ental (or basic) units.

®This (~;G ) wing of the Two Constants Party isdi erent from G abrielk’s (c; 2) wing,which prefers not
to introduce a separate unit form ass.

{22 {



and ~=c= G = = 1 may be In posad literally and w ithout contradiction. W ith this

understanding, I w ill still refer to constants which have dim ensions in som e units, such as
~;C;G ;k :::,as \din ensionful constants" so as to distinguish them from constants such as
, which are din ensionless in any units.

3. Three fundam ental theories?

Lev and G abriele ram ain unshaken in theirbeliefs, however. Lev (part:li) m akes the,at rst
sight reasonable, point (echoed by G abriele in part:) that ~ ism ore than just a conversion
factor. It emn bodies a fundam ental physical principle of quantum m echanics that there is
aminimum non-—zero angular m om entum . Sin ilarly, ¢ embodies a fiindam ental physical
principle of specialrelativity that there isam axin um velocity c. IfTcould paraphrase Lev’s
pointofview itm ightbe to say that there are three \fundam ental" units because there are
three fiindam ental physical theories: quantum m echanics, special relativity and gravity.
A ccording to this point of view , tem perature, for exam ple, should not be ncluded as a
basic unit (or, equivalently, B oltzm ann’s constant should not be included as a fiindam ental
constant.)

However, I think this elevation of ~, c and G to a gpecial status is m isleading. For
exam ple, the appearance of ¢ in x° = ct is or the bene t of people for whom treating tin e
as a fourth din ension is unfam iliar. But once you have accepted O (3;1) as a symm etry
the conversion factor becom es frrelevant. W e have becom e s0 used to accepting O (3) as a
symm etry thatwewould notdream ofusingdi erent units for the three space coordinates,’
but to be perverse we could do so.

To drive this point hom e, and inspired by the Conference G enerak des Poids et
M esures, let us Introduce three new super uous units: xylophones, yachts and zebras
to m easure intervals along the x, v and z axes. This requires the introduction of three
super uous \fundam ental" constants, ¢y, ¢, and ¢, with din ensions length/xylophone,
length/yacht and length/zebra, respectively, so that the line elem ent becom es:

ds? =  &dt + ¢ ldx’ + ¢ %dy’ + c,2dz? : (31)

Lev’s point is that the niteness of ¢ ensures that we have O (3;1) symm etry rather than
merely O (3). This is certainly true. But it is equally true that the niteness of ¢y, say,
ensures that we have O (3;1) rather than merely O (2;1). In this respect, the conversion
factors ¢ and ¢, are on an equal Hoting? Both are, n G abrielke’s tem nology (part ),
equally \silly". Both can be set equal to unity and forgotten about.

Sim ilarly, the \fundam ental" lengths , appearing in brane actions ), (2.4) and
) can be rem oved from the equations by de ning new dim ensionless worldvolim e coor—
dinates, °, related to the oHd ones, Joby = g 0,

"Iam grateful to Chris Pope for this exam ple.
8To put thism ore rigorously, the Poincare group adm itsa W igner-Inonu contraction to the G alileo group,

obtained by taking thec ! 1 Il it. However, this is by no m eans unigue. T here are other contractions
to other subgroups. For exam ple, one is obtained by taking thec, ! 1 Iim it. A lthough of less historical
In portance, these other subgroups are m athem atically on the sam e footing as the G alileo group. So,inmy
opinion, the singling out of ¢ for special treatm ent hasm ore to do w ith psychology than physics.
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So I would agree w ith Lev that the niteness of the conversion factors is inm portant
(m Inin um angularm om entum ,m axin um velocity) but, in my view ,no signi cance should
be attached to their value and you can have asm any or as few of them asyou lke.

T he reason why we have so m any di erent units, and hence conversion factors, In the

rst place is that, historically, physicists used di erent kinds ofm easuring apparatus: rods,
scales, clocks, therm om etres, electroscopes etc. Another way to ask what is them in In um
num ber of basic units, therefore, is to ask what is, In principle, the m inin um num ber of
basic pieces of apparatus.’ Probably Lev, G abricle and Iwould agree that E = kT m eans
that we can digpense w ith thermm om eters, that tam perature is not a basic unit and that
Boltzm ann’s constant is not fundam ental. Let usagree w ith Lev that we can whittle things
down to length,m ass and tin e or rods, scales and clocks. Can we go further? A notherway
to argue that the conversion factor ¢ should not be treated as fundam ental, for exam ple,
is to point out that once the niteness of ¢ has been accepted, we do not need both clocks
and rulers. C locks alone are su cient since distances can bem easured by the tin e it takes
light to travel that distance, x = ct. W e are, In e ect, doing jist that when we m easure
interstellar distances in lightsears. Conversely, we m ay do away w ith clocks in favor of
rulers. It is thus super uous to have both length and tin e as basic units. Sin ilarly, we
can do away w ith rulers as basic apparatus and length as a basic unit by trading distances
w ith m asses using the form ula for the C om pton wavelength R = h=m c. Indeed, particle
theorists typically express length, m ass and tinm e units as inverse m ass, m ass and inverse
m ass, respectively. Finally, we can do away w ith scales by expressing particle m asses as
din ensionless num bers, nam ely the ratio of a particle m ass to that of a black hole whose
C om pton wavelength equals its Schwarzschid radius. So in this sense, the black hole acts
as our rod, scale, clock, therm om eter etc. all at the sam e tin e. In practice, the net result
isasthough weset~= c= G = = 1 but we need not use that language.

JM . Levy-LeB lond @]puts it Ike this: \T his, then, is the ordinary fate of universal
constants: to see their nature as concept synthesizers be progressively incorporated into the
In plicit com m on background of physical deas, then to play a role of m ere unit conversion
factors and often to be nally forgotten altogether by a suitable rede nition of physical
units."

4. A n operationalde nition

\If, however, we im agine other worHds, with the sam e physical laws as those of our own
world, but with di erent num erical values for the physical constants determ ining the lim its
of applicability of the old concepts, the new and correct concepts of space, tim e and m otion,
at which m odermn science arrives only after very long and ekhlorate investigations, would
becom e a m atter of comm on know kdge."

G eorge Gam ow ,M r. Tom pkins in papertack ]

It seam s to m e that this issue of what is findam ental w ill continue to go round and
around until we can all agree on an operational de nition of \fundam ental constants".

°Iam grateful to Chris Isham for this suggestion.
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W einberg EI] de nes constants to be fundam ental if we cannot calculate their values in
term s of m ore fiindam ental constants, not just because the calculation is too hard, but
because we do not know of anything m ore fundam ental. T his de nition is ne, but does
not resolve the dispute between G abriele, Lev and m e. It is the purpose of this section to
propose one that does. Iw ill conclude that, according to this de nition, the din ensionless
param eters, such as the ne structure constant, are fiindam ental, whereas alldin ensionful
constants, including ~, c and G , are not.t°

In physics, we frequently encounter am biguities such as \lft or right" and \m atter
or antim atter". Let us begin by recalling Feynm an’s way of discrim inating between what
are genuine di erences and what are m ere conventions. Feynm an in agines that we can
com m unicate with som e alien being ]. If it were not for the violation of parity in the
weak Interactions we would have no way of deciding w hether what he'! calls right and left
are the sam e aswhat we call right and left. However, we can ask hin to perform a cobalt
60 experin ent and tellhin that the spinning electrons determ ine a left handed thread. In
this way we can agree on what is left and right. W hen we eventually m ect the alien, of
course, we should bew are shaking handsw ith hin ifhe holdsouthis left hand (or tentacle).
He would bem ade of antim atter and annihilate w ith us! Fortunately, after the discovery
of CP violation we could also elin inate this am biguity.

In a sin ilar vein, let us ask w hether there are any experin ents that can be perform ed
which would tell us whether the alien’s universe has the sam e or di erent constants of
nature as ours. If the answer is yes, we shall de ne these constants to be fundam ental,
otherw ise not. In particular, and inspired by Gam ow 's M r. Tom pkins ], we will ask
w hether there is in principle any experin ental di erence that would allow us to conclude
unam biguously that his velocity of light, his P lanck’s constant or his New ton’s constant
are di erent from ours. By \unam biguously" Im ean that no perceived di erence could be
explained away by a di erence in conventions. (O f course, even Feynm an’s criterion is not
devoid of theoretical assum ptions. W e have to assum e that the cobalt behaves the sam e
way for the alien as forusetc. To be concrete, wem ight in agine that we are both described
by a TOE (perhapsM -theory) in which the fundam ental constants are given by vacuum
expectation values of scalar elds. The alien and we thus share the sam e lagrangian but
live In possbly di erent vacua. Let us further assum e that both vacua respect O (3;1)

symm etry.)

5. The operationally indistinguishable world of M r. Tom pkins

The idea of In agining a universe w ith di erent constants is not new , but, in my opinion,
the early literature is very confiising. For exam ple, Volbery [[]]and G am ow [[§]in agihe a
universe n which the velocity of light isdi erent from ours, say by ten orders ofm agnitude,
and describe all sorts of weird e ects that would result:

10y y apologies to those readers to whom this was already blindingly obvious. A sin ilar point of view
m ay be found n [@J. O n the other hand, Ionce read a letter in Physics W orld from a respectable physicist
who believed that a legitin ate am bition ofa TOE would be to calculate the num erical value of ~.

1Ty il follow Feynm an and assum e that the alien is a \he", w ithout resolving the \he or she" am biguity.
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\T he inidals of M r. Tom pkins originated from three fundam ental physical constants:
the velocity of light c; the gravitational constant G ; and the quantum constanth, which have
to e changed by Inm ensely large factors in order to m ake their e ect easily noticeable by
the m an on the street."

G eorge Gam ow ,M r. Tom pkins in paperitack ]

In this one sentence, G am ow m anages to encapsulate everything I am ob fcting to!
F irst, he takes it as axiom atic that there are three

fundam ental constants. Second, he assum es a change in these constants can be oper—
ationally de ned. I for one am mysti ed by such

com parisons. A fter all, an inhabitant of such a universe (let us dentify hin with
Feynm an’s alien) is perfectly free to choose units in which ¢c= 1, just aswe are. To use
the equation

to argue that in his universe, for the sam e energy E , the photon en itted by an atom would
have a m om entum k that is ten orders of m agnitude an aller than ours is, to my m ind,
m eaningless. T here is no experim ental inform ation that we and the alien could exchange
that would allow us to draw any conclusion.

By contrast, in his critique of Volberg and G am ow , Lev ] In agines a universe in
which the binding energy of an electron in a hydrogen atom E = m e*=~? exceeds tw ice the
electron rest energy 2m ¢, wherem and e are the electron m ass and charge respectively. In
such a universe it would be energetically favorable for the decay of the proton to a hydrogen
atom and a positron p! H + € . Thisuniverse is dem onstrably di erent from ours. But,
in my opinion, the correct conclusion has nothing to do w ith the speed of Iight, but sin ply
that in this universe the din ensionless ne structure constant = e’=~c exceeds P 2.

I believe that these two exam ples illustrate a general truth: no experin ental infor-
m ation that we and the alien could exchange can unam biguously determ ine a di erence
in dim ensionful quantities. No m atter whether they are the ~, c and G sacred to the
T hree Constants Party, the , and c of the Two Constants Party or the seven constants
of the Conference G enerale des Poids et M esures. Any perceived di erence are allm erely
di erences in convention rather than substance. By contrast, di erences in dim ensionless
param eters like the ne structure constants are physically signi cant and m eaningfiil.*?
O f course, our current know ledge of the TOE is insu cient to tell us how m any such di-
m ensionless constants N ature requires. T here are 19 in the Standard m odel, but the ain
of M -theory is to reduce this number. W hether they are all calculable or whether som e
are the result of cosm ological accidents (lke the ratios of distances of planets to the sun)

rem ains one of the top unanswered questions in fundam ental physics.'>

121 his section ﬂ, G abriele (partﬂ) clain s to disagree w ith m e on this point, but I think the st two
sentences of his section H indicate that we are actually in agreem ent. If, for exam ple, the alien tells us that
he observes thedecay p ! H + e', then we can be sure that his is di erent from ours. Choosing to
attribute this e ect (or any othere ect) to a di erence in ¢ rather than ~ or e, how ever, is entirely a m atter
of convention, just as the di erence between left and right would be a m atter of convention in a world w ith
no CP viclation. So ¢ fails the Feynm an test.

¥ Indeed, participants of the Strings 2000 conference placed it in the top ten [@ 1.
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6. W hat about theories w ith tim evarying constants?

Suppose that our \alien" cam e not from a di erent universe but from a di erent epoch in
our own universe and we stum bled across his historical records. In this way of thinking,
the issue of whether ~, ¢ and G are fundam ental devolves upon the issue of whether the
results of any experin ents could require the unam biguous conclusion that ~,cand G are
changing in tim e. A ccording to our criterion above, any such tin edependence would be
m erely convention, w ithout physical signi cance.

O n the other hand,m any notable physicists, starting w ith D irac [@ ], have nevertheless
entertained the notion that G or ¢ are changing In tim e. (For som e reason, tin evarying
~ is not as popular.) Indeed, papers on tin evarying c are currently in vogue as as an
altemative to In ation. I believe that these ideas, whilke not necessarily wrong, are fre—
quently presented in a m isleading way and that the tin ewvariation In the physical law s
is best described In temm s of tin evarying din ensionless ratios, rather than dim ensionful
constants.** So, In my opinion, one should tak about tin e variations in the din ensionless
param eters of the standard m odelbut not about tin e variations iIn ~, cand G . For exam —
ple, any observed change in the strength of the gravitational force over cosn ological tin es
should be attributed to changing m ass ratios rather than changing G . For exam ple, the
proton is approxin ately 10'° tim es lighter than the black hole discussed in section E,whose
Com pton wavelength equals its Schwarzschid radis. It is then sensible to ask whether
this din ensionless ratio could change over tin e.r®

U nfortunately, this point was m ade insu ciently clear in the recent paper presenting
astrophysical data suggesting a tin evarying ne structure constant [@]. Asa result, a
front page article In the New York T in es ] announced that the speed of Iight m ight be
changing over cosn ic history .t

In the context of M —theory which starts out w ith no param eters at all, these standard
m odel param eters would appear as vacuum expectation values of scalar elds.!” Indeed,
replacing param eters by scalar elds is the only sensble way I know to Implem ent tin e
varying constants of Nature. The role of scalar elds In determm ning the fundam ental
constants in a TOE was also en phasized by G abriele @,,].

7. Conclusions

T he num ber and values of fundam ental dim ensionless constants appearing in a T heory of
Everything is a legitin ate sub fct of physical enquiry. By contrast, the num ber and valies
of dim ensionfuil constants, such as

“This point of view is also taken in B]1.

150 ne coud then sensbly discuss a change in the num ber of protons required before a star reaches its
Chandrasekar lin it for gravitational collapse. I am gratefulto Fred Adam s for this exam ple.

T am rem inded of the oW lady who, when questioned by the TV interviewer on whether she believed
in global wam ing, responded: \If you ask m e, it’s all this changing from Fahrenheit to Centigrade that
causing it!".

Y'The only other possbility com patible w ith m axim al four-dim ensional spacetin e sym m etry is the vac-
uum expectation value of a 4-index eld strength. For exam ple, the coan ological constant can receive a
contribution from the vev of the M —theory 4-form @].
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h,c,G,... Isaquite arbitrary hum an construct,di ering from one choice ofunits to the
next. T here isnothing m agic about the choice of two, three or seven. T hem ost econom ical
choice is zero. C onsequently, none of these din ensionful constants is fundam ental.
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N ote added. W arren Siegel (private com m unication) m akes the follow ing interesting
points:

1. Planck was actually a m em ber of the Four C onstants Party, since his original paper
introduced not only a basic length, m ass and tin e but also a tem peraturel®

2. In 1983, the Conference G eneral des Poids et M esures declared ¢ to have the value
299,792 A58 m etres/second exactly, by de nition, thus em phasizing its role as a noth—
ing but a conversion factor.’

3. Sailors use the perverse units of section E, when they m easure intervals along the x
and y axes In nautical m iles and intervals along the z axis In fathom s. The sam e
observation wasm ade independently by Steve W einbery (private com m unication).

18By analyzing P lanck’s papers E] Lev cam e to the conclusion that by adding k to ¢, h and G , Planck
contradicts his de nition of natural units @].

Y30 asking whether the value of ¢ has changed over coan ic history is like asking w hether the num ber of
litres to the gallon has changed.
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