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1. Introduction

More than a century after its first formulationgjagtum mechanics is still an arena of hot
interpretive debates. However, despite the impvesaimount of literature on the subject, the
relevance of symmetry in interpretation is not gy acknowledged. In fact, although it is usually
said that quantum mechanics is invariant underGh&lean group, the invariance is usually not
discussed in the case of the interpretation ofttie®ry. But this is a serious shortcoming in the
foundational context, since the fact that a thasriyvariant under a group does not guarantee the
same property for its interpretations to the extkat, in general, they add interpretive assumption
to the formal structure of the theory.

This situation may be considered irrelevant by ¢hasstrumentalist stances that are not
interested in understanding what kind of world guemmechanics describes. But it is pressing for
realist positions, which want to know how realitpwld be if quantum mechanics were true. From a
realist perspective, it seems reasonable to rethutean interpretation of quantum mechanics, to be
admissible, preserves the same symmetries of tberythIn this paper we will take a realist
standpoint, in order to study what physical constsathe Galilean group imposes on interpretation.
To this end, we will organize the presentationwo tparts. In the first part we will consider the
invariance properties of quantum mechanics: byriveqgg with considering the general notion of
symmetry and the difference between the concepitsvafiance and covariance, we will show that
the Schrodinger equation is covariant under thel€aal group and we will consider under what
conditions it is invariant under the same group.tfia basis, in the second part we will address
interpretive matters. First, we will consider th&aogical meaning of invariance by stressing the
relationship between invariance and objectivityeiflwe will consider the constraints that Galilean
invariance imposes onto any interpretation of quemnimechanics. These arguments will allow us,
finally, to extrapolate the conclusions drawn foragtum mechanics to the case of quantum field
theory.



2. The Galilean symmetry of quantum mechanics

2.1 Thegeneral concept of symmetry

The idea osymmetryhas a long history, during which it was associatéti other notions such as

harmony, equilibrium, beauty or proportion. At et the everyday notion of symmetry is
endowed with a geometric content that is famil@aeverybody: something is symmetric when it
has parts that are equal in a certain sense, suchthe case of the left-right symmetry of faces o

the rotational symmetry of Escher’s circle limitiangs.

The idea of symmetry acquires a precise definitomathematics, when it is linked to the
concept ofinvariance from a mathematical viewpoint, an object is syrtmmeaegarding a certain
transformation when it is invariant under that sf@nmation. But now, the transformation does not
need to be geometric: the generic concept of symyreghplies to generic transformations in
abstract mathematical spaces. The mathematicabpbo€ symmetry was refined with the concept
of group, which clusters different transformatiant a specific structure. The concept of group
was originally proposed by Galois in the first haffthe nineteenth century, in the context of the
resolution of algebraic equations by radicals.Ha second half of he same century, Lie built a
theory of continuous groups, with the purpose @éeding Galois’ methods, originally designed to
solve algebraic equations, to the case of diffeméestjuations. This work opened the way to apply
the concepts of symmetry and invariance to the lafvphysics expressed as mathematical

eguations.

Once the concept of symmetry is precisely defimechathematical terms, different kinds of
symmetry can be distinguished. One classificatiostiruishes betweemglobal and local
symmetries: global symmetries depend on constamsnpeters, whereas local symmetries depend
smoothly on the point of the base manifold. Anottlistinction is betweeexternal or space-time
symmetries, andinternal or gauge symmetries, due to invariance under non space-time
transformations. The Galilean invariance of Newaoninechanics and the Lorentz invariance of the
special theory of relativity are paradigmatic exéasf global space-time symmetries, which were
called ‘geometric’ by Wigner (1967). Symmetries @sp be classified antinuous described by
continuous or smooth transformations, discrete described by non-continuous transformations.
Time-translation, space-translation and spaceiootatre the traditional cases of continuous
transformations, and time-reversal, space-reflaciiod charge-conjugation are common examples
of discrete transformations. Since in this papelaveeinterested in the Galilean group, we will only

focus on global space-time continuous symmetries.



In principle, there are two possible interpretasiasf a transformation: active and passive.
Under the active interpretation, the transformatamresponds to a change from a system to
another-transformee system; for instance, one system translated icespdth respect to the
original one. Under the passive interpretation, ttamsformation consists in a change of the
viewpoint —the reference framefrom which the system is described; for instarite space-
translation of the observer that describes theeaysin the case of space-time transformations,
continuous ones admit both interpretations, butaittese interpretation makes no sense in the case
of discrete transformations (Sklar 1974: 363). Nthedess, no matter which interpretation is
adopted, the invariance of the fundamental law tieory under its continuous symmetry group
implies that the behavior of the system is notraltdby the application of the transformation: ia th
active interpretation language, the original and transformed systems are equivalent; in the
passive interpretation language, the original &wedttansformed reference frames are equivalent.

2.2 Invariance and covariance

In the light of its general meaning, now the conaafpinvariance can be endowed with a more
precise presentation. Although the link between regtny and invariance is clear, we have not
explained yet to which items the property of ingade applies. As Brading and Castellani stress,
the first step is to distinguish between symmetoiesbjects and symmetries of lawsve can apply

the laws of mechanics to the evolution of our chainsidered as an isolated system, and these
laws are rotationally invariant (they do not pickitca preferred orientation in space) even though
the chair itself is ndt (Brading and Castellani 2007: 1332). In the ca$ephysical laws, the
symmetry of a law does not imply the symmetry @& tbjects (states and operators) contained in
the equation that represents the law. Therefoeegcdmceptual implications of the symmetries of the
law and of the involved objects under a particdaoup of transformations have to be both

considered.

In the second place, it is necessary to distingbhetiveen the concepts of covariance and of
invariance. In the literature on the subject ther@o consensus about what ‘covariance’ means.
Very commonly, the property of invariance is apglienly to objects, and the property of
covariance is reserved for laws and their corredpgn equations. However, as Ohanian and
Ruffini (1994) emphasize, the difference betweenitivariance and the covariance not only makes
sense but also is relevant when applied to lawsolilgh terms, an equation is invariant under a
certain transformation when it does not change wtigeapplication of that transformation. In turn,
an equation is covariant under a certain transfoamavhen its form is left unchanged by that
transformation (see Suppes 2000, Brading and Caste2007). From an exclusively formal



viewpoint, covariance is a rather weak propertyy aquation that is not covariant under a given
transformation can always be expressed in a waynthéies it covariant by defining new functions
of the original variables. However, covariance Ipaysical significance only when those new
functions can be endowed with physical meaningotimer words, if the transformation of the
objects involved in a law is defined in advance tlughysical reasons, one can decide univocally
whether the law is invariant and/or covariant ot. no

After these conceptual preliminaries, now we cdroduce some formal definitions.

Def. 1: Let us consider a sed of objectsa [J.A, and a groupG of transformations
g, 0G, where theg, A - A act on thea, as a - a;j. An object  0A is
invariant under the transformatiory, if, for that transformationg’, =& . In turn, the
object a [JA is invariant under the groupG if it is invariant under all the
transformationsg, O G.

In physics, the objects on which transformationpha@re usually states, observablesO and
differential operatorsD, and each transformation acts on them in a pdatieuay. Let us consider
the example of time-reversal when applied to theab involved in Hamilton equations: the state
s=(q,p). the observable Hamiltoniah , and the differential operator®, =d /dt, D, =d/0dp
and D; =0d/0q. The time-reversal transformation, which actsteariablet ast — —-t, reverses
all the objects whose definitions in functiontofare non-invariant under the transformation:

s=(q.,p) - s'=(q'p)=(a7p) O=H-0'=H' D,=d/dt- D)=d"dt=-d/di
D,=d/dp - D',=0/dp=-9/dp D,=d/dq - D';=0"dq=0/dq

In physics, the objects to which transformationglyare combined in equations representing
the laws of a theory. In particular, a dynamicak & represented by a differential equation
E(s,Q ,q) =0, which includes the states, certain observable€D, and certain differential
operatorsD; . When a transformation is applied to all theseclsj, the law may remain exactly the
same, that is, its form may be left invariant bg thansformation. This means that the relationship
among the transformed objects is the same asitikatd the original objects. But it may also be the
case that the equation still holds when only thaesis transformed, and this means that the
evolution of the state is not affected by the tfamsation. Precisely:

Def. 2: Let L be alaw represented by an equatidE\(s,Q ,q) =0, and letG be a
group of transformationgy, JG acting on the objects involved in the equation as
s- s, 0 -0;j and D; - D;. L is covariant under the transformationg, if
E(s',O; ,D'j):O, and L isinvariantunder the transformatiory, if E(s',Q q) =0.



Moreover, L is covariant -invariant—under the grougs if it is covariant-invariant-
under all the transformationg, UG.

On this basis, it is usually said that a certawugris the symmetry group of a theory:

Def. 3: A group G of transformations is said to be tegmmetry groumf a theory if
the laws of the theory are covariant under the gr@u. This means that the laws
preserve their validity even when the transformratiof the group are applied to the
involved objects.

Still in the case of the above example, the Hamiltequations, dq/dt=0H /dp and
dp/dt=-0H /dq, are covariant under time-reversal whidh=H , a condition satisfied whehi

is time-independent; nevertheless, they are notariamt under time-reversal because
dp'/ dt#—0H /0q.

It is easy to see that, when a law is covarianeudiransformation, and the observables and
the differential operators contained in it are maat under that transformation, the law is also
invariant under the transformation. Nevertheless,we will see in the particular case of the

Schrédinger equation, this is not the only waylitao the invariance of a law.

Some authors speak about symmetry instead of atmwdriance. For instance, Earman
(2004a) defines symmetry in terms of the models thieory:

Def. 4. Let M be the set of the models of a certain mathemasicatture, and let
M, O M be the subset of the models satisfying the lanA symmetry of the lawL
isa mapS: M - M that preserves\ , that is, foranymOAM, , m'= S(mOM, .

When L is represented by a differential equaticﬁ(s,Q q) =0, each modelmOM, is
represented by a solutia+ F(q ,%) of the equation, corresponding to a possible dwiwf the
system. Then, the covariance df under a transformationg -that is, the fact that
E(s',O; ,D'j):O— implies that ifs= F(Q ,3) is a solution of the equatiors’' = F'(O},5) is
also a solution and, as a consequence, it repeeaenbdelm 1AM . This means that the definition
of covariance given by Def. 2 and the definitiorspinmetry given by Def. 4 are equivalent.

It is worth stressing that the covariance of a dyical law —-represented by a differential
equatior does not imply the invariance of the possible ettohs-represented by the solutions of
the equation. Price (1996) illustrates this point in the cadetime reversal with the familiar
analogy of a factory which produces equal numbelsfehanded and right-handed corkscrews: the
production as a whole is completely unbiased, batheindividual corkscrew is spatially
asymmetric (see Castagnino, Lara and Lombardi 2B&8nan 2004b). In fact, the covariance of



the law L, represented by the equatioE(s,Q ,q) =0, implies that s=F(Q,3) and
s'= F'(0},3) are both solutions of the equation, but does mptly that s=s'. In the model
language, the symmetry df does not imply tham= m'. By contrast, invariance is a stronger
property of the law: the invariance &f means thaE(s',Q q) =0, in this cases=s'= F(Q ,§)

or, in the model languagep = m'.

The general definitions just introduced now allow to explicitly state the conditions of
covariance and invariance for quantum mechaniogerGa groupG whose transformations act on
states, observables and differential operatof¢as- |[¢'), |O) - |O") and d /dt - d'/dt, the
Schrédinger equation ovariantwhen

d'|¢' i

L= i .
and it isinvariantwhen

djo’) _ . ,

0 inH [¢") (2)

2.3 The Galilean group

As emphasized by Lévi-Leblond (1974), althoughdbeariance-and even the invariancef non-
relativistic quantum mechanics under the Galileamdformations is usually assumed as a well-
known fact, in general this conceptual issue ieabfrom the standard literature about the theory:
only in very few cases this assumption is groundeda conceptual elucidation of the involved
notions. With the exception of the book of Balleeti(1998), it is common to see that the Galilean
group is not even mentioned in the textbooks omth#er. For this reason, it is worth dwelling on
this point.

Under the assumption that time can be representas \fariablet 1R and position can be
represented by a variable= (x,y,2 OR?, the Galilean groupg :{ga}, with a=1t010, is a
group of continuous space-time transformatigpgsR®xR — R®*xR acting as

» Time-translation: t-t =t+t1
» Space-translation: r-r' =r+p
» Space-rotation: r—r'=Ryr
» Velocity-boost: r - r'=r+ut

where TR is a real number representing a time interget (p,,p, ) OR? is a triple of real
numbers representing a space inter®lJ M>? is a 3x 3 matrix representing a space-rotation an
angle®, andu = (u,,u, ,u,) OR? is a triple of real numbers representing a constalocity.



Since the Galilean grouyy is a Lie group, the Galilean transformatiomg can be
represented by unitary operatddg over the Hilbert space, with the exponential pataization

K wheres, is a continuous parameter aKg is a Hermitian operator independentspf

U, =e
calledgeneratorof the transformatiorg, . Therefore, the Galilean group is defined by ten group
generatorsK, : one time-translatiork,, three space-translatiori§, , three space-rotationky ,
and three velocity-boosts, , with i =x,y,z. The generators of form the Galilean algebra, that
is, the Lie algebra of the Galilean generators. Thmbined action of all the transformations is

given by
10
U.=T e 3)
a=1

Strictly speaking, in the case of quantum mechathiesymmetry group is the group corresponding
to the central extension of the Galilean algebiataioed as a semi-direct product between the
Galilean algebra and the algebra generated bytaateharge, which in this case denotes the mass
operator M =ml, where | is the identity operator anth is the mass. The mass operator as a
central charge is a consequence of the projeateesentation of the Galilean group (see Weinberg
1995, Bose 1995). However, in order to simplify fhresentation, from now on we will use the
expression ‘Galilean group’ to refer to the cormuting central extension, and we will take=1

as usual.

Since the Galilean group is a Lie group, it is dedi by the commutation relations between its

generators:
@ [Ky K, |= 0 [ Ky.Kp, |=i8;M
() [K,.K, |= @ [K, K |=0
©) :KGI,KQJ::is”-kKGJ (h) [Kq K, ]=0
(d) :Kei,Kpj::iaiijpk M [K,.K]=IK,
© | KoKy |ZiggK, @

whereg;, is the Levi-Civita tensor, such that k , j 2K, &, =€, =§; =1, &; =€, =¢§; =-1
, and gy =0 if i=j. In quantum mechanics, when the system is frem featernal fields, the
generatorsK, represent the basic magnitudes of the theory:ethergy H =#K,, the three
momentum component® =7K, , the three angular momentum componedits- 7K, , and the
three boost componen@ =7K, . Then, by taking agaih =1, the commutation relations result
@ [R.R]=0 ® [G.R =M
(b) [G.G]=0 @ [R.H]=0
(©) I:‘]i"]j]: e Je (h) [‘]i’H]:O



(A [3,R]=ig R M [G.H]=iP
() I:'Ji G, ] = igy G ®)
The rest of the physical magnitudes can be defingdrms of these basic ones: for instance, the

three position components af@ = G / m, the three orbital angular momentum components are
L =€, Q; R, and the three spin components &e J - L.

In the Hilbert formulation of quantum mechanicscle&alilean transformatio, [JG acts
on states and on observables as

[6) = [¢7) =Ug |0) =€ 9) (6)
O - 0'=U 0U!= % oe™s (7)

In turn, the invariance of an observal under a Galilean transformatiog, amounts to the
commutation betweeR and the corresponding generat&r:

O'=*0e"% =0~ [0O,K]=0 (8)

2.4 Invariance and covariance in quantum mechanics

In order to decide about the Galilean covariancé gavariance of quantum mechanics, it is

necessary to analyze how the Galilean transformsi&et on the Schrédinger equation. In fact, the
iKs

action of a generit) = €™ results in
5o o

a) The invariance of the Schrodinger equation.

In a closed, constant-energy system free from eatdields, H is time-independent and tte and
the J;, are constants of motion (see egs. (5g,h)). Trartirhe-translations, space-translations and
space-rotationsjU / dt= dé*® /dt=0, whereK ands stand forH andt, P andp,, andJ, and

6., respectively. As a consequence, eq. (9) yields

d|¢> S |0) (10)

Moreover, since in this closed-system c&becommutes withP and J; (see egs. (59,h)), for those
three transformation$1' =H (see eq. (8)). By applying this result to eq. (M¥ obtain eq. (2)
and, so, we prove the invariance of the Schrodireggration under time-translations, space-
translations and space-rotations when there asxtgonal fields acting on the system.

The case of boost-transformations is different froéhe previous cases, because the
Hamiltonian is not boost-invariant even when thstay is free from external fields (for the same



claim in classical mechanics, see Butterfield 206Y: In fact, under a boost-transformation
corresponding to a velocity, , since[GX,H] =iP,#0 (eq. (5i)),H changes as

H' =% He %z H (11)
and the generatds, is

G, =mQ.=m( Qo+ )= m@+ P (12)
Since G, is not time-independentU / dt= dé>* / dt# 0, and eq. (9) yields

1 iG,u,
M = —j |:H " &e‘tiUx:|
dt

at ¢') (13)

When the value of the bracket in the r.h.s. side@f(13) is computed, it can be proved that the
terms added tdd in H' cancel with those coming from the term contairiing time-derivative
(see Lombardi, Castagnino and Ardenghi 2010). Toere eq. (2) is again obtained and the
invariance of the Schrodinger equation is proveod &r boost-transformations.

In summary, when there are no external fields gctn the system, the Hamiltonian is
invariant under time-translations, space-transtgti@nd space-rotations, but not under boost-
transformations.

When the system is under the action of externéddjethe fields modify the evolution of the
system: for example, in the case of a non-isotrppi@ntial, it cannot longer be expected that the
system does not modify its behavior when rotatedspace. But, in non-relativistic quantum
mechanics, fields are not quantized: they do ray e role of quantum systems that interact with
other systems. For this reason, the effect of thkld on a system has to be included in its
Hamiltonian, because it is the only observable iwe® in the time-evolution law. As a
consequence, under the action of fields the Hamdto is no longer the generator of time-
translations: it only retains its role of generatdrthe dynamical evolution (see Laue 1996,
Ballentine 1998). Therefore, the commutation reladiinvolving the Hamiltonian, egs. (5g,h,i), are
no longer valid: now these relations hold with trenerator of time-translationd / dt (see egs.
(49,h,i)), but not with the Hamiltonian. Therefotbe time-independence of the and the J,
cannot be guaranteed. As a consequence, in theajerese, the Schrodinger equation is not

Galilean invariant in the presence of externatfel

b) The covariance of the Schrodinger equation.
In order to study the covariance of the Schrodimggration, let us rewrite eq. (9) as

d[9) _dU e
g a9 TH) o



This shows that the equation is covariant becawesditferential operator transforms as
d d'_ d_dUU_l_ D

a. = (15)
dt dt dt dt Dt

In other words, the transformed differential operad '/ dt is a covariant time-derivativ® / Dt ,
which makes the Schrodinger equation to be Galitearariant in the following sense (see eq. (1))

d'6") _D[®) _ i
g ot ) (16)

As shown above, without external fieldd,, the B and theJ, are time-independent and, as a
consequencedU /dt=0; then, eq. (15) shows that/dt is invariant under time-translations,
space-translations and space-rotations. But simcedost-transformations this is not the case, the
covariance of the Schrédinger equation requirestrdnesformation of the differential operator as
d/dt - D/Dt: covariance under boosts amounts to a sort of -hmmogeneity” of time that
requires the covariant adjustment of the time-@ge. This illustrates the claim advanced in
Subsection 2.2: although a law is invariant undémaasformation when it is covariant and all the
involved objects are invariant, this is not theyorwhy to obtain invariance. When the system is free
from external fields, the Schrédinger equationnigariant under boost-transformations, in spite of

the fact that the Hamiltonian and the differentipératord / dt are not boost-invariant objects.

When external fields are applied on the system,Hamiltonian includes the action of the
fields. Then, although eq. (16) is still valid, ttransformed HamiltoniarH' =UHU ~* has to be
computed case bgase, and the conditions that the external potsntiave to satisfy in order to
preserve covariance can be deduced (see Brown ahlanH 1999, Colussi and Wickramasekara
2008).

3. Invariancein interpretation

3.1 Theontological meaning of symmetry

As it is usually accepted, the Galilean group ie #fymmetry group of continuous space-time
transformations of classical and quantum mechaivicthe language of the passive interpretation,
the invariance of the dynamical laws amounts todtya@ivalence among inertial reference frames
(time-translated, space-translated, space-rotateditormly moving with respect to each other). In

other words, Galilean transformations do not ini@a modification in the physical situation, but

only express change in the perspective from which the syssesiescribed

This merely perspectival meaning of the Galileamsyetries depends, in turn, on the
properties of space and time. Invariance under-tnargslations expresses the homogeneity of time;



invariance under space-translations and spaceeaosagxpresses the homogeneity and the isotropy
of space, respectively. These invariances are erathaa the commutation relations that define the
Galilean group (see egs. (5)). Nevertheless, sigawet always homogeneous and isotropic. In non-
relativistic quantum mechanics, fields are not quad: they are treated as classical fields that ac
on the quantum system by breaking the homogenaityjoa the isotropy of space. This breaking
turns out to be expressed in the form of the Hamiétn: the non-homogeneity of space leads to the
fact that, at least, som@ is not a constant of motimﬁR‘? ,H] # 0); the non-isotropy of space leads
to the fact that, at least, somk is not a constant of motion{ J;,H]#0). And this, in turn,
amounts to the breaking of the full validity of tllilean group under the form of egs. (5): the
commutation relations involving the Hamiltonian 5 (5h) and (5i)) are, in general, no longer
valid. In this case, the commutation relations stit defined by eqgs. (4), but the generators of
space-translations and space-rotations are fhoand J, but have to be defined in each case,
depending on the specific form of the externaldfiel

The above remarks are related with the fact thaaicequantities arphysically irrelevanin
the light of the symmetries of a theory. For ins@grthe space-translation symmetry of a dynamical
law means that the specific place where the systdotated in space is irrelevant to its evolution
governed by that law. The notion of physical irnvelece endows with physical content the
difference between local and global symmetriegs:global symmetry reflects the irrelevance of
absolute values of a certain quantity: only relatialues are relevah{see Brading and Castellani
2007: 1360). In classical mechanics, for examgagcs-translation invariance implies that absolute
position is irrelevant to the system’s behavioe #guations of motion do not depend on absolute
positions, only relative positions matter. The pbgiirrelevance of certain quantities is strongly
linked with the issue afbjectivity.

The intuition about a strong link between invariaand objectivity is rooted in a natural idea:
what is objective should not depend on the padicperspective used for the description. When
this intuition is translated to group-theoreticahduage, it can be said that what is objective
according to a theory is what is invariant under sgmmetry group of the theory. This idea is not
new. In the domain of formal sciences, alreadyxFKlein, in his “Erlangen Program” of 1872,
tried to characterize all known geometries by therariants, that is, by the quantities which aoé n
changed under a particular group of transformat{esae Kramer 1970). This idea passed to physics
with the advent of relativity: it was widely disaesl in the context of special and general relativit
with respect to the ontological status of spacetand. In Minkowski words: Henceforth space for
itself, and time by itself, are doomed to fade aw&y mere shadows, and only a kind of union of
the two will preserve an independent redlifiMinkowski 1923: 75). The claim that objectivity



means invariance begins to appear in Weyl's waakglied to mathematics, in hizhilosophy of
Mathematics and Natural Scien¢E27), when he claims thaf “point relation is called objective

if it is invariant under all automorphisrigcited in Vollimer 2010: 1661). The idea, applital
physical sciences, becomes a main thesis of hik BgmmetryWeyl 1952). In recent times, the
idea has strongly reappeared in several worksirfstance, in her deep analysis of quantum field
theory, Auyang (1995) makes her general concefulgéct” to be founded on its invariance under
transformations among all representations. In ttlte, assumption that invariance is the root of
objectivity is the central theme of Nozick’s bolwkariances: The Structure of the Objective World
(2001).

Once the ontological meaning of symmetry is ackeolged, it is easy to admit that
symmetry must play a relevant role in the undeditanpof a physical theory. In the particular case
of quantum mechanics, once it is seen in what s#es&alilean group is the symmetry group of
the theory, the consideration of its Galilean immace cannot be overlooked in the discussions
about interpretation.

3.2 Aninvariant interpretation of quantum mechanics

The physical meaning of the action of the Galil&@msformations is well-understood in classical

mechanics. However, as pointed out in the Intradacthis issue is scarcely discussed in the field
of quantum mechanics, perhaps under the assumibkbrihe matter is as easy as in the classical
case. But we will see that quantum mechanics isl@ga@lso regarding to this point.

As it is well known, Heisenberg’s uncertainty piple poses a fundamental limit to the
precision with which certain pairs of physical alvedles—complementary observablesan be
known simultaneously. Nevertheless, this resulkdeaopen the way to think in the possibility of
completing the theory with certain “hidden variailevhich would determine the values of all the
observables of the system at any time in a cldslkeamanner. The Kochen-Specker theorem
(1967) breaks this possibility down by putting arlea to any realist classical-like interpretatioh
guantum mechanics. In fact, the theorem provesntipessibility of ascribing precise valuesdt
the physical quantities (observables) of a quansysitem simultaneously, while preserving the
functional relations between commuting observaldlesther words, this result is a manifestation
of the contextualityof quantum mechanics: the ascription of precidaesto the observables of a
guantum system is always contextual.

As a consequence of the Kochen-Specker theorem, realist interpretation of quantum
mechanics is committed to selecting a “privilegedt of observables out of all the observables of



the system. The observables of that set will bedhbat acquire a definite value without violating
guantum contextuality. At this point, the symmegrgup of the theory enters the scene: as stressed
by Brown, Suarez and Bacciagaluppi (1998), anyrpm&gation that selects the set of the definite-
valued observables of a quantum system in a gitaega 5 committed to considering how that set is
transformed under the Galilean group.

But now the link between invariance and objectivitynes into play. The study of the role of
symmetry is particularly pressing in the case afis¢interpretations of quantum mechanics, which
conceive a definite-valued observable as a physmegnitude that objectively acquires an actual
value among all its possible values: the fact ¢heg¢rtain observable acquires a definite valuddas
be an objective fact. Therefore, since the invaeaof the theory holds, the set of the definite-
valued observables of a system picked out by tkerpretation should be left invariant by the
Galilean transformations: from a realist viewpoihtyould be unacceptable that such a set changed
as the mere result of a change in the perspective Which the system is described.

The natural way to reach this goal is to appe#hedCasimir operators of the Galilean group
if the interpretation has to select a Galilean-imevat set of definite-valued observables, suchta se
must depend on those Casimir operators, since dheynvariant under all the transformations of
the Galilean group. Thecentral extension of theGalilean group has three Casimir operators
which, as such, commute with all the generatorthefgroup: they are the mass operatbr, the
squared-spin operatd®®, and the internal energy operatt= H - P? /2m. The eigenvalues of
the Casimir operators label the irreducible repredgens of the group; so, in each irreducible
representation, the Casimir operators are multipfabe identity: M =ml, wherem is the mass,
S?= { s+1) |, where s is the eigenvalue of the spiS, and W= wl, where w is the scalar
internal energy.

Whereas the fact that the system objectively aeguardefinite value of the mass and the spin
seems strongly reasonable, the fact that the Hammlt is not included in the “privileged” set may
sound puzzling, given the very special role that iHamiltonian plays in quantum mechanics by
ruling the time-evolution of quantum systems. $as iworth taking a while to consider how the
Hamiltonian behaves under the action of the Galikeansformations.

Let us consider a quantum system not affected bgrexl fields, whose Hamiltonian, in a
generic reference frameRF, reads H = P?/2m+W= K+ W, where the Kkinetic energy
K = P?/2m only depends on the total momentum relativéRfe, and the internal enerd/ does
not depend on the position and the momentum reldad\RF, but only depends on differences of



positions and, eventually, on their derivativesisltprecisely these features #& and W what
guarantees the[lK ,W] =0 and, as a consequend#, can be expressed as

H=P?/2m+W= K+ W= H O |, + L O H, (17)

where H, is the kinetic Hamiltonian acting on a Hilbert spéH, , H,, is the internal energy
Hamiltonian acting on a Hilbert spack,, and I, and I,, are the identity operators of the
respective tensor-product spaces (for exampleseiitkmown models, see Ardenghi, Castagnino
and Lombardi 2009). As stressed above, the Hanmltois invariant under time-translations, space-
translations and space-rotations, but not undestamansformations; so let us consider that case.

If a boost-transformation of velocity, is applied to the system, the unitarily transfodme
Hamiltonian is (see proof in Lombardi, Castagnind Ardenghi 2010)

H' =% He™ % = H-y FX>+% MG = H+ T (18)
where Ty is the boost contribution to the energy. Therefarean be expressed as

H':H+TB:2P—;+W+TB: K+ W (19)
where K' is the transformed kinetic energy:

K=% = K'=K+TB=§T;+TB=% (20)
For the same reasons as bef([>ré',, W] =0 and, as a consequendd, can be written as

H'=K'+W =H" Ol +10OH, (21)
whereH', =H, +H; is the transformed kinetic Hamiltonian acting & . In other words,

H'w =Hy H'c«=H, +Hg (22)

This means that the application of a boost-tramsétion does not modify the internal eneiyy of

the systemW is boost-invariant, in agreement with the factt thas a Casimir operator of the
Galilean group and that it only depends on diffeemnof positions (it is a “relevant” quantity). The
boost-transformation only modifies the kinetic egyeby adding the kinetic energy of the boost, in
agreement with the fact that it is not a Casimigrapor of the Galilean group and that it depends on
the velocity relative to the reference fraiR& (it is an “irrelevant” quantity).

The above considerations all point to the samectime: theobjectivecontent of the energy
description of the system is given by the intererérgyW, which is invariant under the whole
Galilean group. On the contrary, the kinetic enekgywhose value is modified by a boost, can be
viewed as a non-objective magnitude that changdh tie mere change of the descriptive



perspective. In particular, when the system is ilesd in the reference frame at rest with respect t
its center of mass, theR = 0 and the kinetic energy disappear from the desonpt

These conclusions about the non-objectivity of kimetic energy are not challenged by the
fact that a boost-transformation has a well-define@hifestation in the energy spectrum of the
system: it produces a Doppler shift on that specttdowever, we also know that energy is defined
up to a constant value: the relevant informatioouathe energy spectrum of a system is contained
in its internal energy, and the kinetic energy anltyoduces a shift of that spectrum. Therefore, th
internal energy carries the physically meaningfulcure of the energy spectrum, and the kinetic
energy represents an energy shift which, althouogeiwvable, is physically non relevant and merely
relative to the reference frame used for the dpson.

Recently, a new interpretation of quantum mechah&sexploited the symmetry features of
the theory to solve its main conceptual conundruifise modal-Hamiltonian interpretation
(Lombardi and Castagnino 2008, Castagnino and Laint2908, Lombardi 2010, Ardenghi and
Lombardi 2011, Lombardi, Fortin, Castagnino and ehghi 2011) is a realist, non-collapse
approach according to which the quantum state ibescthe possible properties of the system but
not its actual properties. According to this intetption, the Hamiltonian is decisive in the
definition of systems and subsystems, and in thHecsen of the preferred context where
observables acquire definite values. This integti@ has been applied to many well-known
physical situations (free particle, free particlghwspin, harmonic oscillator, free hydrogen atom,
Zeeman effect, fine structure, the Born-Oppenheiapgroximation), leading to results consistent
with experimental evidence (Lombardi and Castag2id@8, Section 5). Moreover, it has proved to
be effective for solving the measurement problewthhn its ideal and its non-ideal versions.
(Lombardi and Castagnino 2008, Section 6, Ardengbmbardi and Narvaja 2013, Lombardi,
Fortin and Lépez 2015). This interpretive view agsomotes an ontology of properties, based on
the algebraic approach to QM, where systems ardlésirof properties represented by quantum
observables (da Costa, Lombardi and Lastiri 20B3Cdsta and Lombardi 2014, Lombardi and
Dieks 2016).

Although based on the central role of the Hamikonithe modal-Hamiltonian interpretation
was reformulated in an explicitly invariant forntcarding to which the definite-valued observables
of a quantum system free from external fields gréhé observable€, represented by the Casimir
operators of the Galilean group in the correspandireducible representation, and (ii) all the
observables commuting with ti@ and having, at least, the same symmetries a€.ttfeombardi,
Castagnino and Ardenghi 2010). In turn, as argusave, from a realist viewpoint, the fact that

certain observables acquire an actual definite evaduan objective fact in the behavior of the



system; therefore, the set of definite-valued olad@es selected by a realist interpretation must be
also Galilean-invariant. But the Galilean-invariatiservables are always functions of the Casimir
operators of the Galilean group. As a consequemnite,is led to the conclusion that any realist

interpretation that intends to preserve the obyjégtiof the set of the definite-valued observables

may not stand very far from the modal-Hamiltoniaterpretation.

3.3 Invariance and interpretation in quantum physics

In his paper “Physical reality,” Born (1953) exmed very clearly his conviction about the strong
link between invariance and objectivityt think the idea of invariance is the clue to aioagl
concept of reality (1953: 144); The main invariants are called charge, mass (oheat rest-
mass), spin, etc.; and in every instance, whenne@ehble to determine these quantities, we decide
to have to do with a definite particle. | maintdirat we are justified in regarding these partiches

real in a sense not essentially different fromubkeal meaning of the word1953: 146).

Born’s words suggest us the possibility of geneeathe idea developed in this work in two
senses. In non-relativistic quantum mechanics, ekiernal fields acting on a system are not
guantized, and this fact is what breaks down thenbay of the free case: the Hamiltonian is no
longer the generator of time-translations in thdil&mn group. In quantum field theory, on the
contrary, fields are quantum items and not “extérfi@lds affecting the behavior of the quantum
system. As a consequence, the generators of timed?éigroup do not need to be reinterpreted in
the presence of “external” factors. These featwfeguantum field theory make us to consider
whether the realist interpretation, expressedrimseof the Casimir operators of the Galilean group
in non-relativistic quantum mechanics, can be feansd to quantum field theory by changing
accordingly the symmetry group: the definite-valudaservables of a system in quantum field
theory would be those represented by the Casingratprs of the Poincaré group. Singé and
52 are the only Casimir operators of the Poincard&igrahey would always be definite-valued
observables. This conclusion stands in agreemeéhtavisual physical assumption in quantum field
theory: elemental particles always have definitties of mass and spin, and those values are
precisely what define the different kinds of eleta¢particles of the theory. Moreover, the cladsica
limit of quantum field theory manifests the limif the corresponding Casimir operators (see
Ardenghi, Castagnino and Lombardi 2011): there imeaningful limiting relation between the
observables that acquire definite values accortbhnguantum field theory and those that acquire
definite values according to quantum mechanics.



But the idea can also be generalized in a secamsgkséd invariance is a mark of objectivity, it
should guide the interpretation not only of quantmechanics, but also of any physical theory with
definite symmetries. Following this idea, therens reason to focus only on space-time global
symmetries: internal or gauge symmetries should ladsconsidered as relevant in the definition of
objectivity and, as a consequence, in the ideatiim of the definite-valued observables of the
system. For instance, in relativistic quantum meatsaa gauge symmetry is what identifies the
charge as an objective quantity. Therefore, theeggized principle for interpreting quantum
theories from a realistic viewpoint can be stateddlows: the definite-valued observables of a
system whose behavior is governed by a certainryhe®@ the observables invariant under all the

transformations corresponding to the symmetrigb®theory, both external and internal.

4. Conclusions

In this paper we focused on a question usuallytakén into account in the literature on the
interpretation of quantum mechanics in particudarg of quantum physics in general: the question
about how an interpretation should behave undesyhemetry group of the theory. By echoing the
widespread position that links invariance and dbjég, and by considering that, from a realist
viewpoint, it is unacceptable that what acquirefinde value changes as the mere result of a
change in the perspective from which the systenddscribed, we have proposed a definite
interpretive principle: the objective definite-vatll observables of a quantum system are the
observables invariant under all the transformatiomsesponding to the symmetries of the theory
that governs its behavior. We have introduced fquéar interpretation of quantum mechanics that
satisfies this general principle. Nevertheless, ghgposal of this work goes beyond a particular
interpretation, since it intends to supply a gehizeanework that guides the building of any realist

interpretation in the light of the physically caltconcept of symmetry.
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