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Abstract. Newtonian and Schrédinger dynamics can be formulated in a physically meaningful
way within the same Hilbert space framework. This fact was recently used to discover an
unexpected relation between classical and quantum motions that goes beyond the results
provided by the Ehrenfest theorem. The Newtonian dynamics was shown to be the Schrédinger
dynamics of states constrained to a submanifold of the space of states, identified with the
classical phase space of the system. Quantum observables are identified with vector fields on
the space of states. The commutators of observables are expressed through the curvature of
the space. The resulting embedding of the Newtonian and Schrodinger dynamics into a unified
geometric framework is rigid in the sense that the Schrédinger dynamics is a unique extension
of the Newtonian one. Under the embedding, the normal distribution of measurement results
associated with a classical measurement implies the Born rule for the probability of transition of
quantum states. The mathematics of the discovered relationship between the classical and the
quantum is reviewed and investigated here in detail, and applied to the process of measurement
of spin and position observables.

1. Introduction

In a recent series of papers [1]-[6], an important new connection between the classical and
quantum dynamics was derived. The starting point was a realization of classical and quantum
mechanics on an equal footing within the same Hilbert space framework and identification of
observables with vector fields on the sphere of normalized states. This resulted in a physically
meaningful interpretation of components of the velocity of state. Newtonian dynamics was
shown to be the Schrodinger dynamics of a system whose state is constrained to the classical
phase space submanifold in the Hilbert space of states. In simple words, the classical space
and classical phase space of a system of particles can be identified with a submanifold of the
space of states of the corresponding quantum system. When the system is constrained to the
submanifold, it behaves classically. Otherwise, it behaves quantum-mechanically. The velocity
of the state at any point of the classical space submanifold can be decomposed into classical
(velocity, acceleration) and non-classical (phase velocity, spreading) components. The curvature
of the sphere of states is determined from the canonical commutation relations.

These results suggest that there is an alternative approach to quantum mechanics that is more
appropriate for understanding and visualizing the theory and for addressing its fundamental
problems and paradoxes. In this paper, the mathematics of such an approach will be presented
and applied to investigating the process of measurement in classical and quantum physics. After
the background information, a relationship between the normal probability distribution, typical
for classical measurements, and the Born rule for transition of quantum states will be derived.
This relationship is then illustrated and its dynamical origin is revealed. It will be argued
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that by accepting the space of states as a new arena for physical events and identifying the
classical space and classical phase space with submanifolds of thereof we can fruitfully explore
the relationship of the classical and quantum dynamics, including the process of measurement,
in a coherent and fundamentally simple way.

2. Newtonian mechanics in the Hilbert space of states

Everyday experience shows that macroscopic bodies possess a well-defined position in space at
any moment of time. In quantum mechanics, the state of a spinless particle with a known
position a is given by the Dirac delta function d3(x) = 63(x —a). The map w : a — &3 provides
a one-to-one correspondence between points a € R3 and state “functions” 63. This allows us to
describe points in R? in functional terms and identify the set R? with the set M3 of all delta
functions in the space of state functions of the particle.

Dirac delta states are considered an idealization. But so is the notion of a material point
in Newtonian mechanics. Both idealizations are the building blocks in their respective theories.
As we will see, they are also important for understanding the relationship between Newtonian
physics and quantum mechanics. We will see that Newtonian physics in the Euclidean space R3
is the Schrodinger quantum mechanics of systems whose state is constrained to the submanifold
in the Hilbert space of states, formed by the delta-like states of particles.

The space Lz(R?) does not contain delta functions. For instance, if f, is a delta-convergent
sequence [7] of continuous, square-integrable functions on R?, then the sequence [ f2(x)d3x
diverges. There are essentially two ways out of this difficulty. One method is to approximate
delta functions with the more physical Gaussian functions, which are in Ly(R?). Another one is
to complete the Hilbert space Lo(R3) to obtain a wider space that includes delta functions. The
methods are essentially equivalent and will be used interchangeably. To explain, let us write the
inner product of functions ¢, € Ly(R3) as

(.0 = [ 8(x = )oGIDy )y, (1)

where 0%(x — y) is the kernel of the identity operator. By approximating §%(x — y) with a
Gaussian function, one obtains a new inner product in Lo(R3)

(o, = / 6_(x;’§>2¢(X)@(Y)dsxd3y- (2)

Here o is a parameter. The Hilbert space H obtained by completing Lo (R?) with respect to this
inner product contains delta functions and their derivatives. In particular,

)2
/e( o 53 (x —a)d*(y — a)d®xd®y = 1. (3)

Furthermore, the injective map w is continuous and is, in fact, a homeomorphism onto the image
w(R?) with the topology induced by the metric on H: two delta functions 63,57 are close in H
if and only if a and b are close in R3. Furthermore, w and its inverse are smooth. It follows
that the set Mz of all delta functions 63(x) with a € R3 form a submanifold of the unit sphere
in the Hilbert space H, diffeomorphic to R3. The map w : a — d3 becomes an embedding of
R3 into H.

The map p, : H — Ly(R?) that relates Ly and H-representations and identifies the two
methods of dealing with delta-states is given by the Gaussian kernel

1\ 2
e C= (4)
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In fact, it is easy to see that p, is one-to-one. Indeed, taking various derivatives of (p, f)(x)
one can see that all Fourier coefficients of f in the basis of (multivariable) Hermite functions in
Ly(R3) vanish. Since these functions form a basis in Ly(R?), we conclude that f = 0, hence, p,
is one-to-one. Multiplying the operators (integrating the product of kernels) one can see that

_ (x=y)?

k(x,y) = (pop0)(x,y) =€ 87, (5)

which is consistent with (2) and proves that p, is an isomorphism of the Hilbert spaces Lo(R?)
and H. _

The isomorphism p, transforms delta functions §3 to Gaussian functions 63 = p,(d3), centered
at a. The image Mg of M3 under p, is an embedded submanifold of the unit sphere in La(IR?)
made of the functions gg The map wy = pyow : R3 — M7 is a diffeomorphism. Here w is
the same as before. Note that the kernel 63(x —y) of the metric on Ly(IR?) is analogous to the
Kronecker delta d;, representing the FEuclidean metric in orthogonal coordinates. The “skewed”

kernel 6_% of the metric on H is then analogous to a constant non-diagonal matrix g;
representing the Euclidean metric in linear coordinates with skewed axes.

Let r = a(t) be a path with values in R? and let ¢; = 63() be the corresponding path in
Ms. Integration by parts in (2) on this path results in the following expression for the speed of
motion in H:

i 7ok
Bxlay _y_g dt dt
_Gey)?
Here k(x,y) = e 82 asin (5), so that
0?k(x,y) 1
crxY) = — b, 7
ozioyk | _ _ 4g2* 9

where d;;, is the Kronecker delta symbol. Assuming now that the distance in R? is measured in
the units of 20, we obtain

It follows that the map w : R® — H is an isometric embedding Furthermore, the set M3 is
complete in H so that there is no vector in H orthogonal to all of Mj3. In fact, if (f,d2)g = 0,
then py(f) =0 and so f = 0, because p, is an isomorphism.

By defining the operations of addition @& and multiplication by a scalar A\® via w(a) @w(b) =
w(a+b) and A ® w(a) = w(Aa) with w as before, we obtain M3 as a vector space isomorphic
to the Euclidean space R3. Since w is an embedding, these operations are continuous in the
topology of H. Of course, the obtained vector structure on Ms is not the same as the one on
the Hilbert space H and M3 is not a subspace of H.

With the classical space in place, we can now proceed with a reformulation of Newtonian
mechanics in functional terms. The projection of velocity and acceleration of the state 52 "

(8)

onto the Euclidean space M3 yields correct Newtonian velocity and acceleration of the classical

particle: ‘
d s 0 4 _da’
(G0 —goi)) =% )

and

&2 9 &2a’
(0.5t =i (10)
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These equations follow from the chain rule

da’
83 (x — a)E (11)

%53@( —a) =

B 0
ozt

and the integration by parts in the inner products in (9) and (10).
The Newtonian dynamics of the classical particle can be derived from the principle of least
action for the action functional S on paths in H, defined by

5= [hexy) |5 P v y) | axya (12)

Here m is the mass of the particle, V' is the potential and k(x,y) = e 2% a5 in (5) with
20 = 1, to ensure (8). In fact, under the constraint ¢;(x) = §3(x —a(t)) the action (12) becomes

SHONE

which is the classical action functional for the particle. An action functional for the time-
dependent Schrodinger equation that reduces to the classical action (13) on the properly
constrained states will be introduced in section 5.

It follows that a classical particle can be considered a constrained dynamical system with
the state ¢ of the particle and the velocity of the state ‘fl—‘f as dynamical variables. A similar
realization exists for classical mechanical systems consisting of any number of particles. For
example, the map w@w : R xR? — HoH, w®w(a,b) =6 ® 5% identifies the configuration
space R? x R? of a two particle system with the embedded submanifold Mg = w ® w(R? x R3)
of the Hilbert space H ® H. Consider a path (a(t),b(t)) in R3 x R? and the corresponding
path 53(75) ® 5%(75) with values in Mg. For any ¢, the vectors %520) ® 65)(0 and 53(75) ® %5133(15)
are tangent to Mg at the point 53(75) ® 5%@) and orthogonal in H ® H. The space Mg with the

induced metric is isometric to the direct product R? x R® with the natural Euclidean metric.
Projection of velocity and acceleration of the state p(t) = 52(1&) ® 51?)(15) onto the basis vectors

(—%52@)) ® 51?)(15) and 52@) ® (—%53( t)) yields the velocity and acceleration of the particles

dt, (13)

by means of the formulas similar to (9) and (10).

3. Observables as vector fields

Quantum observables can be identified with vector fields on the space of states. Given a self-
adjoint operator A on a Hilbert space Ly of square-integrable functions (it could in particular
be the tensor product space of a many body problem) one can introduce the associated linear
vector field A, on Ly by

A, = —iAgp. (14)

If D is the domain of the operator A\, then A, maps D into the vector space Ly. Because

A is self-adjoint, the field A,, being restricted to the sphere SL2 of unit normalized states, is
tangent to the sphere. The commutator of observables and the commutator (Lie bracket) of the
corresponding vector fields are related in a simple way:

[Asm B«p] = [27 E]‘P (15)

Furthermore, a Hilbert metric on the space of states yields a Riemannian metric on the
sphere. For this, consider the realization Log of the Hilbert space Lo, i.e., the real vector space
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of pairs X = (Ret,Ime) with ¢ in Lo. If &7 are vector fields on S¥2, define a Riemannian
metric G, : T[&DSL2 X TRQDSL2 — R on the sphere by

Go(X,Y) = Re(&;n). (16)

Here X = (Re, Imé), Y = (Ren,Imn) and (&,7n) denotes the La-inner product of &, 7.

The Riemannian metric on S*2 yields a Riemannian (Fubini-Study) metric on the projective
space C'PL2_ which is the base of the fibration 7 : S¥2 — C'PL2. For this, an arbitrary tangent
vector X € T, R¢5L2 is decomposed into two components: tangent and orthogonal to the fibre
{} through ¢ (i.e., to the plane C! containing the circle S' = {¢}). The differential dm maps
the tangential component to the zero-vector. The orthogonal component of X can be then
identified with dn(X). If two vectors X,Y are orthogonal to the fibre {¢}, the inner product of
dr(X) and dn(Y) in the Fubini-Study metric is equal to the inner product of X and Y in the
metric G

(dr(X),dn(Y))rs = G4(X,Y). (17)

The resulting metrics can be used to find physically meaningful components of vector fields A,
associated with observables. Since A, is tangent to S L2 it can be decomposed into components
tangent and orthogonal to the fibre {¢} of the fibre bundle 7 : S¥2 — C'P%2. These components
have a simple physical meaning, justifying the use of the projective space CP*2. From

A = (p, Ap) = (—ip, —idp), (18)

one can see that the expected value of an observable A in state  is the projection of the vector
—idAyp € T,S%2 onto the fibre {¢}. Because

(0, A2p) = (Ap, Ap) = (—iAp, —iAp), (19)

the term (¢, A%p) is the norm of the vector —i Ay squared. The vector —iA| p = —iAp— (—iAyp)
associated with the operator A — AT is orthogonal to the fibre {}. Accordingly, the variance

AA% = (p, (A —AD)?p) = (9, A3 ) = (—iA L, —iA | p) (20)

is the norm squared of the component —iA 1. Recall that the image of this vector under dr
can be identified with the vector itself. It follows that the norm of —iA | ¢ in the Fubini-Study
metric coincides with its norm in the Riemannian metric on S¥? and in the original Ly-metric.
The Schrédinger equation
dy ~
— = —ih 21
i @ (21)
is an equation for the integral curves of the vector field —zhcp on the sphere S72. Let’s decompose
—zlup onto the components parallel and orthogonal to the fibre. The parallel component of

is numerically R B

e., the expected value of the energy. The decomposition of the velocity vector Ccll—f into the
parallel and orthogonal components is then given by

d _ ~ _ ~
ch — —iByp+—i(h—E)p=—iByp — ih,¢. (23)
By cons1der1ng the orthogonal component of (23), we see that the orthogonal component of the

Velomty %7 is equal to —ih 1. From this and equation (20) we conclude that: The speed of
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evolution of state in the projective space is equal to the uncertainty of energy. Equation (23)
also demonstrates that the physical state is driven by the operator h 1, associated with the
uncertainty in energy rather than the energy itself.

The realization of operators by vector fields yields other interesting results. For instance, the
uncertainty relation

AAAB > % (.14, Bl¢),| (24)

follows geometrically from the comparison of areas of rectangle A xy| and parallelogram Axy
formed by vectors X = —Z.;{J_QD and Y = —z'l%_(p:

Axy| = Axy. (25)
There is also an uncertainty identity, [2]:
AA’AB? = A%y + GL(X,Y). (26)

The sum on the right hand side of (26) can be written as || X||?||Y||?sin? 6 + || X||?||Y[|? cos? 6,
where 6 is the angle between X and Y. In particular, when # = 0, the uncertainty comes from
the inner product term G,(X,Y) in (26) and when 6 = 7/2, the uncertainty is due to the area
term By replacing B with a real linear combination of the operators A B (i.e., by rotating

B, in the plane through X and Y'), we can change # in any desirable way while preserving the
product AA2AB?2.

4. Commutator of observables and curvature of the sphere of states

The identification of observables with vector fields allows one to relate the commutators of

observables with the curvature of the sphere of states. To see this, consider first the space C2

of electron’s spin states. The sphere S® of unit-normalized states in C? can be identified with

the group manifold SU(2). For this, one identifies the space C? of complex vectors ¢ = [ zl ]
2

with the space M of 2 x 2 matrices

~ Al Z9
p= [ z 7 ] : (27)

The map & : ¢ —> @ is an isomorphism of (real) vector spaces C? and M. The sphere S? of
unit states in C? is identified via @ with the subset of matrices with unit determinant. The
latter subset is the group SU(2) under matrix multiplication.

The differential d& of the map & identifies the tangent space T, S® to the sphere S® at the

point e; = 1 that is, the hyperplane Rez; = 1) with the Lie algebra su(2) of traceless
0

anti-Hermitian matrices
~ 1a9 as + tay
A= ) ) 2
{ —az + tay —ias ] ’ (28)

as,az,ay € R. Under dw the basis ey = [ é }, e3 = [ (1) ], eq = [ (l) ] in the tangent space

T.,S% = R3 becomes the basis {ig3,i09,751} in the Lie algebra su(2). In particular, the real
numbers as, as, a4 acquire the meaning of coordinates of points on the tangent space Rez; = 1
in the basis {e2, e3,e4}.

The embedding of S® into C? induces the usual Riemannian metric on the sphere. A direct
verification demonstrates that this metric coincides with the Killing metric on SU(2). The latter
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metric can be defined on the tangent space T.SU(2) at the identity e (i.e., on the Lie algebra
su(2)) by (X,Y)g = %TT)??+ and then extended to the entire SU(2) by the group action.
Here ()? , 57) i denotes the Killing inner product of tangent vectors and Y+ on the right is the
Hermitian conjugate of Y. The constant 1 /2 in the Killing metric together with a proper choice
of the unit of measurement ensure the equality of the Riemannian and the Killing metrics. The
tangent space su(2) is spanned by the spin operators having the dimension of angular momentum
and measured in the units of h. Therefore the Planck system of units will be used. The spin
generators 57 = 201, 5y = 202, 53 = 03 are orthogonal in the defined metric and have a norm
equal to 1/2 in Planck units.

The integral curves of the left-invariant vector fields L ¢(p) = $X are geodesics on SU(2 (2).
They are given by @ = <poe ~iXt_In the usual coordinates on C2, the equation of these geodesics
takes the form ¢; = e Xtpg, where w(pg) = Po. The carriers of geodesics are the great
circles on the sphere 5’3. The commutators of the spin observables are directly related to the
sectional curvature of the sphere S3. This is not surprising as the non-trivial Lie bracket of
vector fields whose integral curves are geodesics can only be due to curvature of the underlying
space. If X, Y € su(2) are linearly independent generators and L ¢ <(®), Ly (p) are the associated
left-invariant vector fields, then the sectional curvature R,(p) of 53 in the plane p through

L(9), Ly(®) is given at any point @ by

Rofo) =y HEX;?]H; —. (29)
[<l 7] - (=:7)

In particular, if the generators X, Y are orthonormal in the Killing metric, (29) simplifies to

10 ~ ~ 112
Ry(p) = 7 [1X.71) - 30
NOEES [beball (30)
Using the formula (29), we obtain the following expression for the sectional curvature R, (p)
in the plane p through orthogonal vectors Lz, (p), Lz, (9):

— 4 (5,5 = 1. (31)

This means that the radius of S® in Planck units is equal to 1, confirming the isometric nature
of the isomorphism @ considered as a map from the unit sphere S in C? onto SU(2) with the
Killing metric. Note that in an arbitrary system of units the sectional curvature would be equal
to 1/h? (i.e., radius=h). The dimension of sectional curvature is consistent with the fact that
the tangent space su(2) is spanned by the spin operators.

The relation obtained between commutators of spin observables and radius of the sphere of
states can be extended to other observables. In particular, the commutator [p, Z] of position and
momentum observables of an arbitrary non-relativistic particle with states in the space La(R)
yields similarly the sectional curvature of the sphere S¥2 in Ly(R). In fact, let’s compute the
sectional curvature of the sphere S in the plane through the tangent vectors —ipy, —iZy
at a point ¢ € SL2. It is convenient to represent the action of operators p, Z in the basis

22
on(x) = mHn(x)e_T, n =0,1,2,... of the quantum harmonic oscillator. Here H,(x) are
the Hermite polynomials. Note that the vectors o, are in the domain of the operators p, =, pT
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and zp. The matrices of the operators p, T in the basis are given by

O 1 0 0 -
L |10 V2 0 -
i:T 0 vV2 0 3 - (32)
210 0 V3 o0 -
and
0 —i 0 0
L0 =20
p=—10 /2 0 —iV3 (33)
V2 0 0 V3 0

Because the operators 7, p are unbounded, the validity of such a matrix representation requires
a discussion. However, for the purpose of computing the sectional curvature it will be sufficient
to point out that the matrices (32) and (33) correctly reproduce the action of operators on all
vectors with finitely many non-vanishing components in the basis {¢,}.

Let us find the sectional curvature of the sphere SI2 at the “vacuum” point ¢n|,_, = ¢o.
For this, consider the subspace C2 C Lo(R) formed by the first two vectors of the basis. Note
that up to the coefficient %, the sub-matrices formed by the first two rows and columns of

matrices (32) and (33) coincide with the Pauli matrices 7,0y respectively. Let us introduce the
bounded operators 5,5, on Ly(R) defined by 5, = %ﬁﬂp, Spp = %&y(p for ¢ in C2, and by

Sup = 0, Sp0 = 0 for ¢ in the orthogonal complement of C? in Ly(R). Note that the action of
operators p, Z and [p, Z] on the point ¢q is correctly reproduced by the operators s, 5,

/.’E\(po = §xs00 (34)
Peo = Sppo (35)
[Pz po = [5p:5e] vo- (36)

Consider the sphere 3 = S¥2NC? with the metric induced by the inclusion. As discussed, this
metric coincides with the Killing metric on the group SU(2) = S2. The point ¢y is given in the
L The image g of the column ¢y under the isomorphism
(27) is the identity e in the group SU(2). Accordingly, one can compute the norms of the right
sides of (34), (35) and (36) in the Killing metric. Such a computation verifies that these norms are
equal to the norms of the corresponding left sides in the La-metric. For example, the norm of the

basis {¢o, ¢1} in C? by the column { L

right side of (36) in the Killing metric is given by ||@o3[0y,7.]|| c = lio:]lx = /5T (5.)? =
This coincides with the La-norm of the corresponding left side: ||[p, Z]¢ollz, = ll¢oll, = 1-
The sectional curvature of S2 in the plane through vector fields —iZy, —ipp at ¢ = ¢ is
equal to the sectional curvature R, (p) of S3 in the plane p through the fields —ig,¢, —i0yp
at this point. By (29), (34), (35) and (36), this sectional curvature is given in terms of the
Lie brakets of these fields, i.e., in terms of the commutator [p,Z] evaluated at ¢ and is equal
to 1. Because sphere has a constant sectional curvature, the same result applies to any point.
It follows that the commutator of vector fields associated with the operators of position and
momentum has the same geometric interpretation as the commutator of vector fields associated
with the operators of spin. Namely, the commutators give the sectional curvature of the sphere
of states and produce the same value 1 (A in an arbitrary system of units) for the radius of the
sphere. This provides one with a purely geometric approach to quantum observables and their
commutators in terms of vector fields on the sphere of states and their Lie bracket.
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5. Components of the velocity of state under the Schrédinger evolution

We now have all necessary ingredients to put the classical and quantum mechanics on an equal
footing and to discover their innermost relationship. From (23), we know that for any state
@ € 82 the velocity of state %‘f in the Schrodinger equation can be decomposed onto the
components parallel and orthogonal to the fibre {(} of the bundle 7 : §%2 — CPL2:

d = =
d—(’: = —iEp —ih, . (37)

The norm of the parallel component —iE¢ is the expected value of energy E. Tt represents
the phase velocity of state. The norm of the orthogonal component —ih, ¢ is equal to the
uncertainty of energy AE on the state ¢. It represents the velocity of motion of the fibre {¢}.
In particular, from (37) it follows that under the Schrédinger evolution, the speed of evolution
of state in the projective space is equal to the uncertainty in energy.

The orthogonal component —ih | ¢ of the velocity can be further decomposed into physically
meaningful components. To see this, let’s begin with an equation that follows from the
Schrédinger dynamics:

(%) (iom)-(aan)

The left hand side of (38) is the projection of the velocity of state onto the vector field
associated with the observable A. The imaginary part of the projection (the term with the
commutator [A, ﬁ]) yields the Ehrenfest theorem for a time-independent observable A. The
real part of this projection (the term with the anticommutator {X,ﬁ}) is the projection in the
sense of Riemannian metric on S*2. This Riemannian projection can be used to identify further
components of the velocity of state.

Suppose that at ¢ = 0, a microscopic particle is prepared in the state

R (39)

2mo?

1 3/4 7(x—a)2 .p(x—a)
earl®) = (202) ¢

where o is the same as in (4) and p = mvy with vy being the initial group-velocity of the
packet. Consider the subset My 5 of all initial states ap given by (39) in Ly(R3). The map
Q:R3XR3—>M§3,

Q(a7 p) = (Pap(x)v (40)
is a homeomorphism from the classical phase space onto Mg 3 with the topology induced by the
metric on Lo(R3). In fact, it is one-to-one and the points (a, p) and (b, q) are close in R? x R?
if and only if the functions ¢a p, b q are close in Ly(R3). The map Q and its inverse are also
smooth, so that Mg ; is a 6-dimensional embedded submanifold of Ly (R3) diffeomorphic to the

classical phase space.
Consider the set of all fibres of the bundle 7 : S — C P2 through the points of Mg 5. The

resulting bundle 7 : Mg 5 X St — My 5 identifies M5 with a submanifold of CP", denoted by

the same symbol. For Q(a, p) = re??, where r is the modulus and 6 is the argument of Q(a, p),

the vectors %ew and i%rcie are orthogonal in the Riemannian metric on the sphere S2.

They are also orthogonal to the fibre {¢ap} in La(R?) and can be, therefore, identified with
vectors tangent to the projective manifold Mg; at {¢ap}. The Riemannian metric induced on

M3 5 is the Fubini-Study metric on CP™2, constrained to Mg 5.
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For any path {¢} = {¢r} with values in Mg C CP*2 the norm of velocity vector dgf} in

the Fubini-Study metric is given by

H d{e} |

lda

dr

dp
dr

S

o (1)

It follows that under a proper choice of units, the map €2 is an isometry that identifies the
Euclidean phase space R? x R3 of the particle with the submanifold Mgs C CP™2 furnished
with the induced Fubini-Study metric. The map €2 is an extension of the isometric embedding
Wy = pe 0w introduced in section 2 from the classical space to the classical phase space.

The obtained embedding of the classical phase space into the space of quantum states is
phys1cally meaningful. To see this, let us first project the orthogonal component —fh 1 of the

veloc1ty 2 onto vectors tangent to the curves of constant values of p and a (classmal space and
momentum space components) in the projective manifold Mg 5. Calculation of the projection of

the velocity %f onto the unit vector —8‘9—2 # (i.e., the classical space component of Ccll—f) for an
arbitrary Hamiltonian of the form h = ——A + V( ) yields
dy or 0 dr  or vg
Rel| =X - — ¢ ==, —= = 42
(dt dac” ) —0 (dt 80,0‘) —0 20 (42)

Calculation of the projection of Velomty %7 onto the unit vector ¢ Bp a(p (momentum space
component) gives

de 00 mw“o
o 27 — 4
t=0
where oV (x)
X
a_ 44
muw 5o — (44)

and o is assumed to be small enough for the linear approximation of V(x) to be valid within
intervals of length o.

The velocity flt also contains component due to the change in o (spreading), which is
orthogonal to the fibre {¢} and the phase space M35, and is equal to

Re (‘w @) _ v2h (45)

dt’ do S8o2m

Calculation of the norm of ¢ T = ﬁﬁgo at t = 0 gives

de||? E v m2Pw?o? h?
| TE T T T T e (46)

which is the sum of squares of the found components. This completes a decomposition of the
velocity of state at any point ¢, p € M§3

For a closed system, the norm of 4 = a hgo is preserved in time. For a system in a stationary

state, this amounts to conservation of energy. In fact, in this case p;(x) = w(x)e_”?: which is
a motion along the phase circle, and

dy 2

dt

(47)
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For a closed system in any initial state, the norm of the phase component (expected energy)
and orthogonal component (energy uncertainty) of the velocity ‘é—f are both preserved.

In the linear potential approximation, valid in the considered case of small o (the choice of
o is in our hands; the largest value of o consistent with observations is related to the boundary
between classical and quantum), the first term in (46) is the square of the term

1 K2
= U+K+8m02 , (48)

2
where U = V(x4) and K = mv" are potential and kinetic energy of the packet considered as

a particle with position x, = x¢ + vot + * 2 and velocity vy = vo + wt. The last term in
parentheses in (48) accounts for the difference in energy of the packets with the same U and K,
but different values of 0. Up to a constant factor, this term equals the component of velocity
due to spreading given by (45). With the unit of length 20 given by Compton length, this term
is equal to half of the rest energy mc? of the particle, making it possible to identify the mass
with the speed of motion of state due to spreading.

From (42) and (43), and a simple consistency check showing that the rate of change of the
projection in (42) is glven by acceleration w, one can see that the phase space components of
the velocity of state E = Ihgo assume correct classical values at any point ¢ap € Mg 3. This
remains true for the time dependent potentials as well. The immediate consequence of this and
the linear nature of the Schrodinger equation is that:

Under the Schrédinger evolution with the Hamiltonian h= ——A + V(x,t), the state
constrained to Mgs C CPY moves like a point in the phase space representing a
particle in Newtonian dynamics. More generally, Newtonian dynamics of n particles is
the Schrodinger dynamics of n-particle quantum system whose state is constrained to
the phase-space submanifold Mg, s, of the projective space for Ly(R*) @ ... @ Ly(R3),
formed by tensor product states o1 @ ... ® @, with @y of the form (39).

Note again that the velocity and acceleration terms in (46) are orthogonal to the fibre {¢ap}
of the fibration 7 : S¥2 — C'P2_ showing that these Newtonian variables have to do with the
motion in the projective space C P2, The velocity of spreading is orthogonal to the fibre and
to the phase space submanifold M. Besides the derivation provided here, this can be seen
directly from the symmetry properties of the terms of the time derivative of the state function
that describes the spreading of a Gaussian wave packet. The implication of this is that the
“concentration” of state under the collapse has nothing to do with a motion in the classical
space.
Note that the functional

Sl = [0 ity ] et (19)

with h = —ﬁA + V(x,t) is the action functional for the Schrédinger equation. At the same
time, for the states ¢ constrained to the manifold Mg 4 this functional is equal to the classical
action. Namely, for ¢ varying over the states ya p of the form (39), the action S[y] is equal to

S = / [p(j; - h(p,a)} dt, (50)

where h(p,a) = % + V(a) + C is the Hamiltonian function and the constant C' is the “rest
energy” term in (48). It follows that there exists a single action functional for the classical and
quantum dynamics, which was perviously observed in a related context by John Klauder in [8].
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6. Uniqueness of extension of Newtonian dynamics to C P2
The velocity of state under the Schrodinger evolution with the Hamiltonian h = —ﬁA + V(x)
was shown to contain for the states in Mg 5 the classical velocity and acceleration (formulae (42)
and (43)). This was used to establish that Newtonian dynamics of a particle is the Schrodinger
dynamics of the system whose state is constrained to the classical phase space Mg .

On the contrary, there exists a unique extension of the Newtonian dynamics formulated on
the classical phase space Mg 5 to a unitary dynamics in the Hilbert space Ly (R3). More precisely:

Suppose that for any initial state pap of the form

1 3/4 _ (x—a)? . p(x-a)
> e 402 e’p R (51)

panl) = (

2o
there exists a path ¢ = ¢y in La(R3), passing at t = 0 through the point pap, and such
that (42) and (43) are satisfied. Suppose further that the evolution @ = ¢y is unitary, so
that, by Stone’s theorem, Cth = ‘Hgo for some self-adjoint opemtor H. It is claimed
then that the operator H is uniquely defined and is equal to ——A + V(x). In other
words, the Schrodinger evolution is the only unitary evolution on LQ(R?’) for which the

system constrained to the classical phase space Mg 4 satisfies Newtonian equations of
motion for the particle.

To prove, let us first verify that (42) and (43) imply the Ehrenfest theorem on states ¢ € My 5.
As discussed, the Ehrenfest theorem can be written in the following form:

de P
2 - - = 2
Re <dt,w> (so,m90> (52)

and J
2Re (57.5¢ ) = (~TV (). (53)
From (42) and (51) we have at ¢t = 0,
o Ao O g\ 1 (de
20_—R (dt 8ae>—aRe<dt,(a: a)®p | . (54)

Because of the unitary condition, we have Re ( - ,<p) = 0 and so (54) yields

dy P
2 a = «a = .
Re < ik (p> v - (55)

Together with (p,pp) = (¢,py) = p this gives the first Ehrenfest theorem (52) on states
p € M?‘,’ 3
Similarly, from (43), (44) and (51) we have at t = 0,

mw®o do 00 _h de i(x —a)®
R T Re (dt aa‘P>_aRe<dt’ no 7)) (56)
with oV (x)
o_ x
mw e | (57)
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On the other hand,
- ) ) x—a 1ip
pp = —ihVp = —ih <—%‘2 + h> ®. (58)

Again, from the unitary condition, we have Re (Z—f, cp) = 0 and so we can rewrite (56) as

mwto o dop
= hRe<dt,p s0>, (59)
or,
d
2Re <df,ﬁag0> = muw®. (60)

From this and (57), we get the second Ehrenfest theorem (53) on states ¢ € Mg;. Note that
the components (54) and (56) are the real and imaginary parts of the classical phase space
component of the velocity of state. In particular, the classical phase space submanifold inherits
a complex structure from C'PL2.
Now, from the derived Ehrenfest theorem and the Stone’s theorem for a unitary evolution
dp 1 =~
- ___H 61
7 FHe, (61)
we get the following equations for the unknown self-adjoint operator H , valid for all functions
@ in Mg:

=~ (6, 5%) (62)

(il 3p)
and
(.ilH,Ble) = (e, =TV (x)0). (63)

Because Mg 4 is complete in Ly (R3), there exists a unique linear extension of the operators 7,
p and —VV(x) from Mg, onto (a dense subset of) Lo(R?). Likewise, for a given operator H,
there exists a unique extension of the quadratic forms in the equations (62) and (63) from Mg
to (a dense subset of) L (R3). The resulting equations define H uniquely. That is, there exists
a unique operator H for which

(r18.3F) = - (7.51) (64)

and

(£AlHBIf) = (£, =TV () (65)

for all functions f in the dense subset D of Ls(R?), which is the common domain of all involved
operators. In fact, by choosing an orthonormal basis {e;} in D and considering (64), (65) on
functions f = eg + ¢; and f = eg + ie; we conclude that all matrix elements of the operators on
the left and right of the equations (64) and (65) must be equal. So the equations can be written
in the operator form

iH,7] = %ﬁ (66)
and R
il = —hvV (x). (67)

From (66) and (67), it then follows that, up to an irrelevant constant, H = roy V(x).

2m
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Because (42) and (43) remain true for the potentials that depend on time and the equations
used to obtain the result were considered at a fixed moment of time, the derivation remains valid
for the time-dependent potentials V' (x,t) as well. Generalization to the case of n interacting
distinguishable particles described by tensor product of states (51) is straightforward and leads

~ 2
to the Hamiltonian H =), ;Wkk + V(x1, .0y Xn).
By (40), a point ¢ap in the classical phase space M35 defines the initial position and
velocity of the particle in R3. The solution of Newton’s equations with this initial condition

defines a unique classical path (a;, p:) of the particle. Let’s call the (non-linear) operator
Ue(t,0) : Mg 3 — Mg, given by

Uec(t,0) (a0, po)) = (ar, pt) (68)

with © given by (40), the Newtonian evolution operator. It was shown that there exists a unique
unitary evolution operator Uy(t,0) : La2(R3) — Lo(R?), such that U,(t,0)pap = ¢ satisfies
(42) and (43) for all pap € Mg,. It turned out to be the usual Schrodinger evolution operator.

The domain Lo (R3) of this operator is the (closure of the) linear envelop of the domain Mg 5 of

the Newtonian evolution operator. The component of the velocity vector field % tangent

to Mg 5 gives the usual Newtonian velocity and acceleration of the particle. The meaning of the

additional components of Z—f was revealed in (46).

The obtained embedding of the classical phase space into the space of states complemented
by existence and uniqueness of extension of Newtonian to Schrodinger evolution signifies that
Newtonian dynamics found its full-fledged realization within the realm of quantum physics
governed by the Schrodinger equation. This realization is valid independently of whether it is
taken to mean the actual physical embedding or only as a mathematical representation.

7. The Born rule and the normal probability distribution

The isometric embedding of the classical space My into the space of states Lo(R?) results in a
relationship between distances in R? and in the projective space CP*2. The distance between
two points a and b in R? is ||a — b||gs. Under the embedding of the classical space into the space
of states, the variable a is represented by the state 32 The set of states 52 form a submanifold
MY in the Hilbert spaces of states Lo(R3), which is "twisted” in Lo(R?). It belongs to the sphere
S%2 and spans all dimensions of Ly(R3). The distance between the states 5;:’1, 8% on the sphere
SL2 or in the projective space C P2 is not equal to |[a — b||gs. In fact, the former distance
measures length of a geodesic between the states while the latter is obtained using the same
metric on the space of states, but applied along a geodesic in the twisted manifold Mg. The
precise relation between the two distances is given by

(a—b)?

e 40?2 =cos20(62,07), (69)

where 6 is the Fubini-Study distance between states in CP%2. The distance 6 in the projective
space of states C' P2 appears here for a good reason: the fibres of the fibration 7 : §*2 — C' P2
through the points of the classical space M§ are orthogonal to this space. This is why the
distance in Mg can be expressed in terms of the distance in CP"2. Despite the non-trivial
geometry contained in (69), the formula itself is easy to derive. The left hand side is the result
of integration in |(63,6;)[%. On the other hand, the same expression is equal to the right side of
(69) by definition of the Fubini-Study metric.

The relation (69) has an immediate implication onto the form of probability distributions
of random variables over MJ and CP%. In particular, consider a random variable v over

CP%. Suppose that the restricted random variable 53

2, equivalently, a, defined over M§ = R3
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is distributed normally on R3. Then the direction-independent probability distribution of
satisfies the Born rule for the probability of transition between arbitrary states. The opposite
is also true. In other words, we claim that:

The normal distribution law on Mg implies the Born rule on CP™. Conversely, the
Born rule on the space of states implies the normal distribution law on Mg .

The fact that the Born rule implies the normal distribution on MY is straightforward. According

to the Born rule, the probability density f(b) to find the particle in a state 5~§’; at a point b is
equal to

_ N 1 3/2 (a—b)2
RO = |G = (5z) ¢ T = sl (70)
o
which is the normal distribution function. It follows that on the elements of MJ, the Born rule

1s the rule of normal distribution. o
The Born rule on MJ can be also written in term of the probability P(d3,5;) of transition

between the states 43, 51?; in Mg:
P83, 83) = (6%, 53) " (71)
Assuming g% is sufficiently sharp, the formulas (70) and (71) mean the same thing. In fact,
(02, 05)[* = fova, (D) (A2)?, (72)

where f,_ s is the normal distribution function with standard deviation V20 and Az = V4ro?2.
This relates the probability in (71) to the normal probability density in (70) and identifies

P(63, (5{’)) with the probability of finding the macroscopic particle near the point b.

Conversely, suppose we have a rule for probability of transition between states in C'PL? which
gives the normal distribution law for the states in My§ and depends only on the distance between
states. Let’s show that this must be the Born rule. In fact, the Fubini-Study distance between
the states 63, 5% takes on all values from 0 to 7/2, which is the largest possible distance between
points in C P12, By assumption, the probability P(y,) of transition between any states ¢ and
1 depends only on the Fubini-Study distance 6(7(p), (1)) between the states. Given arbitrary

states @,1) € S¥2, let then 63, 5% be two states in M2, such that

0(w (), w(1)) = 6(33,63). (73)
It then follows that
P(p,) = P(63,63) = cos® (63, 63) = cos 8(m (), w(4))), (74)

which yields the Born rule for arbitrary states and proves the claim.

8. The Born rule for a measurement of spin

We are now in a position to compare the process of measurement in the classical and quantum
physics. First of all, the classical space and phase space are now submanifolds in the Hilbert space
of states. This allows us to use the same language when analyzing both types of measurement.
Second, the Newtonian dynamics is now a restriction of the Schrédinger dynamics to the classical
phase space submanifold. Conversely, the Schrodinger dynamics is a unique unitary extension of
the Newtonian dynamics from the classical phase space to the Hilbert space. This allows us to
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begin with a model of measurement satisfying Newton laws and extend it to a model consistent
with the rules of quantum mechanics. Finally, the normal probability law is the restriction
of the Born rule to the classical space submanifold. Conversely, the Born rule is the unique
isotropic extension of the normal probability law from the classical space to the space of states.
In particular, a classical model of measurement with a normal distribution of the measured
quantity should lead us to a model consistent with the Schrédinger dynamics and the Born rule.

Measurements performed on a macroscopic particle satisfy generically the normal distribution
law for the measured observable. This is consistent with the central limit theorem and indicates
that the specific way in which the observable was measured is not important. For example,
consider measurements of position of a particle. A common way of finding the position of a
macroscopic particle is to expose it to light of sufficiently short wavelength and to observe the
scattered photons. Due to the unknown path of the incident photons, multiple scattering events
on the particle, random change in position of the particle, etc., the process of observation can
be described by the diffusion equation with the observed position of the particle experiencing
Brownian motion from an initial point during the time of observation. This results in the normal
distribution of observed position of the particle.

The ability to describe measurements on a macroscopic particle as a diffusion seems to be a
general feature of measurements in the macro-world, independent of a particular measurement
set-up. The averaging process making the central limit theorem applicable and leading to the
normal distribution of the position random variable can be seen, for example, as the result
of random hits experienced by the particle from the surrounding particles participating in the
measurement. These random hits are equally likely to come from any direction, independent of
the initial position of the particle, leading to Brownian motion and the validity of the diffusion
equation for the probability density of the position random variable for the particle.

It is claimed now that at any time ¢, the initial state of a microscopic particle undergoing a
measurement is equally likely to shift in any direction in the tangent space to the appropriate
projective space of states. In this and the following sections it will be demonstrated that this fact
may be responsible for the validity of the Born rule for the probability of transition of quantum
states. As a model example, in this section we will derive the Born rule for a measurement of
the spin state of a non-relativistic electron.

For this, let us return to the space C? of spin 1/2 particle considered in section 4 and consider
the Pauli equation for the electron interacting with a spin-measuring device. Let us assume that
under the measurement the Stern-Gerlach interaction term in the equation drives the system, so
that other terms can be neglected. (A discussion of when the interaction term can be assumed
to drive the system is given in section 9.) In this case the Hamiltonian of interaction between the
electron and the device is given by h=— po - B, where B is the magnetic field, ¢ = (6,,0y,0)
and p = e/2m. The evolution equation for the spin states in the space C? is then given by

d ~
zh% = —uo - Byy. (75)
Using
(c-A)c-B)=A-B+icg-AxB, (76)
we obtain
(-B)* = B2 (77)

Since the matrix ¢ - B is hermitian, we have then

1
i i > uB
— (245 -Byy, - 15 -B == 78
- <hW Pt 5 10 90t> o (78)

Hd%
(C2

dt
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where B is the norm of B.

Suppose the z-component of spin of an electron in a superposition of eigenstates of o, is
measured. For instance, we could insert a screen behind a Stern-Gerlach magnet and observe
where the electron lands on the screen. When the electron interacts with the screen, it
experiences a random magnetic field created by the molecules and atoms of the screen and
their thermal motion. Because of the physical symmetry and the central limit theorem, the
components of the resulting magnetic field B can be assumed to be independent, identically
distributed, normal random variables. In this case the vector ic - B in the Lie algebra su(2) with
the Killing form is a normal random vector with an isotropic probability distribution, so that
the level surfaces of the probability density are spheres. In particular, from (75) we conclude
that any direction of the displacement ¢ of the initial spin state ¢g in the tangent space T, S3
to the sphere of states S% with the Killing metric is equally likely. Also, the distribution of the
displacements is the same for all initial states g, i.e., in all tangent spaces T;,,S 3 and is normal.

Let us look at the resulting motion of state in the projective space CP! of physical states.

For this consider the complex lines {¢} formed for each state ¢ = [ zl } by the vectors Ay,
2

A € C. Provided ¢ # 0, there is a unique point of intersection of the line {¢} with the affine

! } ,€ € Cin C2. Namely, by setting

3
][]

_ ¥
§= o1 (80)

and A = 1/p1. The map u = {¢} — £ provides a coordinate chart on C P! that identifies C P!

plane of vectors [

we obtain

excluding a point (the complex line through [ (1) ]) with the set C of complex numbers. Under

£
The algebra su(2) with the Killing form is the Euclidean space R? of vectors x = Y, #¥i5). The
stereographic projection then identifies the unit sphere S? at the origin of R? with the above
plane C plus a point, i.e., with CP" itself. Moreover, the usual metric on S? induced by its
embedding into R? is the Fubini-Study metric on C'P'. The relationship of the coordinate ¢ in
the plane C with coordinates (z! = z, 2% = y, 2% = 2) of the corresponding point on the sphere

S? is given by

the isomorphism @ in (27), the vectors [ L ] form an affine subspace in the Lie algebra su(2).

T+ 1y

= . 81
g= 1 tn (s1)
Solving this for =,y and z and using (80), one obtains:
P12 + P1P2; (82)
= i(p192 — P1p2), (83)
z = P2 — P19Py- (84)

The resulting map 7 : S — S? given by 7(¢1, p2) = (z,v, 2) is a coordinate form of the bundle
projection from the sphere of unit states in C? onto the space C P! of physical states. The map
m relates the spaces of representation of the groups SU(2) and SO(3) and maps the spin state
of a particle to a vector in R3.
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By writing ¢ = €' cosn and 2 = €"*2sin7, where 7 € [0, 5] and o, az € [0, 27), and

EIRPEC

P2 eil@a—a) gin

with A\ = e~ we obtain & = €/(®2=21) tany for the variable ¢ in (80). The resulting Hopf
coordinates (1, a1, as) are particularly useful in visualizing the fibration 7 : 3 — S2. Let
(6, ) be the usual spherical coordinates on S?. We then have § = 7 — 2 and ¢ = as — aj so
that &€ = €' cot g. By fixing 1 and letting ag — a; run, we obtain a parallel (fixed 6, varying
#) on S2. On the other hand, fixing 7 and as — a1 and varying aj + as, we specify the state
{p} € CP! while traveling around the fibre (the phase circle S*). For a fixed 7, the coordinates
as — a1 and aj + ap parametrize a torus. The volume form on S? is given by

1 1
dV = sinncosndn A day A dag = 3 sinfdf A do A do = édA A da, (86)

where a = o1 + ap and dA is the volume form on the sphere S2.

Let us now return to the motion of spin-state ¢ € S3 under a measurement of the z-component
of spin. It was argued that at the moment of observation such a motion can be described by
the equation (75) with the normal random magnetic field B. The state ¢ performs then a
random walk on the sphere S3. Since the initial state g is defined only up to a phase factor,
we are dealing with an ensemble of states with uniformly distributed phases. Furthermore,
since the evolution equation is linear, a constant initial phase factor is preserved throughout the
evolution. The random walk of the state ¢ on S can be then described in terms of a random
walk of the physical state {¢} on the sphere S? = CP. The restriction of the volume form dV’
in (86) yields the usual area form dA = sin6df A dp on S?. The distribution of the increments
d{p} in the tangent space T{%}S2 for any initial state {po} = (6o, o) is normal. Therefore,
during a sufficiently short time step 7 the density of states and therefore the probability density
function for the state is nearly Gaussian in the variables 6 — 6y, ¢ — ¢g. Disregarding the change
in the values of ¢, the marginal probability of a random move in € is then proportional to
p(0 — 6p) sin 0df, where p is Gaussian. Because z = cos 6, we have sin#df = —dz and so the
probability of steps of an equal small increment dz is approximately the same for each step,
independent of the value of z. The process can be then modeled by a simple symmetric random
walk on the z-axis.

Let then dz = +A be the step of the walk with A < 1 and the positive and negative values
being equally likely. From (84) it follows that

1+2 1-=2
o = 252, and o2 = 107 (57)
The gambler’s ruin mechanism tells us now that the probability P, for the state ¢ to reach the
state [ (1) } (z = —1) first, as a result of the described random motion is equal to
number of steps from z to — 1 1—=2 9
P = = — . 88
2 number of steps from — 1 to 1 2 2] (88)

Similarly, the probability P; that ¢ will reach the state [ (1) ] first is given by Py = |¢1|?. This

is the Born rule for transitions of spin-states.
Let us review the key parts of this derivation. First, the random walk takes place on the
space of states and is described by the Schrodinger (Pauli) equation with a random, normally
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distributed magnetic field. Because of the group symmetry, the distribution of the increments of
state under the random walk does not depend on a particular initial point o € S% (homogenuity)
or the direction in the tangent space TQOOS:)’ (isotropy). The metric on S yields the Fubini-
Study metric on CP! = S? and the volume form on S3 induces the usual area form on S2.
The probability of steps dz towards the eigenstates of &, in the random walk on the z-axis
turns out to be approximately the same for small, equally sized steps. The coefficients in the
decomposition of the state in the basis of eigenvectors determine how far the state needs to go
to reach a particular eigenstate and the probability of that event. The derivation applies to a
measurement of any component of spin. If upon reaching one of the eigenstates the state is
absorbed (say, the electron in the upper arm of the Stern-Gerlach magnet is absorbed by the
screen), the process stops.

9. The Born rule for a measurement of position

In section 7, the Born rule for transition of states in the space CPL? was derived from the
normal distribution law on the submanifold Mg . The derivation used an additional assumption
that the probability of transitions depends only on the distance between states. In section 8,
the evolution of spin-state of an electron in a random, normally distributed magnetic field was
considered. The probability distribution of the displacement vector d¢ of the spin-state was
shown to be independent of the initial state ¢g and the direction of dy in the tangent space
T {¢0}CP1. In other words, the distribution of states driven by the field may depend only on
the Fubini-Study distance between the states. It will be now argued that a measurement of the
position of a microscopic particle yields similar results. That is, the probability distribution of
the state random variable may depend only on the Fubini-Study distance between states. The
Born rule for transition of states of the particle then follows.

To be specific, consider a particle exposed to a stream of photons of sufficiently high frequency
and number density. The scattered photons are then observed to determine the position of the
particle. The field of photons in the experiment will be treated classically, as a fluctuating
potential in a region surrounding the source. Despite the classical treatment of the field and
other assumptions made about the potential, a more general proof in section 10 will confirm
that the result derived here is general.

Recall first that the space M{ 5 is complete in Ly(R3). Consider the subset of M3 5 formed
by the states

02 'R, (89)

1 3/4 _ (x_an)Q . Bmx
e
2mo?

) = (

h
V2ro
coordinates in R? x R3. The set of functions (89) is known to be also complete in La(R3). Any

state in Ly(R?) can be then represented by a linear combination of states ¢mn. (For a8 < h
the system of functions pmy is called the Gabor or Weil-Heisenberg frame.) In particular, the
initial state i of the particle can be represented by a sum

¥ =) ConPmn. (90)

m,n

where o = 270, f = and m, n take values on the lattice Z? x Z3 of points with integer

The set MY is also complete in Ly(R?). Here too there exist countable subsets of MJ that
are complete in Ly(R?). Moreover, an arbitrary initial state ¢ in Ly(IR?) can be approximated
as well as necessary by a finite discrete sum

Y Cads i, (91)
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where a is arbitrary, n € Z3, and the value of v > 0 together with the number of terms in
the sum depend on v and the needed approximation. The same is true when the Gaussian
functions in (91) are replaced with the indicator functions. Namely, taking ~ sufficiently small
and partitioning the space R3 into the cubical cells of edge 7 centered at the lattice points a—yn,

we have
¢ ~ Z Can- (92)

Here xp, is the unit-normalized indicator function of the nth cell. The potential can be written as
asum ) V; Pn, where P is the projector onto the subspace of functions with support in the nth
cell. The components V;, for different values of n will be assumed to be independent, identically
distributed, normal random variables. In the case of position measurement by scattering photons
off the particle, the component V}, can be associated with a photon in the nth cell at time ¢.

For simplicity, let us neglect the kinetic energy term in the Hamiltonian A. We will see when
the resulting approximation is valid later. Let us denote the solution of the Shrodinger equation
with the initial state ¢ by U(¢) and set V() = e_ZVthp(t), where V = (‘71&,1/1) and ¥ (0) = 1.
We then have at t =0

di

dt

where V| = V = VI , as before. This equation gives the velocity of the state ¥(¢) in the
projective space CP? at t = 0. Note that the velocity is zero where the potential ‘7J_ vanishes.
For simplicity, we will consider the case when the potential V| acts on a compact subset D
of R3. In this case, only the projection of the initial state 1) onto D will be relevant for the
outcomes of a position measurement in D. In particular, we can assume that the support of
isin D.

The set up is very similar to the one encountered in section 8. The random magnetic field B
in R3 is now replaced with the n-component random vector V| with components V,, = V,, — V.
The generators i - B of the Lie algebra su(2) are replaced with the operators Ay defined by
Ay =), VaPa — VI in the Lie algebra of the unitary group U(N), where N is the number
of cells in D. Although the operators Ay do not span the Lie algebra of the group U(N),
the one-parameter subgroups of U(N) generated by these operators sweep out the space of
states CPN~!. Furthermore, the Killing metric on U(N) yields the Fubini-Study metric on
CPN-!. Under such a realization of the symmetric space CPV~!, a particular initial state
{1} is identified with the identity of the group and the generators Ay form the tangent space
T {w}C’PN ~L. From the definition of V' and the decomposition (92), we have

= 27w, (98)

V=> ValCul” (94)

Because Y |Cp|? = 1, the mean value of the random variable V,, is zero:

E(Va — V) = E(Vin) — E(Vm) > _ |Cul* = 0. (95)

n
So the components V), are independent, identically distributed normal random variables with
the zero mean. It follows that at ¢ = 0 all directions of the velocity vector d—zf = VJ_w in

the tangent space T{w}CPN ~1 are equally likely. Furthermore, the acton of the unitary group
on CPN~1 is transitive. By moving the initial state {¢)} and the tangent space TW}CPN*l
around, we conclude that the distribution of the velocity vector is also independent of the initial
state {¢}. Tt follows that under the evolution (93), the distribution of states {¢)} can depend
only on the Fubini-Study distance between the initial and the end states.
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Let us check that the assumptions used in the derivation of the isotropy of the distribution
of the displacement random variable d1 are realistic. Suppose for example that the position of
an electron is measured by subjecting it to a stream of photons. Assume first that the initial
state of the electron belongs to the classical phase space submanifold Mg 5 of the space of states.
Suppose also that the wave length of the photons is of the order of 1nm = 10~%m (x-rays) or
larger. Let us estimate the terms of the decomposition (46) for the velocity of the state of the
electron. From the Compton scattering formula, we have for the difference in wave length of the
incoming and scattered photons

h
A=A =—(1—cos) ~ 10" ?m. 96
f mc( cos0) m (96)

The transferred energy is then

he  he
AE=—— "= ~10"27. 97
NN (97)

With the electron initially at rest, we have for the speed v acquired during the interaction

mv2

2

~ 1072, or, v ~ 10°m/s. (98)

The accuracy of position measurement is limited by the wave length. Setting o = A ~ 10™%m,
we have for the classical velocity component of ‘Z—f, given by the second term in (46)

— ~ —— =10"s"". 99

20~ 1079 i (99)
Estimating the time of interaction 7 by A/c ~ 107175, we have for the classical acceleration
component, given by the third term in (46):

mwo

= 1017571, (100)

For the spreading component, given by the last term in (46), we obtain

h

13 -1

In the estimate, the acceleration term is the largest of the three. The resolution parameter o
in the non-relativistic position measurement experiments is typically much larger than the used

value of 1nm. With the increase in o (keeping A = o), the velocity term decreases as 07%, the

. _1 . . _ .
acceleration term decreases as o~ 2 while the spreading term decreases as ¢~2. In particular,

for the scattering of visible light we have A ~ 10~®m. This gives for the electron the velocity

term of the order of 10%s~!, the acceleration term ~ 10'®s~! and the spreading term ~ 10%s1.
1
Furthermore, if the mass m increases, the value of the velocity term further decreases as m™2,

. . 1 . . _
the value of the acceleration term increases as m?2, while the spreading term decreases as m™1,

showing that the acceleration terms is by far the dominant term under these conditions.
Let us now write an arbitrary initial state ¢ as a superposition (90) of states in Mg . Then

the variation d¢ = %7‘ can be also written as a series in functions from M4, so that each

term of the series is a constant times a function in Mg 3. The initial speed v of each component
function in My 4 is limited by the speed of light c. If v is of the same order as c, then the velocity



AlP

Publishing

and acceleration terms in the component function are of the same order. However, given the
non-relativistic character of the problem, the major terms in the series correspond to v < ¢. The
spreading term in each term of the series is the same and is much smaller than the acceleration
term. Therefore, given the near-orthogonality of the terms of the series, we can neglect the
velocity and spreading parts in each term, which amounts to keeping only the potential term in
the Hamiltonian. In particular, the motion of the state in these conditions amounts to a jiggling
of the wave packet without much spreading or displacement.

Let us check now that under reasonably general measurement conditions, the periods of
a free evolution of the electron state can be neglected. In other words, interaction with the
electromagnetic field is happening continuously in time. From the number density of photons,
we can estimate the number of photons in one cubic meter of space by N ~ 2.02 x 10773
and the average energy of a photon by 2.7kpT, where kp is the Boltzmann constant and T is
temperature. For instance, taking 7' ~ 500K, we obtain N ~ 10'. The photon with the average
energy at this temperature has the wave length A ~ 10~m. Under these conditions, at any time
t there is about one photon per cube of the volume A3. So, at any t, each M3 5 component of
1 experiences the potential of a photon passing by. Given these conditions, neglecting the free
evolution of the electron state is a reasonable approximation.

Despite being heuristic, these estimates demonstrate that during the type of measurement
considered in this section, the potential term is the main term in the Hamiltonian responsible for
the dynamics of the particle under the Schrédinger evolution. On the other hand, if the number
density of photons is significantly lower, the evolution will consist of a free Schodinger evolution
combined with the periods when the state is driven by the potential term alone. We will return
to this issue in section 10, where an alternative approach to the problem will be discussed.

When measuring the position of a macroscopic particle, the observed particle is exposed
to a random potential that is responsible for the normal distribution of the position random
variable. The motion of the particle can be in this case described by the Langevin equation.
In the Hamiltonian description of interaction of a macroscopic particle with the surroundings
(as in the Ullersma model [9]), the friction term comes from a contribution of the particles in
the surroundings to the total potential in the Hamiltonian. In this sense the Langevin equation
describes the Newtonian evolution of a system of particles. On the other hand, in section 5 it
was verified that the Schrodinger evolution with the state constrained to the manifold Mg, 5,
yields the Newtonian evolution, and vice versa. So the Schrédinger equation for the particle
should be consistent with the Langevin equation. For a hint of how this relationship may work,
note that the random force term with the Gaussian distribution in the Langevin equation can
be found in the potential term Vi =V —V in (93). Namely, for the states in Mg the term

f@@b yields the gradient of the function V in a cell.

The details of the relationship between the two equations will not be discussed in this paper.
What is important here is that: (1) the distribution of the position random variable for a
macroscopic particle undergoing a position measurement is Gaussian and (2) the distribution
of states of a microscopic particle undergoing a similar measurement and exposed to the like-
potential depends only on the Fubini-Study distance from the initial state in the projective space
of states. From this and the derivation in the section 7, it follows that the probability for the
state of reaching a neighborhood of a point ¢ is given by the Born rule: P(p,v) = |(¢,¥)|*.

Given the lack of Lebesgue or any non-trivial translation-invariant measure on an infinite-
dimensional Hilbert space, one may wonder how the state would have any chance of reaching
a neighborhood of a given point in the case of an infinite-dimensional space of states C'PL2.
However, a realistic measuring device occupies a finite volume in the classical space. So the
potential created by it can only affect a bounded region D in R3. The initial state 1 of the particle
can be split onto the state 1p that is the restriction of ¢ to D and the leftover state ( = 1) —¢p.
Because the action of the potential on ( is trivial, the state ¢ in the considered approximation
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is not going to change and will not participate in the measurement (the probability for it of
reaching a detector in D is zero). By (92), the state 1p is a finite linear combination of the
indicator functions yp of the cells in D. Furthermore, under the motion in the random potential
V' described by equation (93), the state will continue to stay in the finite-dimensional linear
envelop Lp of the indicator functions of the cells in D. In particular, the Lebesgue volume of
a ball of a positive radius in Lp exists and is positive. It follows that the state ¢p has a non-
vanishing probability of reaching a neighborhood of the state 63 and the relative probabilities

of reaching neighborhoods of states Sg for different points a are given by the Born rule.

10. The motion of state under measurement

Let us now look into details of the stochastic motion of a state under a measurement. Note
that in the non-relativistic quantum mechanics, the particle, and therefore its state in a single
particle Hilbert space, cannot disappear or get created. The unitary property of evolution means
that the state can only move along the unit sphere in the space of states La(R?). To express this
conservation of states in the case of observation of position of the particle, consider the density
of states functional p;[¢;1]. Here we begin with an ensemble of particles whose initial state
belongs to a neighborhood of the state 1) on the sphere of states SL2 C Lp. The functional
ptlp; ] measures the number of states that by the time ¢ belong to a neighborhood of a state
@ C Stp_ 1t is approximately equal to the number of states in a small region around ¢ in S&P
divided by the volume of the region. Under the isometric embedding w : R — MY C Lo(R3),
the states in M{ are identified with positions of particles. So the density of states functional
ptp; ] must be an extension of the usual density of particles p;(a; b) with initial position b in
R3. In other words, we must have pi(a;b) = pi[d3; 6]

In the case of macroscopic particles, the conservation of the number of particles is expressed
in differential form by the continuity equation. For instance, if p;(a;b) is the density at a point
a € R3 of an ensemble of Brownian particles with initial position near b and j;(a;b) is the
current density of the particles at a, then

Ipt(a; b)
ot

We will assume that p;(a;b) and j;(a; b) are normalized per one particle, i.e., the densities are
divided by the number of particles. In this case, the particle density and the probability density
can be identified.

The conservation of states of an ensemble of microscopic particles is expressed by the
continuity equation that follows from the Schrodinger dynamics. This is the same equation
(102) with

+ Vji(a;b) = 0. (102)

) ih - —
= [y, and ji= o —(¥VY = $V). (103)
For the states ¢ € My 5 we obtain

p
= = |[Y|* = vpr. (104)
m

Because the restriction of Schrodinger evolution to Mg5 is the corresponding Newtonian
evolution, the function p; in (104) must be the density of particles, denoted earlier by pe(a; b).
Once again, it gives the number of particles that start on a neighborhood of b and by the time
t reach a neighborhood of a. The relation p(a;b) = p;[63; 3] tells us that p; in (103) must be
then the density of states p; [Sg, Y]. It gives the number of particles initially in a state near
found under the measurement at time ¢ in the state near J;.

We conclude that the flow of states on the space of states contains the flow of particles and
the probability flow on R? as particular cases. However, there is much more to it than just an
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abstract extension of these physical notions. For one reason, we saw in the previous section how
under a certain random potential associated with a position measurement, the initial state ¢
was equally likely to be displaced in any direction on the appropriate projective space of states.
As a result, the state was undergoing a random motion on the space of states and the probability
to find the state at a point ¢ was shown to be given by the Born rule. In terms of the density
of states functional, this result can be described as follows: we are dealing with an ensemble of
states initially positioned near the point 1 so that the density of states functional is concentrated
at the point 4. As the time goes by, the states undergo a random motion in accord with the
Schrodinger equation with a random potential and the density of states functional “spreads out”
in the space of states. As we saw, the density of states at a point ¢ depends only on the distance
from v to ¢ and satisfies the Born rule.

Also, from the Schrodinger equation and the fact that the Schrédinger dynamics constrained
to Mg 5 is equivalent to the Newtonian one, and using nothing else, we obtained the relationship

Pt[‘siﬂ/f] = Wt(a)’Z- (105)
This relationship explains the identification of |+;(a)|? with the probability density, which is one
of the postulates in quantum theory. Indeed, the probability density to find the system in a
state for an ensemble of states is proportional to the value of the density of states functional on
that state, which for the states in MY is given by (105). So |¢+(a)|? is the probability density
to find the particle near a simply because this quantity is the density of quantum states near
the point 63. If there are more states near 43, it becomes more likely to find the state under an
observation near that point.

Furthermore, the continuity equation (102) in quantum mechanics follows from the
Schrodinger equation and is true for any potential. Suppose we begin with an arbitrary random
potential V' that under the Newtonian dynamics yields the normal distribution of the position
random variable. By section 6, there is a unique extension of the Newtonian to Schrédinger
dynamics. The formula (105) asserts then the validity of the Born rule for the resulting
distribution of states undergoing the Schrodinger evolution with an arbitrary such potential V.
This conclusion extends the results of section 9, originally obtained for the potential typically
experienced by the particles in a Brownian motion. In addition, a purely geometric derivation
of the Born rule in section 7 acquires here its dynamical validation. Note also that the isotropy
of the probability distribution that needed to be assumed in the derivation of section 7 now
follows directly from the Schrodinger dynamics and its reduction to the Newtonian one.

It is important to distinguish the deterministic and the stochastic Schrédinger evolutions. The
motion of state in quantum mechanics normally follows the deterministic Schrédinger equation
with a given potential. However, as advocated here, under the conditions typically associated
with a measurement, the state evolves by the Schrodinger equation with a random potential. The
potential initiates a random motion of the state on the space of states and the resulting change
in the density functional. The difference between these two types of evolution is analogous to the
difference between the usual Newtonian motion of a macroscopic particle in a given potential and
the Brownian motion of the particle under random hits, particularly in modeling a measurement
by the diffusion. Of course, in light of the discussed relationship of Newtonian and Schrédinger
dynamics, the analogy is not surprising. Note that the typical process of measurement must
be sufficiently fast or must satisfy alternative conditions to be able to neglect the deterministic
Schrodinger evolution during the measurement. These conditions were discussed in section 9.
In the opposite case, the motion of the state will consist of the deterministic drift and a random
motion about the moving mean. The analogy with the measurement on a macroscopic particle
can serve here a guiding principle.

In the integral form, the conservation of states in Ly(R?) can be written in the following
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form:

Prirlp; Y] = /pt[so + m; 9]0l Dn, (106)

where [n] is the probability functional of the variation 7 in the state ¢ and integration goes over
all variations 7 such that ¢ +n € S¥2. When the state of the particle is constrained to Mg =TR3,
this equation must imply the usual diffusion on R3. The restriction of (106) to M means that
© =03 and n = 63 e~ 62, where € is a displacement vector in R®. As we already know, the
function p¢[33;05] = pi(a;b) is the usual density of particles in space. Let us substitute this
into (106), replace 7[n] with the equivalent probability density function () = v[03,, — 03]
and integrate over the space R3 of all possible vectors e. As in the Einstein derivation of the
Brownian motion, assume that ~y(€) is the same for all a and independent of the direction of €
(space symmetry). Therefore, the terms [ €®v(e)de and [ €*ely(e)de with k # [ vanish. It follows
as in the Einstein derivation that

dpi(a;b)

ot pt(aa b)? ( 07)

where K = 5= [ €?y(e)de is a constant.

The diffusion equation (107) describes the dynamics of an ensemble of particles in the classical
space Mg . If initially all particles in the ensemble are at the origin, then the density of the
particles at a point a € R? at time ¢ is given by

1 \2 _ a2

;0) = —— TaKt, 108
w0 = (1) e (108

In particular, for the mean-squared displacement of the Brownian particle we obtain the usual
da?

— =6K. 109

o (109)
Because the embedding of Mg into CP™ is isometric, we have a? = 62 for small values of
the distance ||a||gs (this can be also seen from (69)). Also, the density of particles is equal to
the density of states functional constrained to Mg . From this and the isotropy of the density

of states functional p; [52, 1] it follows that for the mean-squared displacement of state we must

have % = const for sufficiently small values of ¢. This observation is used in [10] to advance a

possible explanation of why the macroscopic particles are constrained to the classical space My .

11. Summary and experimental verification

The dynamics of a classical n-particle mechanical system on the classical space R? was
identified with the Schrodinger dynamics with the states constrained to the classical phase
space submanifold Mg, 5, in the space of states. Conversely, we saw that there is a unique
unitary time evolution on the space of states of a quantum system that yields Newtonian
dynamics when constrained to the classical phase space. This resulted in a tight, previously
unnoticed relationship between classical and quantum physics. Under this relationship, the
classical Euclidean space R3 is isometrically embedded into the space of states C'PL? with
the Fubini-Study metric and is identified with the submanifold M of CP*2. The Newtonian
dynamics reigns on Mg, while the Schrodinger dynamics is its unique extension to the space of
states O PL2. Vector fields on Mg have a unique extension to linear vector fields on the space of
states. Quantum observables are identified with the associated linear vector fields. Commutators
of observables are Lie brackets of the vector fields and are related to the curvature of the space
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of states. The physical quantities of velocity, acceleration and mass in Newtonian dynamics are
now components of the velocity of quantum state.

The process of measurement in quantum mechanics is now an extension of the measurement
in classical physics that itself produces a normal distribution of the measured observable and can
be described by a diffusion equation. The normal probability distribution on M{ has a unique
extension to C P2 and becomes the Born rule for the probability of transition between states.
The state under a measurement is equally likely to fluctuate in any direction on the space of
states. This fact is responsible for the validity of the Born rule for the probability of transition
of the initial state. The state is not a cloud in the classical space that somehow “shrinks” under
a measurement. Rather, the state is a point in the space of states that undergoes a random
motion with a chance of reaching certain areas of the space in the process. The evolution remains
unitary and satisfies the Schrodinger equation with a random potential without contradicting
the known “no-go” results (see [10]).

The obtained realization of the Newtonian mechanics in functional terms and the derived
relationship of the classical and quantum theories is not just a reformulation of the theory. The
results of the classical and quantum mechanics are indeed reproduced in the theory. However,
the embedding resulted in a tighter relationship between the theories. This relationship can be
experimentally tested. A meaningful relationship between Newtonian and Schrodinger dynamics
can be seen in several places. First, there is a formula (37) that yields the known result that the
speed of evolution of state is equal to the uncertainty in energy, derived in a clear geometrical
way. Further, the decomposition (46) relates Newtonian velocity and acceleration, and, for the
appropriate value of o, also the mass of a particle to the corresponding components of the velocity
of quantum state. However, these results are consistent with the Schrodinger dynamics itself
and the Ehrenfest theorem that follows from it and cannot serve a validation of the constructed
embedding.

What helps to come up with an experiment is the “rigidity” of the embedding: the extension
of the Newtonian dynamics and Newtonian models to the space of states is unique. This allows
us to approach the process of measurement in quantum theory in a new way, as an extension
of the random motion associated with a classical measurement. An important consequence of
this is the notion of a density of state functional and its derived isotropy property that can be
tested. Indeed, if several observables are measured on a particular state of a system at the same
time, we should be able to test the isotropy of the distribution of frequencies of the measured
eigenvalues. That is, the state should be seen transitioning equally frequently to the eigenstates
of different observables, positioned at the same Fubini-Study distance from the initial state. The
observation of different components of spin of a particle would probably be the easiest way to
set up such an experiment. Other possible experimental tests of the proposed embedding of the
classical into the quantum are discussed in [10].
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