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Point transformations ..

Point transformations ¢; — @); are invertible coordinate transformations in
configuration space.

Given a set of transformation relations between generalized coordinates:
G(Q1,...,Quit), i=1,...,n.

: : P Oa.
Generalized velocities: ¢;(Q1,...,Qn; Q1,-..,Qn;t) Z q] + %

Transformed Lagrangian via substitution of transformation relations:

E(Qla"'a@n;Qla"'aQna ) (qlaaqnaqlaa(hlat)

Invariance of Lagrange equations under point transformations [mex79]:

oL doL _ . 0L d oL
. . 0L . OL
Canonical momenta: p; = —, = —
a%‘ an
0
Relation between canonical momenta [mex80]: P; = Z D; 822]

Relation between Hamiltonians [mex80]:
~ B 8%
H(Qh"'uQn;PlJ"'?Pn?t) - H<q17"'7Q717p17"'7pn7 Zp]

Invariance of canonical equations under point transformations [mex82]:

oOH . OH . OH . OH
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[mex80] Effect of point transformation on Hamiltonian

Consider the point transformation ¢; = ¢;(Q1,...,Qn,t),i = 1,...,n between two sets of gen-
eralized coordinates. The original and transformed Lagrangians are L(qi,...,qn,q1,---,Gn,t) =
I~/(Q1, s Qn 01, ..., O, t). By comparing the differentials dL and dL show that the following re-
lations hold between the canonical momenta {P;}, {p;} and between the Hamiltonians H, H before
and after the transformation:

dq;
Pi(le"'7Qn7p17"'7p7lat) = ijij
J

8(]]‘

ﬁ(Ql,...,Qn,Pl,...,Pn,t) = H(Ql7-~-aQn7p17~--apnat)_ijE~
J

Solution:



[mex82] Effect of point transformation on canonical equations

Consider the point transformation ¢; = ¢;(Q1,...,Q@n,t),i = 1,...,n between two sets of general-
ized coordinates. Use the results stated in [mex80] to show (by substitution of coordinates) that
the structure of the canonical equations is the same before and after the point transformation:

. 0H . OH . oH oH

i = ) i = — i =2, Pi=- .
Q= PT o, 9T op 90

Solution:



[mex193] Hamiltonian of free particle in rotating frame

Consider a particle of mass m that is free to move in the xy-plane.

(a) Find the Hamiltonian H(r, 0, p,,pg), where x = rcosf,y = rsin#.

(b) Convert the resulting canonical equations into two 2"-order ODEs for r and 6.

(c) Perform a point transformation R = r, ¢ = 8 +wt to a rotating frame with w = const. Find the
transformed Hamiltonian H (r,é,pR,py) following the prescription derived in [mex80] and convert
the resulting canonical equations into two 2"4-order ODEs for R and ¢.

(d) Derive the equations of motion found in (c¢) from those found in (b) through direct substitution
of the transformation relations.

Solution:



Canonical Transformations s

Canonical transformations (¢;p) — (Q; P) operate in phase space.

Notation: (QJp> = (QD <5 qny Py - 7pn) etc.

Not every transformation ¢; = ¢;(Q; P;t), p; = pi(Q; P;t) preserves the
structure of the canonical equations.

Canonicity of transformation (¢;p) — (Q;P) hinges on relation between
Hamiltonians H(q; p;t) and K(Q; P;t) such that

OH . OH 5 0K, 0K
api7 pZ_ aqz (2 837 (2 an

i =
Canonicity enforced via modified Hamilton’s principle [mIn83]:
to
5/ dt | Y pid; — Hgpit)| = / dt
t1 j t1

= Y pid; - Hgpit ZPQ] K@ Pty + 2
J

ZPQJ K(Q; P;t)| = 0.

dt”

Generating function F(z;Y;t) depends on n old and n new coordinates.
For example: (2;Y) = (¢;Q), (¢; P), (1:Q), (3 P).

Total time derivative of F' has vanishing variation:
dF t

5/ at = = |oF| " =0,
t1 dt t1

Different generating functions for the same canonical transformation are re-
lated to each other via Legendre transform.

The four basic types of generating functions are
Fi(g;Qst) = F(g; Pit) — ZPQJ
= F3(p;Q;t) + ij%

= Fi(p; Pit) - ZPQﬁZm%-



Implementation of canonical transformation specified by Fi(q; Q;t):

%H@@ﬂZZerfﬂﬂ—W@nﬂ—M@PWL

J

aF’l aFl 0F1 .
; (a—q] de‘FTdeQj) ‘f‘ﬁdt = ;(pjdqj deQJ)
— [H(g;pt) — K(Q; P;t)] dt.

Comparison of coefficients yields

Oh L, OR  ,_on
qj 0Q;’ ot~

Transformation relations:

e Invert relations P;(¢; Q;t) into ¢;(Q; P;t).
e Combine relations p;(q; @, t) with ¢;(Q; P;t) to get p;(Q; P;t).

Transformed Hamiltonian:

0
o K(Q;P;t) = H(q;p;it) + + Fi(q; Q;t).

ot
Skokoskok
generating transformation transformation
function of coordinates of Hamiltonian
OF, OF, 0F,
F t = P=—— K=H+4+ —
I(Q7Qa ) Dj aq] J aQ] + ot
8F2 8F2 aFQ
Fs(q, Pt = = = — K=H+—=
0F3 OF3 0F3
F t = P=_—" K=H4+—/
3(p7 Q7 ) q] apj J aQ] + at
8F4 8F4 6F4
Fy(p, Pt = —— = K=H+4+ —




Canonicity and Volume Preservation .

[lustration for one degree of freedom (2D phase space).

Consider transformation (¢,p) — (Q, P).

Area preservation: Jacobian determinant D = 1 or, equivalently, area
inside any closed path C is invariant.

Canonicity: There exists a generating function, e.g. Fi(q, Q).

Canonicity implies area preservation:

e Given canonicity specified by Fi(q, Q).
0F; P 0F

o — p = a—q7 = —%

° = 9Q _ =0 (Q and ¢ are independent); or is finite, in general.
dq Ip
or PPy oQ
d¢  0Qdg  \dp

«= D= S e S

0(Q, P) ’ 0Q/0q 0Q/0p ’_ 0Q 0P 0Q 0P

d(q.p) OP/dq OP/Op | 0q p Op 0q

Area preservation implies canonicity:

e Transformation: p=p(q,Q) P = P(q,Q).
e Area inside closed path C: ]{ pdq = 7{ PdQ).
c c

°* = ?{ [p(q, Q)dg — P(q,Q)dQ] = 0 for arbitrary closed paths C.
c

e = Integrand must be perfect differential dF}(q, Q):

pdq — PdQ) = dF} = @dq a—gd@
oF oF
o= p(¢.Q) =7, Plg.Q) =-—+

dq GQ



[mex87] Determine canonicity and generating functions I

Consider the following transformation from a set of canonical coordinates (g,p) to a new set of

coordinates (@, P):
sinp

Qzln( ), P = qcotp.

(a) Verify that this transformation is canonical by investigating its Jacobian determinant. (b) De-
termine the generating function F3(p, Q) by integration of the total differential dF3. (¢) Determine

the generating function Fy(q, P) from F3(p, Q) via Legendre transform.

Solution:



[mex90] Determine canonicity and generating functions II

Consider the following transformation from a set of canonical coordinates (g,p) to a new set of
coordinates (@, P):
1
Q= §(q2—i—pQ)7 P = —arctan L.
p

(a) Verify that this transformation is canonical by investigating its Jacobian determinant. (b) De-
termine the generating function Fy(p, P) by integration of the total differential dFy. (c¢) Determine

the generating function Fi(q, @) from Fy(p, P) via Legendre transform.

Solution:



[mex194] Determine canonicity and generating functions III

Consider the following transformation from a set of canonical coordinates (g,p) to a new set of
coordinates (@, P):

Q =Inp, P = —qp.
(a) Verify that this transformation is canonical by investigating its Jacobian determinant. (b) De-
termine the generating function Fi (¢, Q) by integration of the total differential dF;. (c) Determine
the generating function Fy(q, P) by integration of the total differential dFy. (d) Determine the
generating function Fy(q, P) from F}(q, Q) via Legendre transform.

Solution:



[mex198] Determine canonicity and generating functions IV

Consider the following transformation from a set of canonical coordinates (g,p) to a new set of
coordinates (@, P):

Q=d¢"', P=q"p"
(a) For what values of the exponents k,l,m,n is this transformation canonical? (b) Find the
generating function Fj(q, @) for those values. (c) One canonical case cannot be covered by the
function Fi(q, Q). Why not?

Solution:



Infinitesimal canonical transformations .o

Consider a canonical transformation generated by

F2(q7 P7 E) = qP + EW(q7P;€)a
where € is a continuous parameter. The first term represents the identity
transformation.

Transformed canonical coordinates:

QO =q+c20. pO=P+l"

Generator: G(Q, P) = lir% Wi(q, P;e) (Lie generating function).
e—
Transformed canonical coordinates [to O(e)]:

oG G

Q(e>:q+ea—P, P(e) =P-<55°

Dependence of coordinates (), P on € expressed via two first-order ODEs:
Q_oG  dp_ oG "
de 0P’ de  0Q°

Solutions Q(¢), P(e) with initial conditions Q(0) = ¢, P(0) = p.

For time evolution set ¢ =t and G(Q, P) = H(Q, P).

The generator of the time evolution is the Hamiltonian and the differential
equations (1) that determine this particular canonical transformation become
the canonical equations:

0H : OH

Qzﬁ_P’ P:—%-

The volume preservation of the time evolution in phase space is expressed
by the Liouville theorem [tIn45] [tIn46].



Classical Hamiltonian system .

Consider an autonomous classical dynamical system with 3N degrees of free-
dom (e.g. N particles in a 3D box with reflecting walls). The dynamics
is fully described by 6N independent variables, e.g. by a set of canonical
coordinates qi,...,q3N; D1y - -, D3N-

The time evolution of these coordinates is specified by a Hamiltonian function

H(q1,...,q3n;D1, - -, p3n) and determined by the canonical equations:
0OH 0OH
li = , Pi=——; 1=1,...,3N
! opi P dq;
The time evolution of an arbitrary dynamical variable f(qi, ..., gsn;p1,- -, P3N)

is determined by Hamilton’s equation of motion:

f X (0f0H Of 0H\ _
Z( qz—i__pl)_2(6%6]9@_3]%6%):{]1’]_]}’

here expressed in terms of a Poisson bracket [msl30].

d,
Conserved quantity: d_]; =0 < {f,H}=0.

H
o= = 0 because {H,H} = 0.

The microstate of the system is specified by one point in the 6/N-dimensional
phase space (T'-space): X = (q1,...,43N;P1,---,P3n). As time evolves, this
point traces a trajectory through I'-space.

Energy conservation is guaranteed:

The conservation law H(q, .. .,qsn;Pp1, - - -, Pp3n) = const confines the motion
of any phase point to a 6N — 1-dimensional hypersurface in I'-space. Other
conservation laws, provided they exist, will further reduce the dimensionality
of the manifold to which phase-space trajectories are confined.

Our knowledge of the instantaneous microstate of the system is expressed by
a probability density p(X,t) in I'-space.

Normalization: /dﬁNX p(X,t) =1.
r

Instantaneous expectation value: (f) :/dGNX FX)p(X, ).
r

Maximum knowledge about microstate realized for p(X,0) = §(X — Xo).



Classical Liouville operator .

To describe the time evolution of p(X, ¢) we consider a volume V with surface
Sp in I'-space. The following equations relate the change of probability inside
Vb to the flow of probability through Sy and use Gauss’ theorem.

g / dNX p(X,t) = — ]{ ds - Xp(X,t) = — / AN X Vx - [Xp(X,1)].
t Vo So Vo

9 .
Balance equation: ap(X, t)+ Vx - [Xp(X,t)] = 0.

Use Vx-[Xp] =pVx -X+X Vxp and Vx-X =0.

= %p(X, t) + X - Vxp(X,t) = 0.

| =

o .
Introduce convective derivative: ; = g + X - Vx.

.

d
Liouville theorem: EP(X’ t)=0.

No(. O . 9p ‘iN: op OH  dp OH
" Op;

<. _ Op _ = H}.
Use Vxp Z qi 94; TP dq; Op;  Op; a%) ot}

=1 =1

3N
Liouville operator: L =i{H, } = zz <ZH 88 - ZH 88 ) .
4i Opi Di 04i

i=1
o . dp
Liouville equation: o = i{H,p} = Lp.

Formal solution: p(X,t) = e *p(X,0).

L is a Hermitian operator. Hence all its eigenvalues are real. Hence p(X,t)
cannot relax to equilibrium in any obvious way. The Liouville equation
reflects the time reversal symmetry of the underlying microscopic dynamics.
Obtaining the broken time reversal symmetry of irreversible processes from
the Liouville equation is a central problem in statistical mechanics (topic of
ergodic theory).

Nevertheless: the thermal equilibrium is described by a stationary (time-
independent) probability density:

0

Py = Lp=0 = {H,p}=0.
ot
A stationary p is an eigenfunction of L with eigenvalue zero. If p = p(H)
then {H, p} = 0. Hence p is time-independent.



[mex195] Canonicity of gauge transformation

Consider the gauge transformation L(q, ¢,t) — L(q, ¢, t) with

. . d
L(Qv q, t) = L(Q7Qa t) + %f(qat%
which we have shown in [mex21] to leave the Lagrange equations invariant. Show that this trans-

formation is canonical and find its generating function F(g, P,t). Find also the gauge-transformed

Hamiltonian H.

Solution:



[mex196] Electromagnetic gauge transformation

Consider a particle of mass m and electric charge ¢ moving (nonrelativistically) in an electromag-
netic field described by the vector potential A(r,¢) and the scalar potential ¢(r,t). Show that the

gauge transformation
’ ;. 10
A—-A'=A+Vf(rt), ¢—>¢:¢—Ea (r,t)

is a canonical transformation. Find the generating function Fs(r, P, ).

Solution:



[mex84] Check the canonicity of coordinate transformations

(a) The relations ¢ = P cos ), p = P sin @ describe a transformation between Cartesian coordiantes
and polar coordinates in the phase space of a system with one degree of freedom. Determine
whether this transformation is canonical or not. (b) Determine the values of the parameters «, 8
the linear transformation @ = ¢+ ap, P = p+ fq is canonical. (c) Verify that the transformation

Q=/p—12, P=—2q\/p—t2 to be used in [mex83] is canonical.

Solution:



[mex83] Time-dependence of generating functions

Consider the generating functions F(q, @, t) and Fy(q, P,t) = F; + QP of a time-dependent canon-
ical transformation @ = Q(q,p,t), P = P(q,p,t). (a) Show that both generating functions
have the same explicit time-dependence: OF;/0t = 0F,/0t. (b) Find the generating functions
Fi(q,Q,t) and Fs(q, P, t) for the specific transformation, which was shown in [mex84] to be canon-

ical, @ = /p — 12, P = —2qy/p — t?, and verify that 0F; /0t = 0F»/0t is indeed satisfied.

Solution:



[mex85] Canonical transformation from rest frame to moving frame

Consider a particle of mass m moving along a straight line in a scalar potential. The Hamiltonian

in the rest frame reads )
p
H(q,p) = -+ V(a).

2m

The function Fy(q, P,t) = Plg — d(t)] generates a canonical transformation between the rest frame
and a frame whose origin is displaced a distance d(t) from the origin of the rest frame. (a)
Determine the Hamiltonian K(Q, P,t) after the transformation. (b) Compare the momenta p, P
and the generalized velocities ¢, Q of the particle in the two frames. (¢) Determine the equations of
motion in the form mg = ... and mQ = ... in the two frames of reference and explain the nature
of all terms on the right-hand side of both equations.

Solution:



[mex86] Canonical transformation applied to harmonic oscillator

Subject the Hamiltonian H (g, p) of the harmonic oscillator to the canonical transformation specified
by the generating function F}(q, Q):
P’ 1 2 2 1 2
H(Qap) = % + imwoq ) Fl(QaQ) = imMOq cot Q

(a) Determine the transformation relations in the form ¢ = ¢(P,Q), p = p(P, Q). (b) Determine
the transformed Hamiltonian K(Q, P). (c) Solve the canonical equations for K(Q, P) to get the
coordinates Q(t), P(t). (d) Substitute these solutions into the transformation relations to obtain
the time evolution of the original coordinates ¢(t),p(t) for a given value of energy F.

Solution:
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