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Abstract: The idea of the normalisation of the Hamiltonian system is to simplify the system by
transforming Hamiltonian canonically to an easy system. It is under symplectic conditions that the
Hamiltonian is preserved under a specific transformation—the so-called Lie transformation. In this
review, we will show how to compute the normal form for the Hamiltonian, including computing
the general function analytically. A clear example has been studied to illustrate the normal form
theory, which can be used as a guide for arbitrary problems.
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1. Introduction

A Hamiltonian system is a dynamical system that satisfies

oH oH
ordinary differential equations (ODEs). Here, g € R" represents the coordinates of the configuration
variable (positions) and their canonically conjugate momenta p € R". The function H = H(q, p, t)
is called the Hamiltonian of System (1) with n degrees of freedom (n dof).We may write the
Hamiltonian system

y=JVH(y, )

where J is the 2n X 2n Poisson matrix J = [ I IS] and y = (g, p). Furthermore, the Hamiltonian
—1n

H possesses an equilibrium 3 (i.e., %—g(yo) = 0) at the origin in R?*. If not, we make the shift

y = 7 + y° zero. For many dynamical systems, the Hamiltonian H represents the energy in the system.
Furthermore, the Hamiltonian H will be in the form H(g, p) = T + V, where T is the kinetic energy
and V is the potential energy of the system and is a function of g alone. The energy is constant, if a
Hamiltonian does not depend explicitly on the time t:

dH _9Hdg 9Hdp _

dt " agdt Topadr Y

by (1). Hence, H(q(t),p(t)) = H(q(0),p(0)) = E. This is called conservation of energy.
Where the Hamiltonian depends on time H(qg, p, t), the energy is not conserved [1-3].

2. Methodology

Here, we will provide a brief description of the normal form of the Hamiltonian system process
using the Lie transform [4-8]. We are going to transform a given Hamiltonian H = H(q,p)
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into another Hamiltonian K = K(Q, P) which is simpler by means of a canonical transformation
Q=0Q(q,p.t)and P =P(q,p,t).

If we define the Hamiltonian function H(g, p, t) and transformed Hamiltonian function K(Q, P, t)
such that

_oH o
q—gf p= a7’ )
. 0K . oK

0=%5 P=—35 ©

then the coordinate transformation (g, p) — (Q, P), such that Q = Q(q,p,t) and P = P(q,p,t), is
the so-called canonical transformation [9]. However, in our example, we use the exterior product to
verify whether the transformations are canonical or not by using its properties [10,11]. In detail, if
A(v, w) denotes the area of the parallelogram determined by the pair of vectors v and w then A has
the following properties:

e A(v,v)=0.
o A(v,w)=—-A(w,v).

Apply these two properties in the transformation (g, p) — (Q, P) such that
w? =dgy Adpy +dga Ndpy + ...,

and
w? = dQi NdPy +dQy NdP, + ...,

n n
if - dg; Ndp; = ) dQ; AdP;, then the transformations are canonical.

i=1 i=1
Lie transformation provides a symplectic change of the variable that depends on a small parameter

as the general solution of the Hamiltonian system [4,5]. In detail, the general solution X (y, €) defines
a canonical transformation such that x = X (y) with the inverse y = Y(x), and hence X (Y(x)) = x,
where the time € maps the flow of the Hamiltonian system. It is defined by the generation function
W. [4,5] We will set time € = 1 in order to make our transformations canonical. We then have

x=X(y):=X(ye=1) = X (y)-
2.1. Generating Function

The generating function W(y, €) is an auxiliary non-autonomous Hamiltonian depending on the
parameter €, and the coordinates y = (g, p) = (41, -, qn, P1, -, Pn). The Hamiltonian system associated
with the generating function is given by

dq _ oW (y,€)

de  ap
dp _ —oW(y,€)
de 9

The general solution is written as X : (y, €) — X (y, €). For example, the solution curve through
a particular point y* can be written as

Xy 1€~ X(y*;e),

with initial condition x = (y,0) = X (y, €)|e=0 = y-
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To make sure that the transformation between the original Hamiltonian and the new one is valid,
we resort to an indirect generating function approach that can be derived from an action principle of
the form t

!
Sop = | pd—H(q,p,t)]dt.
to

Let us consider the independent variations d¢, p and ask the action to be minimized with respect
to these variations:

0=0S; = [i'[poq-+4op—SLoq— §oplar
t . .
= [, (=P = 3)oq+ (4 - 9)spldt + [psq)

Similarly, we calculate the variation of the action in P and Q:

f .0 . d
88gp = [[(~P = 55)8Q+ (0~ §5)8Pldi + [PSQI

We need to show that the integral term vanishes for any variations 6Q, P. Furthermore, the
solution to the action principle is unchanged if S;, — Sop = W|i(1), where W = W(q,t) is a function
of coordinates and time. If we use this condition of the action principle and keep both g and p fixed
at the initial and final times, then W is a function of coordinates and momenta W = W(q, p, t). To
summarize, we have demonstrated a sufficient condition for the transformation (g, p) — (Q, P) to be
a canonical transformation, if there is a function W(g, Q, ) such that

oW oW oW
where W is called a generating function. Note that if the system does not depend explicitly on time
t then the new Hamiltonian function is the same as the old Hamiltonian function. There are four
types of generating functions. All have old coordinates or old momenta and new coordinates or
new momenta, respectively. Moreover, the generating function can be determined with respect to
the normal forms. It has a different process to calculate. In the next section, we will explain the normal
form of a Hamiltonian and then provide an example to clarify the theoretical part.

2.2. Normal Form

We write the coordinate change as
x=X(y), y=YK),

with X(Y(x)) = x, where x = (x1,...,%0) = (91, Gn, P1, - Pn) and y = (y1,...,.Y2n) =
(Q1,.,Qu, Py, ..., Py). Suppose the Hamiltonian function H depends on a parameter e€:
€

i
EHi(x, €),

ngk

H =
0

where x;,1 > i > n refers to the coordinates and x;,n +1 > i > 2n refers to their conjugate momenta.
The transformed Hamiltonian K also depends on a parameter e:
(o] i 0 ei

K= ;)i—!Ki(y,e) = ;)i—!Héi) (y,€),

where x;,1 > i > n refers to the transformed coordinates and x;,n +1 > i > 2n refers to their
conjugate momenta.
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Lie transformation can be achieved by using the solution to another Hamiltonian system defined
by the generating function

W= Z Wz+1 y,€), where Wiii(y) = (7

W (ye)),

following the recursion formula

H( Hl(—]i-ll + Z ( ) 1)er+1}/ 4)

withi > 0,j > 1, and hence, Héo) = H;. The operator {-, -} is the so-called Poisson bracket of two
scalar fields: given A, B : R*" — R and is defined as the quantity

JdA 0B JA 0B
(4B} = Zaxzaxn+i‘axn+,-87ci’

where g, p are coordinates and momenta, respectively [12].
Note that W(x, €) is conserved under the transformation and can be written as W(x,e) = W(y, €).
We express the original Hamiltonian (H) in terms of the new variable (Q, P) as K = K(Q, P, €) by
means of

K(Q,P,e) = H(q(Q,P,¢),p(Q,P,¢€),¢€),

X(ye)

where X (y, €) = E S X (y,€). The coordinate change will be a near-identity map, which means that
Xo(y) = yand thus

0 €i
X(y€) =y+ ), Xy e
i=1"

A similar formula can be used to see the change of coordinates back to the old ones, which is
(o] ei
Y(x€) =x+ Z; FYilx€).
=

Here, we define the quantities Lj- as the relation between the coefficients of the various series that

are expressed in terms of intermediate quantities L; with 0 < j,i < nand j+ i = n. These quantities
can compute the transformed Hamiltonian Kj, from the original Hamiltonian H,, and other quantities
are computed by a chain of relations:

Hy=Li L =L = L) =K,.

The following recursion formula relates the terms K with those in H and W by quantities L;«

= L;ﬁ + 2 < ) Lfk, Wi}, ®)

withj > 0andi > 1[9,13,14]. ‘
The last Equation (5) has the binomial coefficient (]]() =5 (] A1k Note that the calculation of
LY makes the first term Hy and K, equal because W is a near identity transformation, and hence,

the transformation is generated [12]. In addition, the first term in the expansion for W starts with Wj.
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The normal form process can be stopped at any existing order. The Lie triangle summarizes
the recursion process [4,5]. Thus, the process and Lie triangle are as follows:

Ko: Ko=LY = Hy

Ki: Kp=LY = LY+ {w; L3}

Hy + {W1, Ho}

Li +{Wy, L}

L9+ {Wy, L§} + {Wy, L} + {Wy, LY}

Hy + {Wy, H1} + {Wa, Ho} + {Hy + {W1, Ho}, W1 }

Hp + {Wy, Hi} + {W2, Ho} + {W1, H1 } + {{Wy, Ho}, W1 }
- H2 + 2{W1,H1} + {WQ, Ho} + {{W],Ho}, Wl},

Kz:

=~
N
Il

h

NO
1

where K; is the transformed Hamiltonian and

Lg

PN

LY — L}

+ N

Ly — L — L§ (©)

! ! AN

0 , 1 N 2 N 3
L3 LZ Ll LO
t

respectively [9]. By using Lie transformations to compute the normal form, the transformed
Hamiltonian K is defined as

KZK0+K1+

In general, K is in normal form, where Kj, is the polynomial of the degree n + 2. In addition, for
any smooth function f, then

{f,Ki} =0,with i=0,1,....

This is the so-called normal form with respect to a given function. However, the same property
can be applied on its own quadratic terms, namely Kj such that {Ky, K;} = 0. Thus, the normal form

of quadratic terms K has the form
n

Ko(y) = 2/\]'(%'?]‘),
i

where g; and p; are configuration space coordinates and their conjugate momenta, respectively.
Additionally, the coefficients of products g;p; are given by the vector A = (A4, ..., A,) € C".
To sum up, assume that we have the Hamiltonian such that

H=Hy+H+..,

with Hy, is the polynomial of degree n + 2 and its coordinates denoted by x = (g, p). The aim of
normalization is to find the easiest change of coordinates

x = X(y), (canonical)

with the inverse
y =Y(x),

through the generating function W, such that the function H expressed in terms of y by means of
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with K = Ky 4 Kj + ... results in a transformed Hamiltonian K, that is in the normal form through the
degree n + 2.

The above method was first proposed by Deprit [5]. Here, we have followed the presentation
style of [9].

2.3. Computing a Generating Function W

In more detail, we provide an example to show how to find generating functions W3 and W, of
the degree three and four in formal norm [15].
Consider H to be a Hamiltonian of (1 dof). Let us expand H in power series such that

H(q,p) = Ha(q,p) + €H3(q,p) + ..., ?)

where H, (g, p) is a homogeneous polynomial of degree n in the variables (g, p). The aim is to perform
transformations canonically to make the expansion simple. We will perform all series manipulations
formally, and set € = 1 afterwards.

As we have (7), then

K - EE{WS,.}H/
[+ e{Ws,-} + S [Ws, {Ws,-}}H,
= Hy+e(Hs + {W3, Ha}) + O(e2),

where K is the transformed Hamiltonian. It is easy to see that the monomials of degree three of K can
be obtained using generating function W3 by

H3 = H3 + {W3, Hy }.

We choose the coefficients of W3 such that Hj3 is zero.
Note that if we assume x = (x1, X, ..., X, ) and k = (kq, ..., k,) € N",and we define

k
X< = xll...x’fl” and |k| =ky + ...+ kg,
hence Hz and W3 can be written as

Hy(g,p)= Y, Tl dp",

Ikq|+Ikp|=3
Wi(g,p)= Y wpr,q" kp
3\q,p kekpq P -
Ikq|+[kp|=3

We determine the coefficients such that {Ws, H,} = —Hs. Note that {Hy, -} is a linear operator
and takes the diagonal form, due to

{Ha, q1p"r} = ik — kg, ) g rp".
Hence, it is easy to find W3 such that

—hy,k
Wi(g,p)= Y. =-—tl—qhp.
|kq|+[kp|=3 l<kp N kq'w>

However, (k,w) do not vanish for any k € Z — {0}. If the components of frequency vector
w = (wy,wy,...,w;) are linearly independent and |k,| 4 |k,| = 3, then this condition is satisfied.
Once W3 has been calculated, we can compute the new coordinates as a function of the old ones and
vice versa [9,12,13].
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We rewrite the transformed Hamiltonian as function of H such that

H(q,p) = H2(q,p) + Ha(q,p) + Hs(q,p) + ...

The following step is calculating the generating function Wy to get rid of the monomials of degree
four from H. In general, this cannot be applied because { Hy, -} has some zero eigenvalues:

{H2, 4"} =0.
Thus, we can only solve the equation {Wy, Hy} = —Hy, if the form of Hy is g p*», with kg # kp:

—hyk
Wy(q,p) = Z = .#qkwk”-
kgl +kp|=4 Z<kp a kq'w>

The presented method is formal without looking at the convergence of the variables. There are
many applications presented in the series divergence. The important part of the method process is
the first orders of the transformed system, which provide interesting information due to the linear
approximation around the equilibrium. The process can be studied up to any existing order (¢) for
a good approximation [16,17]. In other words, the first order terms consist of useful information to
reduce the transformed system without being affected by the divergent character, where the general
perturbation theorem takes place.

To summarize, once the generating function W is calculated, we can derive the new coordinates as
functions of the old ones and vice versa. Additionally, the generating function W and the calculations
of Poisson brackets can be used to see the coordinates changing back to the old ones without any
additional calculations. There are some interesting examples in physics and engineering for the idea of
Hamiltonians normal forms and generating functions which can be found in the book by Sanders and
Verhulst [18]. An example follows the theoretical part for clarification.

3. Example
Let us consider the Hamiltonian function that is defined as

1 1 1
H= E(pi +py) — Ew%xz + Ewﬁyz + ax® + bxy?. (8)

Firstly, we rescale py, py, x and y such that

X

¥
q1 = Jb, q2 = Jy, P1 = WppPx, P2 = Wypy.

This rescaling is canonical and easy to check. It is also easy to see that
1
dgy = —dx, dp; = wpdpx.
Wp
According to the properties of the exterior product, the following equation holds:
dgy ANdpy = dx Ndpy.

The same can be done for all other rescalings. As a result, the Hamiltonian function becomes

1 1
H = Swy(pt = 1) + 5wy (pf + %) + awyqi + bawpwyaia3. ©
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Expression (9) can be written in a much simpler form by introducing the coordinates

1 1
Q= ﬁ(pl +q1), P = ﬁ(pl —q1),

1 . 1 .
Q= %(% —ip2), Pr= E(Pz —if2).
The same as before, these transformations are canonical and easy to verify

1
V2

1
V2

1

dpr, dQq 7

-1
dpl = 7211111 + dpl + d‘h/

5

-1

-1 1 1
APy ANdQq = qul ANdpy + 7@1 Adqgy + Edpl ANdpy + Edpl ANdqgy = dp1 Ndgs.

8 of 10

According to the normal form process (more details can be found in [9,12,13]), the Hamiltonian

function is defined as follows
H(Q,P) = Hy(Q,P) +€H3(Q,P) + ...,

thus
Hy(Q,P) = wpQ1 Py +iwyQaPs.

Next, we calculate H3 terms in the new coordinates Q1, Q», Py, P».
From the canonical transformation, we have

1 1
= — — Py), = — +1iD).
91 ﬁ(Ql 1), 92 2(Q2 2)
Hence
Hy = “i(Q3-3Q2P +3Q,P2— PY)
272\ =1 141 141 1

2
bwywy

+575 (Q1Q3 +2iQ1QP, — Q1 P2 — PyQ3 — 2iPy QP + P P3).

Now, the generating function W3 of order three associated with Hj is as follows:

Wi = mQ3+a,01Q3 +a3P} + ayPy P2 + a5Q3 Py + a6 Q1 P?
+a7Q1P3 + agP1QF 4+ a9Q1Q2 P + a19P1 Q2 P, .

The coefficients (aj, ..., a19) can be determined by setting
H; + {W3, Hy} = 0.

The coefficients have been calculated, and hence, we get

o —awg o —bwbwﬁ . aw%
YTev2 T 2w +2iw,) 62
bwy,w? 3bw? 3bw,
Gy= ot a5= 2, ag=-—7r0,
2V2(wy + 2icwy) 2V/2 22
bewyw? bwyw?

2v/2(wp, — 2iwy)’ 2v2(2iwy — wy)’
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2 02
zbwy zbwy

ag = , a0 = .
V2 V2
Thus, the normal form in our example is H, with respect to the generating function W3, whose
coefficients are presented above.

4. Conclusions

In this paper, we presented a general calculation of normal forms of Hamiltonian systems that
is quadratic polynomial in the positions only. Previously, in Section 2, we provided the Hamiltonian
normal forms theory that led to a reduced Hamiltonian number of degrees of freedom. More precisely,
the generalization of Hamiltonian normal forms theory contains a very important step—the so-called
generating function W. This function plays an important role in transforming the old Hamiltonian H
into an equivalent Hamiltonian K up to an existing order of approximation and taking into account that
the Poisson bracket of each term of the transformed Hamiltonian system K and the generating function
W will vanish. This procedure guarantees that the transformed Hamiltonian system, especially
in the first orders of the transformed system, provides interesting information due to the linear
approximation around the equilibrium. An example was provided to illustrate the theory part.
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