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Copyright statement and speaker’s release for video publishing

n The author consents to the photographic, audio and video recording
of this lecture at the CERN Accelerator School. The term “lecture”
includes any material incorporated therein including but not limited to
text, images and references.
n The author hereby grants CERN a royalty-free license to use his
image and name as well as the recordings mentioned above, in order to
post them on the CAS website.
n The material is used for the sole purpose of illustration for teaching
or scientific research. The author hereby confirms that to his best
knowledge the content of the lecture does not infringe the copyright,
intellectual property or privacy rights of any third party. The author has
cited and credited any third-party contribution in accordance with
applicable professional standards and legislation in matters of
attribution.
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Non-linear dynamics

Symplectic 
maps

Hamiltonian 
for each 
element

Particle 
Tracking

Perturbation theory, 
normal forms

Truncated Power 
Series Algebra

Analysis of  chaotic 
motion

(Frequency Map 
Analysis)

Dynamic 
aperture



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

5

Content of lecture I
nNon-linear effects and their impact
nReminder of Lagrangian and 

Hamiltonian formalism, canonical 
transformation, and symplecticity

nThe relativistic Hamiltonian for E/M 
fields

nCanonical perturbation theory and its 
limitations

nFrom linear to non-linear or from 
matrices to maps
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6

Non-linear effects
n Non-linear magnets, such as 

chromaticity sextupoles 
(especially in low emittance 
rings), octupoles,…

n Magnet imperfections and 
misalignments

n Insertion devices (wigglers, 
undulators) for synchrotron 
radiation storage rings

n Magnet fringe fields 
(especially in high-intensity 
machines)

n Power supply ripple
n Ground motion (for e+/e-)
n Electron (Ion) cloud
n Beam-beam effect (for 

colliders)
n Space-charge effect (especially 

in high-intensity machines)
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Non-linear effects affect performance
n Non-linear magnets, such as 

chromaticity sextupoles 
(especially in low emittance 
rings), octupoles,…

n Magnet imperfections and 
misalignments

n Insertion devices (wigglers, 
undulators) for synchrotron 
radiation storage rings

n Magnet fringe fields 
(especially in high-intensity 
machines)

n Power supply ripple
n Ground motion (for e+/e-)
n Electron (Ion) cloud
n Beam-beam effect (for 

colliders)
n Space-charge effect (especially 

in high-intensity machines)

n Performance impact
q Reduced injection efficiency 
q Particle losses causing

n Reduced intensity and beam 
lifetime

n Radio-activation (equipment 
maintenance and lifetime)

n Super-conducting magnet quench
n Reduced machine availability

q Emittance increase
q Reduced number of bunches, 

increased crossing angle, affecting 
luminosity (for colliders)

q Allow to damp instabilities (see 
lecture on “Landau damping”)

q Can be used for beam extraction
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8

…but also cost
n Performance impact

q Reduced injection efficiency 
q Particle losses causing

n Reduced intensity and beam 
lifetime

n Radio-activation (equipment 
maintenance and lifetime)

n Super-conducting magnet quench
n Reduced machine availability

q Emittance increase
q Reduced number of bunches, 

increased crossing angle, affecting 
luminosity (for colliders)

q Allow to damp instabilities (see 
lecture on “Landau damping”)

q Can be used for beam extraction
n Cost issues

q Magnet field quality, alignment 
tolerances

q Number of magnet corrector, 
power convertor families and 
specifications 

q Design of collimation system
q Operational efficiency (energy)

n Non-linear magnets, such as 
chromaticity sextupoles 
(especially in low emittance 
rings), octupoles,…

n Magnet imperfections and 
misalignments

n Insertion devices (wigglers, 
undulators) for synchrotron 
radiation storage rings

n Magnet fringe fields (especially 
in high-intensity machines)

n Power supply ripple
n Ground motion (for e+/e-)
n Electron (Ion) cloud
n Beam-beam effect (for 

colliders)
n Space-charge effect (especially 

in high-intensity machines)
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Reminder of Lagrangian
and Hamiltonian 

formalism
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10

Lagrangian formalism
q Describe motion of particles in qn coordinates 

(n degrees of freedom) from time t1 to time t2
q It can be achieved by the Lagrangian function 

with the 
generalized coordinates and the 
generalized velocities

L(q1, . . . , qn, q̇1, . . . , q̇n, t) (q1, . . . , qn)
(q̇1, . . . , q̇n)
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11

Lagrangian formalism
q Describe motion of particles in qn coordinates 

(n degrees of freedom) from time t1 to time t2
q It can be achieved by the Lagrangian function 

with the 
generalized coordinates and the 
generalized velocities

q The Lagrangian is defined as , i.e.
difference between kinetic and potential energy 

qThe integral 
defines the action

qHamilton’s principle: system 
evolves so as the action becomes 
extremum (principle of stationary action)

L(q1, . . . , qn, q̇1, . . . , q̇n, t) (q1, . . . , qn)
(q̇1, . . . , q̇n)

L = T � V

W =

Z
L(qi, q̇i, t)dt
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12

Euler- Lagrange equations
qBy using Hamilton’s principle, i.e. , 

over some time interval t1 and t2 for two 
stationary points (see 
appendix), the following differential 
equations for each degree of freedom are 
obtained, the Euler-Lagrange equations

qIn other words, by knowing the form of the 
Lagrangian, the equations of motion can be 
derived

d

dt

@L

@q̇i
� @L

@qi
= 0

�q(t1) = �q(t2) = 0

�W = 0
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13

Lagrangian mechanics
qFor a simple force law contained in a potential 

function, governing motion among interacting 
particles, the Lagrangian is (or as Landau-Lifshitz
put it “experience has shown that…”)

q For velocity independent potentials, Lagrange 
equations become

,

i.e. Newton’s equations.

miq̈i = �@V

@qi

<latexit sha1_base64="Rwi01HHDmUtm7Q16/kwZF2bc/KI="></latexit>

L = T � V =
nX

i=1

1

2
miq̇

2
i � V (q1, . . . , qn)
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14

From Lagrangian to Hamiltonian
q Some disadvantages of the Lagrangian formalism:

q No uniqueness: different Lagrangians can lead to same 
equations

q Physical significance not straightforward (even its basic 
form given more by “experience” and the fact that it 
actually works that way!)

q Note: Lagrangian is very useful in particle physics 
(invariant under Lorentz transformations)
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15

From Lagrangian to Hamiltonian
q Some disadvantages of the Lagrangian formalism:

q No uniqueness: different Lagrangians can lead to same 
equations

q Physical significance not straightforward (even its basic 
form given more by “experience” and the fact that it 
actually works that way!)

q Note: Lagrangian is very useful in particle physics 
(invariant under Lorentz transformations)

q Lagrangian function provides in general      second 
order differential equations (coordinate space)

qAlready observed advantage to move to system of     
first order differential equations, which are 

more straightforward to solve (phase space)
qDerived by the Hamiltonian of the system

n

2n
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16

Hamiltonian formalism
q The Hamiltonian of the system is defined as the Legendre

transformation of the Lagrangian

where the generalised momenta are pi =
@L

@q̇i

H(q,p, t) =
X

i

q̇ipi � L(q, q̇, t)



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

17

Hamiltonian formalism
q The Hamiltonian of the system is defined as the Legendre

transformation of the Lagrangian

where the generalised momenta are 

q The generalised velocities can be  expressed as a function of 
the generalised momenta if the previous equation is 
invertible, and thereby define the Hamiltonian of the system

pi =
@L

@q̇i

H(q,p, t) =
X

i

q̇ipi � L(q, q̇, t)
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18

Hamiltonian formalism
q The Hamiltonian of the system is defined as the Legendre

transformation of the Lagrangian

where the generalised momenta are 

q The generalised velocities can be  expressed as a function of 
the generalised momenta if the previous equation is 
invertible, and thereby define the Hamiltonian of the system

q Example: consider 

q From this, the momentum can be determined as 
which can be trivially inverted to provide the Hamiltonian  

pi =
@L

@q̇i

H(q,p, t) =
X

i

q̇ipi � L(q, q̇, t)

L(q, q̇) =
1

2

X

i

miq̇
2
i � V (q1, . . . , qn)

pi =
@L

@q̇i
= mq̇i

H(q,p) =
X

i

p
2
i

2mi
+ V (q1, . . . , qn)
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Hamilton’s equations
qThe equations of motion can be derived 

from the Hamiltonian following the same 
variational principle as for the Lagrangian
(“stationary” action) but also by simply 
taking the differential of the Hamiltonian 
(see appendix) 

q̇i =
@H

@pi
, ṗi = �@H

@q
,

@L

@t
= �@H

@t
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20

Hamilton’s equations
qThe equations of motion can be derived 

from the Hamiltonian following the same 
variational principle as for the Lagrangian
(“stationary” action) but also by simply 
taking the differential of the Hamiltonian 
(see appendix) 

qThese are indeed equations describing 
the motion in the “extended” phase space

q̇i =
@H

@pi
, ṗi = �@H

@q
,

@L

@t
= �@H

@t

2n+ 2

<latexit sha1_base64="m5eSN1dJGy9uK3w51YZBBH4o/90=">AAACC3icbVDLSgMxFM3UV62vUZduhhah4lhmRNRl0U2XFewD2jJk0rQNzWSmyR1hKN27ced3uHGhiFt/wF3/xvSBaPVA4Nxz7k1yjx9xpsBxxkZqaXlldS29ntnY3NreMXf3qiqMJaEVEvJQ1n2sKGeCVoABp/VIUhz4nNb8/vXEr91RqVgobiGJaCvAXcE6jGDQkmdm8wPPtZvtEJQ98IQdfVeRrsA+KR15Zs4pOFNYf4k7J7litnn8OC4mZc/81DeQOKACCMdKNVwngtYQS2CE01GmGSsaYdLHXdrQVOCAqtZwusvIOtRK2+qEUh8B1lT9OTHEgVJJ4OvOAENPLXoT8T+vEUPnsjVkIoqBCjJ7qBNzC0JrEozVZpIS4IkmmEim/2qRHpaYgI4vo0NwF1f+S6qnBfe8cHaj07hCM6TRAcqiPHLRBSqiEiqjCiLoHj2hF/RqPBjPxpvxPmtNGfOZffQLxscXF6GcKQ==</latexit>

(q1, . . . , qn, p1, . . . , pn, t,�H)
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Properties of Hamiltonian flow
q The variables are called 

canonically conjugate (or canonical) and define the 
evolution of the system in phase space

q These variables have the special property that they 
preserve volume in phase space, i.e. satisfy the 
well-known Liouville’s theorem

qThe variables used in the Lagrangian do not 
necessarily have this property

<latexit sha1_base64="m5eSN1dJGy9uK3w51YZBBH4o/90=">AAACC3icbVDLSgMxFM3UV62vUZduhhah4lhmRNRl0U2XFewD2jJk0rQNzWSmyR1hKN27ced3uHGhiFt/wF3/xvSBaPVA4Nxz7k1yjx9xpsBxxkZqaXlldS29ntnY3NreMXf3qiqMJaEVEvJQ1n2sKGeCVoABp/VIUhz4nNb8/vXEr91RqVgobiGJaCvAXcE6jGDQkmdm8wPPtZvtEJQ98IQdfVeRrsA+KR15Zs4pOFNYf4k7J7litnn8OC4mZc/81DeQOKACCMdKNVwngtYQS2CE01GmGSsaYdLHXdrQVOCAqtZwusvIOtRK2+qEUh8B1lT9OTHEgVJJ4OvOAENPLXoT8T+vEUPnsjVkIoqBCjJ7qBNzC0JrEozVZpIS4IkmmEim/2qRHpaYgI4vo0NwF1f+S6qnBfe8cHaj07hCM6TRAcqiPHLRBSqiEiqjCiLoHj2hF/RqPBjPxpvxPmtNGfOZffQLxscXF6GcKQ==</latexit>

(q1, . . . , qn, p1, . . . , pn, t,�H)
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Properties of Hamiltonian flow
q The variables are called 

canonically conjugate (or canonical) and define the 
evolution of the system in phase space

q These variables have the special property that they 
preserve volume in phase space, i.e. satisfy the 
well-known Liouville’s theorem

qThe variables used in the Lagrangian do not 
necessarily have this property

qHamilton’s equations can be written in vector form 
with

and 

qThe matrix  is called the 

symplectic matrix

ż = J ·rH(z)

2n⇥ 2n J =

✓
0 I

�I 0

◆

<latexit sha1_base64="m5eSN1dJGy9uK3w51YZBBH4o/90=">AAACC3icbVDLSgMxFM3UV62vUZduhhah4lhmRNRl0U2XFewD2jJk0rQNzWSmyR1hKN27ced3uHGhiFt/wF3/xvSBaPVA4Nxz7k1yjx9xpsBxxkZqaXlldS29ntnY3NreMXf3qiqMJaEVEvJQ1n2sKGeCVoABp/VIUhz4nNb8/vXEr91RqVgobiGJaCvAXcE6jGDQkmdm8wPPtZvtEJQ98IQdfVeRrsA+KR15Zs4pOFNYf4k7J7litnn8OC4mZc/81DeQOKACCMdKNVwngtYQS2CE01GmGSsaYdLHXdrQVOCAqtZwusvIOtRK2+qEUh8B1lT9OTHEgVJJ4OvOAENPLXoT8T+vEUPnsjVkIoqBCjJ7qBNzC0JrEozVZpIS4IkmmEim/2qRHpaYgI4vo0NwF1f+S6qnBfe8cHaj07hCM6TRAcqiPHLRBSqiEiqjCiLoHj2hF/RqPBjPxpvxPmtNGfOZffQLxscXF6GcKQ==</latexit>

(q1, . . . , qn, p1, . . . , pn, t,�H)

<latexit sha1_base64="8FcYSaV1JcG+uWg/9eq0GFLTMj4=">AAACDnicbVBLSwMxGMzWV62vVY9eQkuhYim7IupFKHrxWME+oF2WbJptQ7PZbZIV6tJf4MWDf8SLB0W8evbWf2P6QLR1IDCZ+YbkGy9iVCrLGhmppeWV1bX0emZjc2t7x9zdq8kwFphUcchC0fCQJIxyUlVUMdKIBEGBx0jd612N/fodEZKG/FYNIuIEqMOpTzFSWnLNfNLyfHg/vCj0XbvYaodKFvsuL0Y/t8jlh66Zs0rWBHCR2DOSK2dbR0+j8qDiml86jOOAcIUZkrJpW5FyEiQUxYwMM61YkgjhHuqQpqYcBUQ6yWSdIcxrpQ39UOjDFZyovxMJCqQcBJ6eDJDqynlvLP7nNWPlnzsJ5VGsCMfTh/yYQRXCcTewTQXBig00QVhQ/VeIu0ggrHSDGV2CPb/yIqkdl+zT0smNbuMSTJEGByALCsAGZ6AMrkEFVAEGD+AZvII349F4Md6Nj+loyphl9sEfGJ/fRZyd+Q==</latexit>

z = (q1, . . . , qn, p1, . . . , pn)
<latexit sha1_base64="FvNh8c27GeXPzsgdD/Q1WvwTAnY="></latexit>

r = (@q1, . . . , @qn, @p1, . . . , @pn)
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Poisson brackets
qCrucial step in study of Hamiltonian systems is 

identification of integrals of motion
q Consider  a time dependent function of phase 

space. Its time evolution is given by 

where             is the Poisson bracket of     with 

d

dt
f(p,q, t) =

nX

i=1

✓
dqi
dt

@f

@qi
+

dpi
dt

@f

@pi

◆
+

@f

@t

=
nX

i=1

✓
@H

@pi

@f

@qi
� @H

@qi

@f

@pi

◆
+

@f

@t
= [H, f ] +

@f

@t

[H, f ] f H
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Poisson brackets
qCrucial step in study of Hamiltonian systems is 

identification of integrals of motion
q Consider  a time dependent function of phase 

space. Its time evolution is given by 

where             is the Poisson bracket of     with 
qIf a quantity is explicitly time-independent and its 

Poisson bracket with the Hamiltonian vanishes (i.e.
commutes with the    ), it is a constant (or integral) 
of motion (as an autonomous Hamiltonian itself)

d

dt
f(p,q, t) =

nX

i=1

✓
dqi
dt

@f

@qi
+

dpi
dt

@f

@pi

◆
+

@f

@t

=
nX

i=1

✓
@H

@pi

@f

@qi
� @H

@qi

@f

@pi

◆
+

@f

@t
= [H, f ] +

@f

@t

[H, f ] f H

H
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Poisson brackets’ properties
qFrom the definition, and for any three given 

functions, the following properties can be shown 
bilinearity

anticommutativity

Jacobi’s identity

Leibniz’s rule
qPoisson brackets operation satisfies a Lie algebra

[af + bg, h] = a[f, h] + b[g, h] , a, b 2 R
[f, g] = �[g, f ]

[f, [g, h]] + [g, [h, f ]] + [h, [f, g]] = 0

[f, gh] = [f, g]h+ g[f, h]
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Canonical 
transformations
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Canonical Transformations
q Find a function for transforming the Hamiltonian from 

variable           to           ,  so system becomes simpler to study
q Transformation should be canonical (or symplectic), so that 

Hamiltonian properties (phase-space volume) are preserved

(q,p) (Q,P)
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Canonical Transformations
q Find a function for transforming the Hamiltonian from 

variable           to           ,  so system becomes simpler to study
q Transformation should be canonical (or symplectic), so that 

Hamiltonian properties (phase-space volume) are preserved
q These “mixed variable” generating functions are derived by

q A general non-autonomous Hamiltonian is transformed to

(q,p) (Q,P)

H(Q,P, t) = H(q,p, t) +
@Fj

@t
, j = 1, 2, 3, 4

F1(q,Q) : pi =
@F1

@qi
, Pi = �@F1

@Qi

F2(q,P) : pi =
@F2

@qi
, Qi =

@F2

@Pi

F3(Q , p) : qi = !
! F3

! pi
, Pi = !

! F3

! Qi

F4(p,P) : qi = !
! F4

! pi
, Qi =

! F4

! Pi
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Canonical Transformations
q Find a function for transforming the Hamiltonian from 

variable           to           ,  so system becomes simpler to study
q Transformation should be canonical (or symplectic), so that 

Hamiltonian properties (phase-space volume) are preserved
q These “mixed variable” generating functions are derived by

q A general non-autonomous Hamiltonian is transformed to

q One generating function can be constructed by the other 
through Legendre transformations, e.g. 

with the inner product define as              

(q,p) (Q,P)

H(Q,P, t) = H(q,p, t) +
@Fj

@t
, j = 1, 2, 3, 4

F1(q,Q) : pi =
@F1

@qi
, Pi = �@F1

@Qi

F2(q,P) : pi =
@F2

@qi
, Qi =

@F2

@Pi

F3(Q , p) : qi = !
! F3

! pi
, Pi = !

! F3

! Qi

F4(p,P) : qi = !
! F4

! pi
, Qi =

! F4

! Pi

F2(q, P) = F1(q, Q) ! Q áP , F3(Q, p) = F1(q, Q) ! q áp , . . .
q áp =

!

i

qi pi
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Preservation of Phase Volume
q A fundamental property of canonical transformations is the 

preservation of phase space volume
q This volume preservation in phase space can be represented 

in the old and new variables as! n"

i =1

dpi dqi =
! n"

i =1

dPi dQi
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Preservation of Phase Volume
q A fundamental property of canonical transformations is the 

preservation of phase space volume
q This volume preservation in phase space can be represented 

in the old and new variables as

q The volume element in old and new variables are related 
through the Jacobian

! n"

i =1

dpi dqi =
! n"

i =1

dPi dQi

n!

i =1

dpi dqi =
! (P1, . . . , Pn , Q1, . . . , Qn )
! (p1, . . . , pn , q1, . . . , qn )

n!

i =1

dPi dQi
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Preservation of Phase Volume
q A fundamental property of canonical transformations is the 

preservation of phase space volume
q This volume preservation in phase space can be represented 

in the old and new variables as

q The volume element in old and new variables are related 
through the Jacobian

q These two relationships imply that the Jacobian of a 
canonical transformation should have determinant equal to 
1

! n"

i =1

dpi dqi =
! n"

i =1

dPi dQi

n!

i =1

dpi dqi =
! (P1, . . . , Pn , Q1, . . . , Qn )
! (p1, . . . , pn , q1, . . . , qn )

n!

i =1

dPi dQi

!
!
!
!
! (P1, . . . , Pn , Q1, . . . , Qn )
! (p1, . . . , pn , q1, . . . , qn )

!
!
!
! =

!
!
!
!

! (p1, . . . , pn , q1, . . . , qn )
! (P1, . . . , Pn , Q1, . . . , Qn )

!
!
!
! = 1
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Examples of transformations
q The transformation , which interchanges

conjugate variables is area preserving, as the Jacobian is  
Q = ! p , P = q

! (P,Q )
! (p,q) =

!
!
!
!
!

! P
! p

! Q
! p

! P
! q

! Q
! q

!
!
!
!
!

=

!
!
!
!
0 ! 1
1 0

!
!
!
! = 1
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Examples of transformations
q The transformation , which interchanges

conjugate variables is area preserving, as the Jacobian is  

q On the other hand, the transformation from Cartesian to 
polar coordinates is not, since

Q = ! p , P = q

! (P,Q )
! (p,q) =

!
!
!
!
!

! P
! p

! Q
! p

! P
! q

! Q
! q

!
!
!
!
!

=

!
!
!
!
0 ! 1
1 0

!
!
!
! = 1

q = P cosQ , p = P sinQ

! (q,p)
! (Q,P ) =

!
!
!
!
! P sinQ P cosQ

cosQ sinQ

!
!
!
! = ! P
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Examples of transformations
q The transformation , which interchanges

conjugate variables is area preserving, as the Jacobian is  

q On the other hand, the transformation from Cartesian to 
polar coordinates is not, since

q There are actually “polar” coordinates that are canonical, 
given by for which

Q = ! p , P = q

! (P,Q )
! (p,q) =

!
!
!
!
!

! P
! p

! Q
! p

! P
! q

! Q
! q

!
!
!
!
!

=

!
!
!
!
0 ! 1
1 0

!
!
!
! = 1

q = P cosQ , p = P sinQ

! (q,p)
! (Q,P ) =

!
!
!
!
! P sinQ P cosQ

cosQ sinQ

!
!
!
! = ! P

! (q,p)
! (Q,P ) =

!
!
!
!
!

!
2P sinQ

!
2P cosQ

" cos Q!
2P

sin Q!
2P

!
!
!
!
!

= 1

q = !
"

2P cosQ , p =
"

2P sinQ



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

36

The Relativistic 
Hamiltonian for 

electromagnetic fields
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Single -particle relativistic Hamiltonian

qNeglecting self fields and radiation, motion can be 
described by a “single-particle” Hamiltonian

! Cartesian positions
! conjugate momenta
! magnetic vector potential
! electric scalar potential

x = ( x, y, z)
p = ( px , py , pz )
A = ( Ax , Ay , Az)

!

H (x, p, t) = c
! "

p ! e
c A (x, t)

#2
+ m2c2 + e! (x , t)
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Single -particle relativistic Hamiltonian

qNeglecting self fields and radiation, motion can be 
described by a “single-particle” Hamiltonian

! Cartesian positions
! conjugate momenta
! magnetic vector potential
! electric scalar potential

qThe ordinary kinetic momentum vector is written

with      the velocity vector and the 
relativistic factor

x = ( x, y, z)
p = ( px , py , pz )
A = ( Ax , Ay , Az)

!

P = ! mv = p ! e
c A

! = (1 ! v2/c 2)! 1/ 2v

H (x, p, t) = c
! "

p ! e
c A (x, t)

#2
+ m2c2 + e! (x , t)
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Single -particle relativistic Hamiltonian

q It is generally a 3 degrees of freedom one plus time (i.e., 4 
degrees of freedom)

q The Hamiltonian represents the total energy
H ! E = ! mc2 + e!

H (x, p, t) = c
! "

p ! e
c A (x, t)

#2
+ m2c2 + e! (x , t)
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Single -particle relativistic Hamiltonian

q It is generally a 3 degrees of freedom one plus time (i.e., 4 
degrees of freedom)

q The Hamiltonian represents the total energy

q The total kinetic momentum is

q Using Hamilton's equations

it can be shown that motion is governed by Lorentz equations

P =
!

H 2

c2 ! m2c2
" 1/ 2

( úx, úp) = [( x , p), H ]

H ! E = ! mc2 + e!

H (x, p, t) = c
! "

p ! e
c A (x, t)

#2
+ m2c2 + e! (x , t)
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The Accelerator ring 
Hamiltonian
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Canonical transformations and approximations

! Summary of canonical transformations and 
approximations for simplifying Hamiltonian 
! From Cartesian to Frenet-Serret (rotating)     

coordinate system (bending in the horizontal plane), 
useful for rings

s

Particle trajectory

!

n

b

t

x
y

"
r 0

r

(q, p) !" (Q, P) or

(x, y, z, px , py , pz ) !" (X, Y, s, Px , Py , Ps)
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Canonical transformations and approximations

! Summary of canonical transformations and 
approximations for simplifying Hamiltonian 
! From Cartesian to Frenet-Serret (rotating)   

coordinate system (bending in the horizontal plane), 
useful for rings

! Changing the independent variable from time
to the path length 

! The Hamiltonian can be considered as having 4 
degrees of freedom, where the 4th “position” is time
with conjugate momentum or  

s

<latexit sha1_base64="JxVvGvzk5BgdM4iXq9AIpY0hP8s=">AAAB7nicbVBNS8NAEJ34WetX1aOXxVbwVJIi6rHoxWMF+wFtKZvtpl262YTdiVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJnnx1IYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJRoxpsskpHu+NRwKRRvokDJO7HmNPQlb/uTu8xvP3FtRKQecRrzfkhHSgSCUbRSu1Ipoq1BqexW3TnIKvFyUoYcjUHpqzeMWBJyhUxSY7qeG2M/pRoFk3xW7CWGx5RN6Ih3LVU05Kafzs+dkXOrDEkQaVsKyVz9PZHS0Jhp6NvOkOLYLHuZ+J/XTTC46adCxQlyxRaLgkQSjEj2OxkKzRnKqSWUaWFvJWxMNWVoE8pC8JZfXiWtWtW7ql4+1Mr12zyOApzCGVyAB9dQh3toQBMYTOAZXuHNiZ0X5935WLSuOfnMCfyB8/kDvBeN3w==</latexit>

t

Pt = ! H
<latexit sha1_base64="WmQYJOYFdm57lF3Drp9OthF4LD4=">AAAB/3icbVDLSsNAFJ3UV62vqNCNm8EiuLEkIupGKHXTZQv2AU0Ik8mkHTqZhJmJUGIX/oobFz5w694vcOfGb3H6WGjrgQuHc+7l3nv8hFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v7geuy3b4mQNOY3apgQN0I9TkOKkdKSZxbrnoRX8CRzMGLQUZQFBNZGnlmyytYEcJHYM1KqFBvf9KX6UffMTyeIcRoRrjBDUnZtK1FuhoSimJFRwUklSRAeoB7paspRRKSbTe4fwSOtBDCMhS6u4ET9PZGhSMph5OvOCKm+nPfG4n9eN1XhpZtRnqSKcDxdFKYMqhiOw4ABFQQrNtQEYUH1rRD3kUBY6cgKOgR7/uVF0jot2+fls4ZOowqmyIMDcAiOgQ0uQAXUQB00AQZ34AE8gWfj3ng0Xo23aWvOmM3sgz8w3n8A4qaYcw==</latexit>

Ps = ! ÷H

Coordinate 
tranformations
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Canonical transformations and approximations

! Summary of canonical transformations and 
approximations for simplifying Hamiltonian 
! From Cartesian to Frenet-Serret (rotating)   

coordinate system (bending in the horizontal plane), 
useful for rings

! Changing the independent variable from time          
to the path length 

! Electric field set to zero, as longitudinal
(synchrotron) motion is much slower than   
transverse (betatron) one

! Consider static and transverse magnetic fields

s

<latexit sha1_base64="JxVvGvzk5BgdM4iXq9AIpY0hP8s=">AAAB7nicbVBNS8NAEJ34WetX1aOXxVbwVJIi6rHoxWMF+wFtKZvtpl262YTdiVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJnnx1IYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJRoxpsskpHu+NRwKRRvokDJO7HmNPQlb/uTu8xvP3FtRKQecRrzfkhHSgSCUbRSu1Ipoq1BqexW3TnIKvFyUoYcjUHpqzeMWBJyhUxSY7qeG2M/pRoFk3xW7CWGx5RN6Ih3LVU05Kafzs+dkXOrDEkQaVsKyVz9PZHS0Jhp6NvOkOLYLHuZ+J/XTTC46adCxQlyxRaLgkQSjEj2OxkKzRnKqSWUaWFvJWxMNWVoE8pC8JZfXiWtWtW7ql4+1Mr12zyOApzCGVyAB9dQh3toQBMYTOAZXuHNiZ0X5935WLSuOfnMCfyB8/kDvBeN3w==</latexit>

t

Coordinate 
tranformations

Field 
approximations
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Canonical transformations and approximations

! Summary of canonical transformations and 
approximations for simplifying Hamiltonian 
! From Cartesian to Frenet-Serret (rotating)   

coordinate system (bending in the horizontal plane), 
useful for rings

! Changing the independent variable from time          
to the path length 

! Electric field set to zero, as longitudinal
(synchrotron) motion is much slower than   
transverse (betatron) one

! Consider static and transverse magnetic fields
! Rescale the momentum with the reference one and 

move the origin to the periodic orbit
! For the ultra-relativistic limit

the Hamiltonian becomes 

with and

! 0 ! 1 ,
1

! 2
0 " 2 ! 0

Pt ! P0

P0
" !

s

<latexit sha1_base64="JxVvGvzk5BgdM4iXq9AIpY0hP8s=">AAAB7nicbVBNS8NAEJ34WetX1aOXxVbwVJIi6rHoxWMF+wFtKZvtpl262YTdiVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJnnx1IYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJRoxpsskpHu+NRwKRRvokDJO7HmNPQlb/uTu8xvP3FtRKQecRrzfkhHSgSCUbRSu1Ipoq1BqexW3TnIKvFyUoYcjUHpqzeMWBJyhUxSY7qeG2M/pRoFk3xW7CWGx5RN6Ih3LVU05Kafzs+dkXOrDEkQaVsKyVz9PZHS0Jhp6NvOkOLYLHuZ+J/XTTC46adCxQlyxRaLgkQSjEj2OxkKzRnKqSWUaWFvJWxMNWVoE8pC8JZfXiWtWtW7ql4+1Mr12zyOApzCGVyAB9dQh3toQBMYTOAZXuHNiZ0X5935WLSuOfnMCfyB8/kDvBeN3w==</latexit>

t

Coordinate 
tranformations

Field 
approximations

<latexit sha1_base64="MdJO57lXNfcPrKpmVYzxBCj0OhY=">AAACBnicbZC7SgNBFIZnvcZ4W7UUYTAIgiTsimgaMWihZQRzgewSZiezyZDZCzNnxbCksvFVbCwUsfUVtLPyVZxcCk38YeDjP+dw5vxeLLgCy/oyZmbn5hcWM0vZ5ZXVtXVzY7OqokRSVqGRiGTdI4oJHrIKcBCsHktGAk+wmte9GNRrt0wqHoU30IuZG5B2yH1OCWirae4IfIrzFA4cXxKaqrxqWv3U8RgQDU0zZxWsofA02GPIlc6+P+7yxcty0/x0WhFNAhYCFUSphm3F4KZEAqeC9bNOolhMaJe0WUNjSAKm3HR4Rh/vaaeF/UjqFwIeur8nUhIo1Qs83RkQ6KjJ2sD8r9ZIwC+6KQ/jBFhIR4v8RGCI8CAT3OKSURA9DYRKrv+KaYfoPEAnl9Uh2JMnT0P1sGAfF46udRrnaKQM2ka7aB/Z6ASV0BUqowqi6B49omf0YjwYT8ar8TZqnTHGM1voj4z3Hx3cm04=</latexit>

l = ! ct +
s ! s0

! 0

<latexit sha1_base64="RwGCoqhOGIbdHZqPojztJG8lcEg="></latexit>

H (x, y, l, px , py , ! ) = (1 + ! ) ! e öAs !
!

1 +
x

" (l )

" #
(1 + ! )2 ! p2

x ! p2
y
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High -energy, large ring approximation

q It is useful for study purposes (especially for 
finding an “integrable” version of the Hamiltonian) 
to make an extra approximation

q For this, transverse momenta (rescaled to the 
reference momentum) are considered to be much 
smaller than 1, i.e. the square root can be expanded.
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47

High -energy, large ring approximation

q It is useful for study purposes (especially for 
finding an “integrable” version of the Hamiltonian) 
to make an extra approximation

q For this, transverse momenta (rescaled to the 
reference momentum) are considered to be much 
smaller than 1, i.e. the square root can be expanded.

q Considering also the large machine approximation
, (dropping cubic terms), the Hamiltonian 

is simplified to  

qThis expansion may not be a good idea, especially 
for low energy, small size rings 

x << !

H =
p2

x + p2
y

2(1 + ! )
!

x(1 + ! )
" (s)

! e öAs
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General non -linear Accelerator 
Hamiltonian

n Considering the general expression of the the longitudinal 
component of the vector potential is (see appendix)
q In curvilinear coordinates (curved elements)

q In Cartesian coordinates

with the multipole coefficients being written as

n The general non-linear Hamiltonian can be written as 

with the periodic functions

As = (1 +
x

! (s)
)B0Re

!!

n =0

bn + ian

n + 1
(x + iy )n +1

As = B0Re
!!

n =0

bn + ian

n + 1
(x + iy )n +1

H (x, y, px , py , s) = H 0(x, y, px , py , s) +
!

kx ,k y

hkx ,k y (s)xkx yky

and

hkx ,k y (s) = hkx ,k y (s + C)
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Magnetic element Hamiltonians
n Dipole:

n Quadrupole:

n Sextupole:

n Octupole:

H =
x!
"

+
x2

2" 2 +
p2

x + p2
y

2(1 + ! )

H =
1
2

k1(x2 ! y2) +
p2

x + p2
y

2(1 + ! )

H =
1
3

k2(x3 ! 3xy2) +
p2

x + p2
y

2(1 + ! )

H =
1
4

k3(x4 ! 6x2y2 + y4) +
p2

x + p2
y

2(1 + ! )
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Linear magnetic fields
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Linear magnetic fields 
n Assume a simple case of linear transverse magnetic 

fields, 

q main bending field 
q normalized 

quadrupole gradient

q magnetic rigidity

Bx = b1(s)y

By = ! b0(s) + b1(s)x
,

! B0 " b0(s) = P0 c
e! (s) [T]

K (s) = b1(s) e
cP0

= b1 (s)
B ! [1/ m2]

B ! =
P0c
e

[T ám]
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Linear magnetic fields 
n Assume a simple case of linear transverse magnetic 

fields, 

q main bending field 
q normalized 

quadrupole gradient

q magnetic rigidity

n The vector potential has only a longitudinal 
component which in curvilinear coordinates is

n The previous expressions can be integrated to give

Bx = b1(s)y

By = ! b0(s) + b1(s)x
,

Bx = ! 1
1+ x

! ( s )

! A s
! y , By = 1

1+ x
! ( s )

! A s
! x

As(x, y, s) = P0 c
e

!
! x

! (s) !
"

1
! (s)2 + K (s)

#
x 2

2 + K (s) y2

2

$
= P0c öAs(x, y, s)

! B0 " b0(s) = P0 c
e! (s) [T]

K (s) = b1(s) e
cP0

= b1 (s)
B ! [1/ m2]

B ! =
P0c
e

[T ám]
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The integrable Hamiltonian
n The Hamiltonian for linear fields can be finally written as

n Hamilton’s equation are 

and they can be written as two second order uncoupled 
differential equations, i.e. Hill’s equations (see Transverse 
Dynamics lecture)

with the usual solution for 
and

H =
p2

x + p2
y

2(1+ ! ) ! x !
" (s) + x 2

2" (s)2 + K (s)
2 (x2 ! y2)

x!! +
1

1 + !

!
1

" (s)2 + K (s)
"

x =
!

" (s)

y!! !
1

1 + !
K (s)y = 0

K x

K y

dx
ds

=
px

1 + !
,

dpx

ds
=

!
" (s)

!
!

1
" 2(s)

+ K (s)
"

x

dy
ds

=
py

1 + !
,

dpy

ds
= K (s)y

u = x, y! = 0
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Action-Angle Variables
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Action-angle variables
n There is a canonical transformation to some optimal  set of 

variables which can simplify the phase-space motion 
n This set of variables are the action-angle variables
n The action vector is defined as the integral     

over closed paths in phase space.
J =

!
pdq

n
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Action-angle variables
n There is a canonical transformation to some optimal  set of 

variables which can simplify the phase-space motion 
n This set of variables are the action-angle variables
n The action vector is defined as the integral     

over closed paths in phase space.
n An integrable Hamiltonian is written as a function of only 

the actions, i.e. . Hamilton’s equations give

i.e. the actions are integrals of motion and the angles are 
evolving linearly with time, with constant frequencies 
which depend on the actions

n The actions define the surface of an invariant torus, 
topologically equivalent to the product of circles 

J =
!

pdq

H0 = H0(J)
ú! i =

" H0(J)
" Ji

= #i (J) ! ! i = #i (J)t + ! i 0

úJi = "
" H0(J)

"! i
= 0 ! Ji = const.

n
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Accelerator Hamiltonian in action -angle 
variables

n Considering on-momentum motion, the Hamiltonian can 
be written as

n The generating function from the original to action angle 
variables is

H =
p2

x + p2
y

2 + K x (s)x 2 ! K y (s)y2

2

F1(x, y, ! x , ! y ; s) = !
x2

2" x (s)
[tan ! x (s) + ax (s)] !

y2

2" y (s)
[tan ! y (s) + ay (s)]
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Accelerator Hamiltonian in action -angle 
variables

n Considering on-momentum motion, the Hamiltonian can 
be written as

n The generating function from the original to action angle 
variables is

n The old variables with respect to actions and angles are 

and the Hamiltonian takes the form

H =
p2

x + p2
y

2 + K x (s)x 2 ! K y (s)y2

2

F1(x, y, ! x , ! y ; s) = !
x2

2" x (s)
[tan ! x (s) + ax (s)] !

y2

2" y (s)
[tan ! y (s) + ay (s)]

H 0(Jx , Jy , s) = J x
! x (s) + J y

! y (s)

u(s) =
!

2! u (s)Ju cos" u (s) , pu (s) = !
"

2J u
! u (s) (sin " u (s) + #u (s) cos" u (s))
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Accelerator Hamiltonian in action -angle 
variables

n Considering on-momentum motion, the Hamiltonian can 
be written as

n The generating function from the original to action angle 
variables is

n The old variables with respect to actions and angles are 

and the Hamiltonian takes the form

n The “time” (longitudinal position) dependence can be 
eliminated by the transformation to normalized coordinate 

or with

H =
p2

x + p2
y

2 + K x (s)x 2 ! K y (s)y2

2

F1(x, y, ! x , ! y ; s) = !
x2

2" x (s)
[tan ! x (s) + ax (s)] !

y2

2" y (s)
[tan ! y (s) + ay (s)]

H 0(Jx , Jy , s) = J x
! x (s) + J y

! y (s)

u(s) =
!

2! u (s)Ju cos" u (s) , pu (s) = !
"

2J u
! u (s) (sin " u (s) + #u (s) cos" u (s))

!
U
U!

"
=

!
2J

!
cos(!" )
sin(!" )

"

! =
1

2"

!
du

#(s)
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Canonical perturbation 
theory
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Canonical perturbation theory
n Consider a general Hamiltonian with     degrees of freedom 

where the non-integrable part                      is       -periodic 
on the angles     and the “time”

n Provided that      is sufficiently small, tori should still exist
but they are distorted

n We seek a canonical transformation that could “straighten 
up'' the tori, i.e. it could transform the non-integrable part 
of the Hamiltonian (at first order in   ) to a function only of 
some new actions plus higher orders in 

H (J , ! , ! ) = H0(J) + "H1(J , ! , ! ) + O("2)
H1(J , ! , ! ) 2!
!

n

!

!
øH ( øJ ) !

!



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

62

Canonical perturbation theory
n Consider a general Hamiltonian with     degrees of freedom 

where the non-integrable part                      is       -periodic 
on the angles     and the “time”

n Provided that      is sufficiently small, tori should still exist
but they are distorted

n We seek a canonical transformation that could “straighten 
up'' the tori, i.e. it could transform the non-integrable part 
of the Hamiltonian (at first order in   ) to a function only of 
some new actions plus higher orders in 

n This can be performed by a mixed variable close to identity 
generating function
for transforming old variables to new ones

n In principle, this procedure can be carried 
to arbitrary powers of the perturbation 

H (J , ! , ! ) = H0(J) + "H1(J , ! , ! ) + O("2)
H1(J , ! , ! ) 2!
!

n

!

S( øJ , ! , ! ) = øJ á! + "S1( øJ , ! , ! ) + O("2)

!

( øJ , ø! )

øH ( øJ ) !

!
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Canonical perturbation theory
n By the canonical transformation equations (slide 19), the 

the old action and new angle can be also represented by a 
power series in 

or

!

J = øJ + !
" S1( øJ , ! , #)

" !
+ O(! 2)

ø! = ! + !
" S1( øJ , ! , #)

" øJ
+ O(! 2)

J = øJ + !
" S1( øJ , ø! , #)

" ø!
+ O(! 2)

! = ø! ! !
" S1( øJ , ø! , #)

" øJ
+ O(! 2)
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Canonical perturbation theory
n By the canonical transformation equations (slide 19), the 

the old action and new angle can be also represented by a 
power series in 

or

n The previous equations expressing the old as a function of 
the new variables assume that there is possibility to invert
the equation on the left, so that becomes a 
function of the new variables 

n The new Hamiltonian is then

n The second term is appearing because of the “time” 
dependence  through  

!

J = øJ + !
" S1( øJ , ! , #)

" !
+ O(! 2)

ø! = ! + !
" S1( øJ , ! , #)

" øJ
+ O(! 2)

J = øJ + !
" S1( øJ , ø! , #)

" ø!
+ O(! 2)

! = ø! ! !
" S1( øJ , ø! , #)

" øJ
+ O(! 2)

S1( øJ , ø! , ! )

øH ( øJ , ø! , ! ) = H (J ( øJ, ø! ) , ! ( øJ, ø! ) , ! ) + "
#S1( øJ , ø! , ! )

#!
+ O("2)

!
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Form of the generating function
n The question is what is the form of the generating function 

that eliminates the angle dependence
n The procedure is cumbersome (see appendix for details), 

but here is the final result, 

with the frequency vector
and the integers k , p != 0

S( øJ , ø! ) = øJ áø! + ! i
!

k != 0

H1k (øJ)
k á" ( øJ ) + p

ei (k áø! + p! ) + O(! 2)

! ( øJ ) =
! H0( øJ )

! øJ
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Form of the generating function
n The question is what is the form of the generating function 

that eliminates the angle dependence
n The procedure is cumbersome (see appendix for details), 

but here is the final result, 

with the frequency vector
and the integers

n If the denominator vanishes, i.e. for the resonance 
condition , the Fourier series 
coefficients (driving terms) become infinite

n It actually implies that even at first order in the 
perturbation parameter and in the vicinity of a resonance, 
it is impossible to construct a generating function for 
seeking some approximate integrals of motion

k , p != 0

S( øJ , ø! ) = øJ áø! + ! i
!

k != 0

H1k (øJ)
k á" ( øJ ) + p

ei (k áø! + p! ) + O(! 2)

! ( øJ ) =
! H0( øJ )

! øJ

k á! ( øJ ) + p = 0
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Problem of small denominators
n In principle, the technique works for arbitrary order, but the 

disentangling of variables becomes difficult even to 2nd order!!!
n The solution was given in the late 60s by introducing the Lie 

transforms (e.g.  see Deprit 1969), which are algorithmic for 
constructing generating functions and were adapted to beam 
dynamics by Dragt and Finn (1976)
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Problem of small denominators
n In principle, the technique works for arbitrary order, but the 

disentangling of variables becomes difficult even to 2nd order!!!
n The solution was given in the late 60s by introducing the Lie 

transforms (e.g.  see Deprit 1969), which are algorithmic for 
constructing generating functions and were adapted to beam 
dynamics by Dragt and Finn (1976)

n On the other hand, the problem of small denominators due to 
resonances is not just a mathematical one. The inability to 
construct solutions close to a resonance has to do with the un-
predictable nature of motion and the onset of chaos

n KAM theory (see appendix) developed the mathematical 
framework into which local solutions could be constructed 
provided some general conditions on the size of the perturbation 
and the distance of the system from resonances are satisfied

n Very difficult though to apply directly this theorem to realistic 
physical systems, such as a particle accelerator
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n The general resonance conditions is 
with order 
nFor all the polynomial field terms of a       -pole, the excited 
resonances (at first order) satisfy the condition                          
but there are also sub-resonances for which 
n For  normal (erect) multi-poles, the resonances (at first 
order) are whereas for skew 
multi-poles

General resonance conditions
nx ! x + ny ! y = p

nx + ny
2m

nx + ny = m
nx + ny < m

(nx , ny ) = ( m, 0), (m ! 2, ± 2), . . .
(nx , ny ) = ( m ! 1, ± 1), (m ! 3, ± 3), . . .
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n The general resonance conditions is 
with order 
nFor all the polynomial field terms of a       -pole, the excited 
resonances (at first order) satisfy the condition                          
but there are also sub-resonances for which 
n For  normal (erect) multi-poles, the resonances (at first 
order) are whereas for skew 
multi-poles

General resonance conditions

nIf perturbation is large, all resonances 
can be potentially excited 
n The resonance conditions form lines 
in frequency space and fill it up as the 
order grows (the rational numbers 
form a dense set inside the real 
numbers), but Fourier amplitudes 
should also decrease

nx ! x + ny ! y = p
nx + ny

2m
nx + ny = m

nx + ny < m

(nx , ny ) = ( m, 0), (m ! 2, ± 2), . . .
(nx , ny ) = ( m ! 1, ± 1), (m ! 3, ± 3), . . .
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n If lattice is made out of identical cells, and the 
perturbation follows the same periodicity, resulting in 
a reduction of the resonance conditions to the ones 
satisfying
n These are called 
systematic resonances
n Practically, any (linear)
lattice perturbation breaks 
super-periodicity and any 
random resonance can be 
excited 
nCareful choice of the 
working point is necessary

Systematic and random resonances
N

nx ! x + ny ! y = jN
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From linear to non -linear 
or 

from matrices to maps
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Linear system in beam dynamics

!"#$%"&'())

" Linear (uncoupled) transverse particle 
motion is  described by HillÕs equation

" Linear equations with s-dependent 
coefficients (harmonic oscillator with time 
dependent frequency)
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Linear system in beam dynamics

!"#$%"&'())

" In a ring (or in transport line with symmetries), 
coefficients  are periodic

" Not straightforward to derive closed analytical solutions 
for the whole acceleratorÉ

" Linear (uncoupled) transverse particle 
motion is  described by HillÕs equation

" Linear equations with s-dependent 
coefficients (harmonic oscillator with time 
dependent frequency)
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Linear system in beam dynamics

!"#$%"&'())

" In a ring (or in transport line with symmetries), 
coefficients  are periodic

" Not straightforward to derive closed analytical solutions 
for the whole acceleratorÉ 

" Ébut do we really care, in particular for a system 
composed by discrete building blocks ?

" Linear (uncoupled) transverse particle 
motion is  described by HillÕs equation

" Linear equations with s-dependent 
coefficients (harmonic oscillator with time 
dependent frequency)
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Harmonic oscillator

!

!

n Consider K(s) = k0 = constant

n Equations of harmonic 
oscillator with solution



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

77

Harmonic oscillator

!

!

n Consider K(s) = k0 = constant

n Equations of harmonic 
oscillator with solution

" Note that the solution can be written in matrix form

with
, for k0 > 0

, for k0 < 0
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n General transfer matrix from s0 to s

n Note that 
which is always true for conservative systems

Matrix formalism
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n General transfer matrix from s0 to s

n Note that 
which is always true for conservative systems

!"#$%! ! &#%! "

!"#$%! ! &#%!#

!"#$%! ! &#%!$

!"#$%! ! &#%!%

Matrix formalism

"
" !

! " ! # ! $ ! ! ""

! !

n Any line can be build by a series of matrix multiplications

n For a full ring, the matrix multiplication will provide the full 
transfer matrix for 1-turn
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n Make a coordinate transformation so that we get a simpler 
form of the matrix, i.e. ellipses are transformed to circles 
(simple rotation)

n Using linear algebra, the solution is

n This transformation can be extended to a non-linear system 
(see later) 

Linear normal forms



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

81

n Nonlinear elements can be represented by generalized 
polynomials

n For example, general magnetic fields can be represented by 
the multi-pole expansion

n Equations of motion in the horizontal plane become

n Closed solution does not exist, in principle!

Non-linear motion

x!! K x (s)x =
!

i,j

aij (s)xi yj

<latexit sha1_base64="E/3BgJyJTLu+F2LA3vARSFmJLi4=">AAACFXicbVDLSgMxFM34rPU16tJNsEgrlDJTBd0IRTeCmwr2Ae10yKRpmzbzIMlIh6E/4cZfceNCEbeCO//GdDoLbT0Q7uGce7m5xwkYFdIwvrWl5ZXVtfXMRnZza3tnV9/brws/5JjUsM983nSQIIx6pCapZKQZcIJch5GGM7qe+o0HwgX1vXsZBcRyUd+jPYqRVJKtF8f5PLy1xwVxAsfwErZF6NoxLQ4nEKmqSuJ0KIw6Q1vPGSUjAVwkZkpyIEXV1r/aXR+HLvEkZkiIlmkE0ooRlxQzMsm2Q0EChEeoT1qKesglwoqTqybwWCld2PO5ep6Eifp7IkauEJHrqE4XyYGY96bif14rlL0LK6ZeEEri4dmiXsig9OE0ItilnGDJIkUQ5lT9FeIB4ghLFWRWhWDOn7xI6uWSeVoq353lKldpHBlwCI5AAZjgHFTADaiCGsDgETyDV/CmPWkv2rv2MWtd0tKZA/AH2ucPl1Kcng==</latexit>

x !! + K x (s)x = !
By (x, y, s)

p
<latexit sha1_base64="+vkO3D2YZIMnPs6PHEE98VZKJ1o=">AAACD3icbVDLSsNAFJ3UV62vqks3g0XbYi1JFXQjlLoR3FSwD2hLmEwn7dDJg5mJJIT+gRt/xY0LRdy6deffOG2z0NYDFw7n3Mu991g+o0Lq+reWWlpeWV1Lr2c2Nre2d7K7e03hBRyTBvaYx9sWEoRRlzQklYy0fU6QYzHSskbXE7/1QLignnsvI5/0HDRwqU0xkkoys8dhPg9P4K0ZFkQRhvAKnnZtjnBcM6NCWIpKojiO/bGZzellfQq4SIyE5ECCupn96vY9HDjElZghITqG7stejLikmJFxphsI4iM8QgPSUdRFDhG9ePrPGB4ppQ9tj6tyJZyqvydi5AgROZbqdJAcinlvIv7ndQJpX/Zi6vqBJC6eLbIDBqUHJ+HAPuUESxYpgjCn6laIh0jFIVWEGRWCMf/yImlWysZZuXJ3nqvWkjjS4AAcggIwwAWoghtQBw2AwSN4Bq/gTXvSXrR37WPWmtKSmX3wB9rnD76OmgM=</latexit>
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n A generalization of the matrix (which can only describe linear 
systems), is a map, which transforms a system from some 
initial to some final coordinates

n Analyzing the map, will give useful information about the 
behavior of the system

! There are different ways to build the map: 
q Taylor (Power) maps
q Lie transformations (see Lecture II)

q Truncated Power Series Algebra (TPSA), can generate 
maps from straight -forward tracking (see E. Forest lecture)

! Preservation of symplecticity is important

Maps
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n For a thin quadrupole the equivalent map can be written

or through the matrix M, as

" For a thin sextupole, we can right the coordinate 
transformation as

or where now is a non-linear map.  

Building a non-linear map

M
<latexit sha1_base64="61hH2i6tgRE8UAZ2RhJVVvHi2NY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiFy9CBfsBbSiT7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH49uZ335iSvNYPppJwvwIh5KHnKKxUrtHUWT303654lbdOcgq8XJSgRyNfvmrN4hpGjFpqECtu56bGD9DZTgVbFrqpZolSMc4ZF1LJUZM+9n83Ck5s8qAhLGyJQ2Zq78nMoy0nkSB7YzQjPSyNxP/87qpCa/9jMskNUzSxaIwFcTEZPY7GXDFqBETS5Aqbm8ldIQKqbEJlWwI3vLLq6RVq3oX1drDZaV+k8dRhBM4hXPw4ArqcAcNaAKFMTzDK7w5ifPivDsfi9aCk88cwx84nz9cTo+V</latexit>
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n A general representation for the map for the horizontal 
position can be 

or, in a more compact form up to 3rd order, for 

Building a Taylor Map

j = 1 , . . . , 6
<latexit sha1_base64="BQzEJzuPZOezJMKh2R7/M5qnOhQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KGWmiroRim5cVrAPmA4lk2ba2EwyJHeEMvQz3LhQxK1f486/MX0stPVA4HDOPeTeEyaCG3Ddbye3srq2vpHfLGxt7+zuFfcPmkalmrIGVULpdkgME1yyBnAQrJ1oRuJQsFY4vJ34rSemDVfyAUYJC2LSlzzilICV/Mdrr9zpKTDli26x5FbcKfAy8eakhOaod4tfNknTmEmgghjje24CQUY0cCrYuNBJDUsIHZI+8y2VJGYmyKYrj/GJVXo4Uto+CXiq/k5kJDZmFId2MiYwMIveRPzP81OIroKMyyQFJunsoygVGBSe3I97XDMKYmQJoZrbXTEdEE0o2JYKtgRv8eRl0qxWvLNK9f68VLuZ15FHR+gYnSIPXaIaukN11EAUKfSMXtGbA86L8+58zEZzzjxziP7A+fwB/H6QaA==</latexit>

znew
j =

6!

k=1

Rjk zk +
6!

k=1

6!

l =1

Tjkl zk zl +
6!

k=1

6!

l =1

6!

m =1

Ujklm zk zl zm

<latexit sha1_base64="gL2TPXOQsRFuUuMqLzjwrb7oPX8="></latexit>
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n For a sextupole in one plane the representation is written as

or in general for a sextupole of length      and strength

Taylor map for a sextupole

L
<latexit sha1_base64="QE9oDXOSeRcavWmZZHNQHB2S4vk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCk14zU</latexit>

k2
<latexit sha1_base64="L0pxogbG3u7cVl46PjHJ9DiDAgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO7X+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6pY2Y</latexit>

n But what about symplecticity? 
n Need to introduce Hamiltonian formalism
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Content of lecture II
! Lie formalism for building maps

! Symplectic integration
! Normal forms for non-linear 

systems
! Truncated Power Series through 

differential Algebra
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Lie Transformations
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Symplectic maps
n Consider two sets of canonical variables which 

may be even considered as the evolution of the system 
between two points in phase space

n A transformation from the one to the other set can be 
constructed through a map 

n The Jacobian matrix of the map is 

composed by the elements

n The map is symplectic if  where

n It can be shown that 

n It can be shown that the variables defined through a 
symplectic map which is a 
known relation satisfied by canonical variables

n In other words, symplectic maps preserve Poisson brackets

z , øz

M : z !" øz
M = M (z, t)

M ij !
! øzi

! zj
J =

!
0 I

! I 0

"

[øzi , øzj ] = [ zi , zj ] = Jij

M T JM = J
det(M ) = 1

<latexit sha1_base64="ZOn1TyEzCixnjs/ZE2/rn2e165k=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil68CBWsLWyXks1m29BssiSzQin9GV48KOLVX+PNf2Pa7kFbHww83pthZl6YCm7Adb+dwsrq2vpGcbO0tb2zu1feP3g0KtOUtagSSndCYpjgkrWAg2CdVDOShIK1w+HN1G8/MW24kg8wSlmQkL7kMacErOR3IwbVu1N8hb1eueLW3BnwMvFyUkE5mr3yVzdSNEuYBCqIMb7nphCMiQZOBZuUuplhKaFD0me+pZIkzATj2ckTfGKVCMdK25KAZ+rviTFJjBkloe1MCAzMojcV//P8DOLLYMxlmgGTdL4ozgQGhaf/44hrRkGMLCFUc3srpgOiCQWbUsmG4C2+vEwe6zXvrFa/P680rvM4iugIHaMq8tAFaqBb1EQtRJFCz+gVvTngvDjvzse8teDkM4foD5zPHxfWj9E=</latexit>
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Are Taylor maps symplectic?
n To test the symplecticity of Taylor maps, we have to

construct the Jacobian matrix with elements

n The ÒthickÓ sextupole Taylor map, is written

n All the coefficients of the Jacobian depend on initial 
conditions, e.g. 

and unless appropriately chosen they cannot satisfy 

M ij !
! øzi

! zj

! y2

! y1
= 1 + k2

!
L 2

4
x1 +

L 3

12
x!

1

"

<latexit sha1_base64="E1VDCLTiqKkBAWXKQZsZfDd0fgg="></latexit>

det(M ) = 1
<latexit sha1_base64="ZOn1TyEzCixnjs/ZE2/rn2e165k=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil68CBWsLWyXks1m29BssiSzQin9GV48KOLVX+PNf2Pa7kFbHww83pthZl6YCm7Adb+dwsrq2vpGcbO0tb2zu1feP3g0KtOUtagSSndCYpjgkrWAg2CdVDOShIK1w+HN1G8/MW24kg8wSlmQkL7kMacErOR3IwbVu1N8hb1eueLW3BnwMvFyUkE5mr3yVzdSNEuYBCqIMb7nphCMiQZOBZuUuplhKaFD0me+pZIkzATj2ckTfGKVCMdK25KAZ+rviTFJjBkloe1MCAzMojcV//P8DOLLYMxlmgGTdL4ozgQGhaf/44hrRkGMLCFUc3srpgOiCQWbUsmG4C2+vEwe6zXvrFa/P680rvM4iugIHaMq8tAFaqBb1EQtRJFCz+gVvTngvDjvzse8teDkM4foD5zPHxfWj9E=</latexit>

" In general, Taylor maps are not-symplectic!
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Lie formalism
n The Poisson bracket properties satisfy what is 

mathematically called a Lie algebra

n They can be represented by (Lie) operators of the form        

and etc.: f : g = [ f, g ] : f : 2g = [ f, [f, g ]]
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Lie formalism
n The Poisson bracket properties satisfy what is 

mathematically called a Lie algebra

n They can be represented by (Lie) operators of the form        

and etc.

n For a Hamiltonian system there is a formal 
solution of the equations of motion 
written as with a symplectic 

map

dz
dt = [ H, z] =: H : z

H (z, t)

z(t) =
!!

k=0

t k :H :k

k ! z0 = et :H :z0

M = e:H :

: f : g = [ f, g ] : f : 2g = [ f, [f, g ]]
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Lie formalism
n The Poisson bracket properties satisfy what is 

mathematically called a Lie algebra

n They can be represented by (Lie) operators of the form        

and etc.

n For a Hamiltonian system there is a formal 
solution of the equations of motion 
written as with a symplectic 

map 

n The 1-turn accelerator map can be represented by the 
composition of the maps of each element

where (called the 
generator) is the Hamiltonian for each element, a 
polynomial of degree in the variables    

dz
dt = [ H, z] =: H : z

H (z, t)

z(t) =
!!

k=0

t k :H :k

k ! z0 = et :H :z0

M = e:H :

M = e:f 2 : e:f 3 : e:f 4 : . . .

: f : g = [ f, g ] : f : 2g = [ f, [f, g ]]

f i

m z1, . . . , zn
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Lie operators for simple elements
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Formulas for Lie operators
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Map for quadrupole
n Consider the 1D quadrupole Hamiltonian

n For a quadrupole of length , the map is written as 
H = 1

2 (k1x2 + p2)
L

e
L
2 :( k1 x 2 + p2 ):
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Map for quadrupole
n Consider the 1D quadrupole Hamiltonian

n For a quadrupole of length , the map is written as 

n Its application to the transverse variables is

H = 1
2 (k1x2 + p2)

L

e
L
2 :( k1 x 2 + p2 ):

e! L
2 :( k1 x 2 + p2 ): x =

"!

n =0

"
(! k1L 2)n

(2n)!
x + L

(! k1L 2)n

(2n + 1)!
p
#

e! L
2 :( k1 x 2 + p2 ): p =

"!

n =0

"
(! k1L 2)n

(2n)!
p !

#
k1

(! k1L 2)n

(2n + 1)!
p
$
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Map for quadrupole
n Consider the 1D quadrupole Hamiltonian

n For a quadrupole of length , the map is written as 

n Its application to the transverse variables is

n This finally provides the usual quadrupole matrix

H = 1
2 (k1x2 + p2)

L

e
L
2 :( k1 x 2 + p2 ):

e! L
2 :( k1 x 2 + p2 ): x =

"!

n =0

"
(! k1L 2)n

(2n)!
x + L

(! k1L 2)n

(2n + 1)!
p
#

e! L
2 :( k1 x 2 + p2 ): p =

"!

n =0

"
(! k1L 2)n

(2n)!
p !

#
k1

(! k1L 2)n

(2n + 1)!
p
$

e! L
2 :( k1 x 2 + p2 ): p = !

!
k1 sin(

!
k1L )x + cos(

!
k1L )p

e! L
2 :( k1 x 2 + p2 ): x = cos(

!
k1L )x +

1
!

k1
sin(

!
k1L )p
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Map for general monomial
n Consider a monomial in the positions and 

momenta 
n The map is written as
n Its application to the transverse variables is

q For

q For  

xn pm

ea:x n pm :

n != m

n = m

e:! x n pm :x = x
!
1 + ! (n ! m)xn ! 1pm ! 1

" m
m ! n

e:! x n pm :p = p
!
1 + ! (n ! m)xn ! 1pm ! 1

" n
n ! m

e:! x n pn :p = pe! nx n ! 1 pn ! 1
e:! x n pn :x = xe! ! nx n ! 1 pn ! 1
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Map Concatenation
n For combining together the different maps, the Campbell-

Baker-Hausdorff formula can be used. It states that for 
sufficiently small,  and real matrices, there is a real 
matrix  for which

n For map composition through Lie operators, this is 

translated to with

or

i.e. a series of Poisson bracket operations.

n Note that the full map is by ÒconstructionÓ symplectic.

n By truncating the map to a certain order, symplecticity is 
lost. 

t1, t2
A, B

C

e:h: = e:f :e:g:

h = f + g +
1
2

: f : g +
1
12

: f :2 g +
1
12

: g :2 f +
1
24

: f :: g :2 f !
1

720
: g :4 f !

1
720

: f :4 g + . . .

h = f + g +
1
2

[f, g ] +
1
12

[f, [f, g ]] +
1
12

[g,[g, f ]] +
1
24

[f, [g,[g, f ]]] !
1

720
[g,[g,[g, f ]]] !

1
720

[f, [f, [f, g ]]] + . . .

et 1 A et 2 B = eC
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Useful form of CBH formula
nThe Campbell -Baker-Hausdorff formula for 

Lie maps has another useful form, 
depending if the summation is done over 
one or the other function

or
e:f :e:g: = e:g+ ( :g :

e :g : ! 1 f )+ O (f 2 ):

e:f :e:g: = e:f +
!

: f :
1 ! e ! : f : g

"
+ O (g2 ):



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

101

Symplectic integration
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Why symplecticity is important
n Symplecticity guarantees that the transformations in phase 

space are area preserving
n To understand what deviation from symplecticity produces 

consider the simple case of the quadrupole with the general 
matrix written as

n Take the Taylor expansion for small lengths, up to first 

order

n This is indeed not symplectic as the determinant of the 

matrix is equal to , i.e. there is a deviation from 

symplecticity at 2nd order in the quadrupole length

M Q =

!
cos(

!
kL ) 1!

k
sin(

!
kL )

"
!

k sin(
!

kL ) cos(
!

kL )

"

M Q =
!

1 L
! kL 1

"
+ O(L 2)

1 + kL 2
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Phase portrait for non-symplectic matrix
n The iterated non-symplectic matrix does not 

provide the well-know elliptic trajectory in phase 
space

n Although the trajectory is very close to the original 
one, it spirals outwards towards infinity
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Restoring symplecticity
n Symplecticity be can restored by adding ÒartificiallyÓ a 

correcting term to the matrix to become

n In fact, the matrix now 
can be decomposed as a drift
with a thin quadrupole 
at the end

n This representation, 
although not exact 
produces an ellipse
in phase space

M Q =
!

1 L
! kL 1! kL 2

"
=

!
1 0

! kL 1

" !
1 L
0 1

"

L

kL
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Restoring symplecticity II
n The same approach can be continued to 2nd order of the 

Taylor map, by adding a 3rd order correction

n The matrix now can be 
decomposed as two half 
drifts with a thin kick at the 
center

n This representation now   is 
is even more exact as 
the error now is at 
3rd order in the 
length 

kLL
2

L
2

M Q =
!

1 ! 1
2 kL 2 L ! 1

4 kL 3

! kL 1 ! 1
2 kL 2

"
=

!
1 L/ 2
0 1

" !
1 0

! kL 1

" !
1 L/ 2
0 1

"
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3-kick symplectic integrator 
n The idea is to distribute three kicks with different 

strengths so as toget a final map which is more accurate 
then the previous ones

n For the quadrupole, one can write 

which imposes . 

n A symmetry condition of this form can be added

M Q =
!

1 d1L
0 1

" !
1 0

! c1kL 1

" !
1 d2L/ 2
0 1

" !
1 0

! c2kL 1

" !
1 d3L/ 2
0 1

" !
1 0

! c3kL 1

" !
1 d4L/ 2
0 1

"

!
di =

!
ci = 1

d1 = d4 , d2 = d3 , c1 = c3
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3-kick symplectic integrator 
n The idea is to distribute three kicks with different 

strengths so as toget a final map which is more accurate 
then the previous ones

n For the quadrupole, one can write 

which imposes . 

n A symmetry condition of this form can be added

n This provides the matrix with

M Q =
!

1 d1L
0 1

" !
1 0

! c1kL 1

" !
1 d2L/ 2
0 1

" !
1 0

! c2kL 1

" !
1 d3L/ 2
0 1

" !
1 0

! c3kL 1

" !
1 d4L/ 2
0 1

"

m11 = m22 = !
1
2

kL 2 + c1d2(d1 +
c2

2
)k2L 4 ! d1d2

2c2
1c2k3L 6

m12 = L ! (
c2

4
+ d1d2 + 2d1d2c1)kL 3 + 2d1d2c1(d1d2 +

c2

2
)k2L 5 + d2

1d2
2c2

1c2k3L 7

m21 = ! kL + c1d2(1 + c2)k2L 3 ! d2
2c2

1c2k3L 5

M Q =
!

m11 m12

m21 m22

"

!
di =

!
ci = 1

d1 = d4 , d2 = d3 , c1 = c3
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3-kick symplectic integrator 
n By imposing that the determinant is 1, the following 

additional relations are obtained
c1d2(d1 +

c2

2
) =

1
24

c2

4
+ d1d2 + 2d1d2c1 =

1
6

c1d2(1 + c2) =
1
6
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3-kick symplectic integrator 
n By imposing that the determinant is 1, the following 

additional relations are obtained

n Although these are 5 equations 
with 4 unknowns, solutions exist

c1d2(d1 +
c2

2
) =

1
24

c2

4
+ d1d2 + 2d1d2c1 =

1
6

c1d2(1 + c2) =
1
6

d1 = d4 =
1

2(2 ! 21/ 3)
, d2 = d3 =

1 ! 21/ 3

2(2 ! 21/ 3)

c1 = c3 =
1

2 ! 21/ 3
, c2 = !

21/ 3

2 ! 21/ 3
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3-kick symplectic integrator 
n By imposing that the determinant is 1, the following 

additional relations are obtained

n Although these are 5 equations 
with 4 unknowns, solutions exist

n This is actually the famous 7 step
4th order symplectic integrator of Forest, Ruth and Yoshida
(1990). It can be generalized for any non-linear element

n It imposes negative driftsÉ

c1d2(d1 +
c2

2
) =

1
24

c2

4
+ d1d2 + 2d1d2c1 =

1
6

c1d2(1 + c2) =
1
6

d1 = d4 =
1

2(2 ! 21/ 3)
, d2 = d3 =

1 ! 21/ 3

2(2 ! 21/ 3)

c1 = c3 =
1

2 ! 21/ 3
, c2 = !

21/ 3

2 ! 21/ 3
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Higher order integrators
n Yoshida has proved that a general integrator map of order 

can be used to built a map of order

with 

2k 2k + 2
S2k+2 (t) = S2k (x1t) ! S2k (x0t) ! S2k (x1t)

x0 =
! 2

1
2k +1

2 ! 2
1

2k +1
, x1 =

1

2 ! 2
1

2k +1
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Higher order integrators
n Yoshida has proved that a general integrator map of order 

can be used to built a map of order

with 

n For example the 4th order scheme 
can be considered as a composition
of three 2nd order ones (single kicks) 

with

2k 2k + 2
S2k+2 (t) = S2k (x1t) ! S2k (x0t) ! S2k (x1t)

x0 =
! 2

1
2k +1

2 ! 2
1

2k +1
, x1 =

1

2 ! 2
1

2k +1

x0 =
! 2

1
3

2 ! 2
1
3

, x1 =
1

2 ! 2
1
3

S4(t) = S2(x1t) ! S2(x0t) ! S2(x1t)
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Higher order integrators
n Yoshida has proved that a general integrator map of order 

can be used to built a map of order

with 

n For example the 4th order scheme 
can be considered as a composition
of three 2nd order ones (single kicks) 

with

n A 6th order integrator can be  
produced by three interleaved 4th order ones (9 kicks) 

with

2k 2k + 2
S2k+2 (t) = S2k (x1t) ! S2k (x0t) ! S2k (x1t)

x0 =
! 2

1
2k +1

2 ! 2
1

2k +1
, x1 =

1

2 ! 2
1

2k +1

x0 =
! 2

1
3

2 ! 2
1
3

, x1 =
1

2 ! 2
1
3

S4(t) = S2(x1t) ! S2(x0t) ! S2(x1t)

S6(t) = S4(x1t) ! S4(x0t) ! S4(x1t)

x0 =
! 2

1
5

2 ! 2
1
5

, x1 =
1

2 ! 2
1
5
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!"#$%&'()*+,$-./-'/&.$0%1./"&'(-2$*$(
! !"#$%&'()'*)+(&,-.(/-0*1)(2*!"#$%$&'0(&$0*3/-*4.#)%(/+).+*

0"0(&#0* 1)(2*5/(2*****.+6******$(%')*+,-'. 1&-&*
$-/$/0&6*5"*McLachan (1995). 

! Laskar and Robutel (2001) derived all orders of  such 
integrators

! 7/+0)6&-*(2&*3/-#.%*0/%8()/+*/3 *(2&*4.#)%(/+).+*0"0(&#*
1-)((&+*)+*(2&*9)&*-&$-&0&+(.()/+

! :*0"#$%&'()'*)+(&,-.(/-*/3 */-6&-*****3-/#*****(/***************
'/+0)0(0*/3 *.$$-/;)#.()+,*(2&*9)&*#.$*
5"*$-/68'(0*/3 * .+6 12)'2*
)+(&,-.(&*&;.'(%"*.+6* /<&-*(2&*()#&=0$.+0*******.+6*

! >2&*'/+0(.+(0******.+6.-&*'2/0&+*(/*-&68'&*(2&*&--/-

A B

n

A B
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!"#" ! $%&'()*&+)
! >2&*!:?: ! )+(&,-.(/-*)0*1-)((&+*.0

1)(2
! @2&+** )0*)+(&,-.5%&A**&B,B*12&+*A )0*C8.6-.()'*)+*

#/#&+(.*.+6*B 6&$&+60*/+%"*)+*$/0)()/+0A*(2&*.''8-.'"*/3 *
(2&**)+(&,-.(/-*)0**)#$-/<&6*5"*(1/*0#.%%*+&,.()<&*0(&$0*

1)(2

! >2&*.''8-.'"*/3 *!:?: ! 7*)0*/+&*
/-6&-*/3 *#.,+)(86&*2),2&-*(2.+ (2&+*(2.+*
(2&*D/-&0(=E8(2*F"# /-6&-*0'2&#&

! >2&*808.%*G6-)3(=H)'HI*0'2&#&*
'/--&0$/+60*(/*(2&*J$%/-6&-*)+(&,-.(/-*/3 *(2)0*'%.00
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SABA2C integrator

! "#$%#

!&"#$%#

'()( ! *

C. Skokos , YP and J . Laskar , EPAC 2008

tune shift with amplitude

K. Skoufaris et al. IPAC 2018

" SABA2C allows symplectic 
integration with positive 
steps 

" Several orders of 
magnitude better precision 
of SABA 2C with respect to 
classical YFR integrator
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Normal forms
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Normal forms
n Normal forms consists of finding a canonical transformation 

of the 1-turn map, so that it becomes simpler to analyze

n In the linear case, the Floquet transformation is a kind a 
normal form as it turns ellipses into circles
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Normal forms
n Normal forms consists of finding a canonical transformation 

of the 1-turn map, so that it becomes simpler to analyze

n In the linear case, the Floquet transformation is a kind a 
normal form as it turns ellipses into circles

n The transformation can be written formally as  

with the original map
and its normal form

z M!!!!" z!

! ! 1

!
!
"

!
!
" ! ! 1

u !!!!"
N

u !

M = ! ! 1 ! N ! !

N = ! ! M ! ! ! 1 = e:hef f :
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Normal forms
n Normal forms consists of finding a canonical transformation 

of the 1-turn map, so that it becomes simpler to analyze

n In the linear case, the Floquet transformation is a kind a 
normal form as it turns ellipses into circles

n The transformation can be written formally as  

with the original map
and its normal form

n The transformation is better suited in action 

angle variables, i.e. taking the system from 
the original action -angle to a new set 

with the angles being just 

simple rotations, and the 
new effective Hamiltonian depends only on the new actions

z M!!!!" z!

! ! 1

!
!
"

!
!
" ! ! 1

u !!!!"
N

u !

M = ! ! 1 ! N ! !

N = ! ! M ! ! ! 1 = e:hef f :

! = e:F :

! = e! :F r : h
h±

x,y =
!

2Jx,y e! i ! x,y

! ±
x,y (N ) =

!
2I x,y e! i ! x,y (N )

! x,y (N ) = 2 " N #x,y + ! x,y 0
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Effective Hamiltonian
n The generating function can be written as a polynomial in 

the new actions, i.e.

n There are software tools that built this transformation

n Once the ÒnewÓ effective Hamiltonian is known, all 
interesting quantities can be derived

n This Hamiltonian is a function only of the new actions, and 
to 3rd order it is obtained as

Fr =
!

jklm

f jklm ! +
x

j
! !

x
k
! +

y
l
! !

y
m

= f jklm (2I x )
j + k

2 (2I y )
l + m

2 e! i ! jklm

hef f = ! x I x + ! y I y

+
1
2

" c#2 + cx 1I x # + cy1I y # + c3#3

+ cxx I 2
x + cxy I x I y + cyy I 2

y + cx 2I x #2 + cy2I y #2c4#4
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Effective Hamiltonian
n The correction of the tunes is given by

n The correction to the path length is

tunes tune -shift   
with amplitude

1st and 2nd order 
chromaticity

1st, 2nd and 3rd

momentum compaction

! s =
! hef f

!"
= #c" + c3" 2 + 4c4" 3 + cx 1I x + cy1I y + 2cx 2I x " + 2cy2I y "

Qx =
1

2!
" hef f

" I x
=

1
2!

!
#x + 2cxx I x + cxy I y + cx 1$ + cx 2$2"

Qy =
1

2!
" hef f

" I y
=

1
2!

!
#y + 2cyy I y + cxy I x + cy1$ + cy2$2"
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Normal form for perturbation
n Using the BCH formula, one can prove that the composition 

of two maps with small can be written as (see slide  9)g
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Normal form for perturbation
n Using the BCH formula, one can prove that the composition 

of two maps with small can be written as (see slide  9)

n Consider a linear map (rotation) followed by a small 
perturbation

n We are seeking for  transformation such that

g

M = e:f 2 :e:f 3 :

N = ! M ! ! 1 = e:F :e:f 2 :e:f 3 :e:! F :
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Normal form for perturbation
n Using the BCH formula, one can prove that the composition 

of two maps with small can be written as (see slide  9)

n Consider a linear map (rotation) followed by a small 
perturbation

n We are seeking for  transformation such that

n This can be written as

n This will transform the new map to a rotation to leading 
order

g

M = e:f 2 :e:f 3 :

N = ! M ! ! 1 = e:F :e:f 2 :e:f 3 :e:! F :

N = e:f 2 :e! :f 2 :e:F :e:f 2 :e:f 3 :e:! F :

= e:f 2 :e:e! : f 2 : F + f 3 ! F : + . . .

= e:f 2 :e:( e! : f 2 : ! 1)F + f 3 : + . . .

F =
f 3

1 ! e! :f 2 :
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Example: Octupole
n Consider a linear map followed by an octupole

n The generating function has to be chosen such as to 
make the following expression simpler

(e! :f 2 : ! 1)F +
x4

4

M = e! !
2 :x 2 + p2 :e: x 4

4 : = e:f 2 :e: x 4
4 :



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

127

Example: Octupole
n Consider a linear map followed by an octupole

n The generating function has to be chosen such as to 
make the following expression simpler

n The simplest expression is the one that the angles are 
eliminated and there is only dependence on the 
action

(e! :f 2 : ! 1)F +
x4

4

M = e! !
2 :x 2 + p2 :e: x 4

4 : = e:f 2 :e: x 4
4 :
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Example: Octupole
n Consider a linear map followed by an octupole

n The generating function has to be chosen such as to 
make the following expression simpler

n The simplest expression is the one that the angles are 
eliminated and there is only dependence on the 
action

n We pass to the action angle variable (resonance 
basis)

n The perturbation is  

(e! :f 2 : ! 1)F +
x4

4

h± =
!

2J e! i ! = x " ip

M = e! !
2 :x 2 + p2 :e: x 4

4 : = e:f 2 :e: x 4
4 :

x4 = ( h+ + h! )4 = h± = h4
+ + 4h3

+ h! + 6h2
+ h2

! + 4h+ h3
! + h4

!
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Example: Octupole
n The term is independent on the angles. 

Thus we may choose the generating functions such that the 
other terms are eliminated. It takes the form 

6h2
+ h2

! = 24J 2

F =
1
16

!
h4

+

1 ! e4i ! +
4h3

+ h!

1 ! e2i ! +
4h+ h3

!

1 ! e2i ! +
h4

!

1 ! e4i !

"
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Example: Octupole
n The term is independent on the angles. 

Thus we may choose the generating functions such that the 
other terms are eliminated. It takes the form 

n The map is now written as

n The new effective Hamiltonian is depending only on the 
actions and contains the tune-shift terms

M = e! :F :e:! J + 3
8 J 2 :e:F :

6h2
+ h2

! = 24J 2

F =
1
16

!
h4

+

1 ! e4i ! +
4h3

+ h!

1 ! e2i ! +
4h+ h3

!

1 ! e2i ! +
h4

!

1 ! e4i !

"
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Example: Octupole
n The term is independent on the angles. 

Thus we may choose the generating functions such that the 
other terms are eliminated. It takes the form 

n The map is now written as

n The new effective Hamiltonian is depending only on the 
actions and contains the tune-shift terms

n The generator in the original variables is written as

n Constant values of the generator describe the trajectories in 
phase space 

M = e! :F :e:! J + 3
8 J 2 :e:F :

6h2
+ h2

! = 24J 2

F =
1
16

!
h4

+

1 ! e4i ! +
4h3

+ h!

1 ! e2i ! +
4h+ h3

!

1 ! e2i ! +
h4

!

1 ! e4i !

"

F = !
1
64

!
! 5x4 + 3p4 + 6x2p2 + 4x3p(2 cot(! ) + cot(2 ! )) + 4 xp3(2 cot(! ) ! cot(2! ))

"
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Graphical resonance representation

n It is possible by constructing the one turn map to 
built the generating (sometimes called 
“distortion”) function

n For any resonance ,   and setting 
, the associated part of the functions is 

Fr !
!

jklm

f jklm J
j + k

2
x J

l + m
2

y e! i ! jklm

a! x + bqy = c
! jklm = 0

F(a,b) !
!

jklm
j + k+ l + m ! n

j + k= a , l + m = b

f jklm J
a
2

x J
b
2

y



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

133

Normal forms for LHC models
! In the LHC at injection (450 

GeV), beam stability is 
necessary over a very large 
number of turns (107)

! Stability is reduced from 
random multi -pole 
imperfections mainly in the 
super-conducting magnets

! Area of stability (Dynamic 
aperture - DA) computed with 
particle tracking for a large 
number of random magnet 
error distributions

! Numerical tool based on 
normal form analysis (GRR) 
permitted identification of DA 
reduction reason (errors in the 
! warm " quadrupoles)

! "#$%&! '()* " +,(-.&/))!)0

! "#$%!,$&! '()* " +,(-.&/))!)0
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Introduction to 
Truncated Power Series 

Algebra (TPSA)
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n LetÕs consider a tracked particle at position ! and a small
deviation " x. The Taylor series around this position is

Taylor series from tracking
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n LetÕs consider a tracked particle at position ! and a small
deviation " x. The Taylor series around this position is

Taylor series from tracking

n By truncating we have

and the function can be represented by the vector f (x)
<latexit sha1_base64="l+wTkNgHrQCBgS+cpvSu9YH8xC0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlh9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSrte8i1r9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHba2N1Q==</latexit>

n This vector is a Truncated Power Series Algebra

n We need the derivatives                 of           at       with

(f (! ), f !(! ), f !! (! ), . . . , f (m ) (! ))
<latexit sha1_base64="aqI7CiLBLUhBBXiO3EhALYviqOw=">AAACIXicbZDLSgMxFIYz9VbrbdSlm2ARp1DKTBXssujGZQV7gXYsmTTThmYyQ5IRytBXceOruHGhSHfiy5i2I9bWHwIf/zknyfm9iFGpbPvTyKytb2xuZbdzO7t7+wfm4VFDhrHApI5DFoqWhyRhlJO6ooqRViQICjxGmt7wZlpvPhIhacjv1SgiboD6nPoUI6WtrlmxfKuDWDRAhaJ/voC/3OmFShb9h8QKCuMft9A183bJngmugpNCHqSqdc2JvgjHAeEKMyRl27Ej5SZIKIoZGec6sSQRwkPUJ22NHAVEuslswzE8004P+qHQhys4cxcnEhRIOQo83RkgNZDLtan5X60dK7/iJpRHsSIczx/yYwZVCKdxwR4VBCs20oCwoPqvEA+QQFjpUHM6BGd55VVolEvORal8d5mvXqdxZMEJOAUWcMAVqIJbUAN1gMETeAFv4N14Nl6ND2Myb80Y6cwx+CPj6xveQqDj</latexit>

f (n ) (! )
<latexit sha1_base64="chQKsAMhBTOl84w0p59cLlxVkUk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahvZSkCnosevGoYG2hrWWy3bRLN5uwuymU0H/ixYMiXv0n3vw3bmsOWn0w8Hhvhpl5QSK4Np736RRWVtfWN4qbpa3tnd09d//gXsepoqxJYxGrdoCaCS5Z03AjWDtRDKNAsFYwvpr7rQlTmsfyzkwT1otwKHnIKRor9V03fMgqsjqrdFEkI6ySvlv2at4C5C/xc1KGHDd996M7iGkaMWmoQK07vpeYXobKcCrYrNRNNUuQjnHIOpZKjJjuZYvLZ+TEKgMSxsqWNGSh/pzIMNJ6GgW2M0Iz0sveXPzP66QmvOhlXCapYZJ+LwpTQUxM5jGQAVeMGjG1BKni9lZCR6iQGhtWyYbgL7/8l9zXa/5prX57Vm5c5nEU4QiOoQI+nEMDruEGmkBhAo/wDC9O5jw5r87bd2vByWcO4Rec9y8IhZKd</latexit>

f (x)
<latexit sha1_base64="l+wTkNgHrQCBgS+cpvSu9YH8xC0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlh9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSrte8i1r9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHba2N1Q==</latexit>

!
<latexit sha1_base64="+wSBPeL8nxBdvzPXA2qswhGhfpg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AIzPjxw=</latexit>

f ! (! ) =
f (! + ") ! f (! )

"
<latexit sha1_base64="vsM3UV0F6xADwX8PxfA0QMkVM6M=">AAACInicbZDLSsNAFIYn9VbrLerSzWARW8SSVEFdCEU3LivYCzShTKaTduhkEmYmQgl5Fje+ihsXiroSfBinbQpa/WHg5zvncOb8XsSoVJb1aeQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1veD2ut+6JkDTkd2oUETdAfU59ipHSqGte+IclB7FogMrw0vEFwomfgSOHRJKykJePZ6icJjOYds2iVbEmgn+NnZkiyFTvmu9OL8RxQLjCDEnZsa1IuQkSimJG0oITSxIhPER90tGWo4BIN5mcmMIDTXrQD4V+XMEJ/TmRoEDKUeDpzgCpgZyvjeF/tU6s/HM3oTyKFeF4usiPGVQhHOcFe1QQrNhIG4QF1X+FeIB0TkqnWtAh2PMn/zXNasU+qVRvT4u1qyyOPNgD+6AEbHAGauAG1EEDYPAAnsALeDUejWfjzfiYtuaMbGYX/JLx9Q1i1qOk</latexit>

which is numerically non-trivial 
(small divisors, accuracy for 
higher orders,É)
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n The basic idea is the automatic differentiation of results 
produced by a tracking code to provide the coefficients of a 
Taylor series

Differential Algebra
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n The basic idea is the automatic differentiation of results 
produced by a tracking code to provide the coefficients of a 
Taylor series

n Consider a pair of real numbers                and define 
operations on a pair like

Differential Algebra

(q0, q1)
<latexit sha1_base64="Sv68c5jFPKUpEWmDG5iI9tO8b5g=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBT0WvXisYD+kXZZsmm1Dk+w2yQql9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNq777aysrq1vbOa28ts7u3v7hYPDho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbqN5+o0iyWD2aUUF/gnmQRI9hY6bE0DNzzYeCdBYWiW3ZnQMvEy0gRMtSCwlenG5NUUGkIx1q3PTcx/hgrwwink3wn1TTBZIB7tG2pxIJqfzw7eIJOrdJFUaxsSYNm6u+JMRZaj0RoOwU2fb3oTcX/vHZqomt/zGSSGirJfFGUcmRiNP0edZmixPCRJZgoZm9FpI8VJsZmlLcheIsvL5NGpexdlCv3l8XqTRZHDo7hBErgwRVU4Q5qUAcCAp7hFd4c5bw4787HvHXFyWaO4A+czx8qtY9W</latexit>

(q0, q1) + ( r 0, r 1) = ( q0 + r 0, q1 + r1)
<latexit sha1_base64="LaChLAS/CKD6oqOVdkcd8YX1rX8=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARK5WSVEE3QtGNywr2Am0Ik+mkHTqZpDMToYQ+ghtfxY0LRdy6dOfbOGmz0NYDAx//fw5nzu9FjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8oY3qd96IELSkN+rcUScAPU59SlGSkuueVwaudbpyLVPyiWhSWiCVzBVy2LmlFPNNYtWxZoWXAQ7gyLIqu6aX91eiOOAcIUZkrJjW5FyEiQUxYxMCt1YkgjhIeqTjkaOAiKdZHrQBB5ppQf9UOjHFZyqvycSFEg5DjzdGSA1kPNeKv7ndWLlXzoJ5VGsCMezRX7MoAphmg7sUUGwYmMNCAuq/wrxAAmElc6woEOw509ehGa1Yp9Vqnfnxdp1FkceHIBDUAI2uAA1cAvqoAEweATP4BW8GU/Gi/FufMxac0Y2sw/+lPH5A9ldmLI=</latexit>

(q0, q1) á(r 0, r 1) = ( q0 ár 0, q0 ár 1 + q1 ár0)
<latexit sha1_base64="JlUSf7tZO7OiejhESjUzcHXkzZU=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0VoUUpSBd0IRV24rGAf0IYwmUzaoZNHZyZCKf0hN/6KCC4q4tbfcJKGoq0XBs495x7u3ONEjAppGFMtt7K6tr6R3yxsbe/s7un7B00RxhyTBg5ZyNsOEoTRgDQklYy0I06Q7zDScga3id56IlzQMHiUo4hYPuoF1KMYSUXZ+l1paBtnQ9sswy52QwlLXPU86a9hos1Yng7NG/NUOeZK2daLRsVICy4DMwNFkFXd1t+6bohjnwQSMyRExzQiaY0RlxQzMil0Y0EihAeoRzoKBsgnwhqn107giWJc6IVcvUDClP3tGCNfiJHvqEkfyb5Y1BLyP60TS+/KGtMgiiUJ8GyRFzMoQ5hEB13KCZZspADCnKq/QtxHHGGpAi6oEMzFk5dBs1oxzyvVh4ti7SaLIw+OwDEoARNcghq4B3XQABg8g1cwBR/ai/aufWpfs9GclnkOwZ/Svn8AtbukNw==</latexit>

c á(q0, q1) = ( c áq0, c áq1)
<latexit sha1_base64="0bmXdoaT4ADEJUVPUq1z6CcM7Yw=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSVEE3QtGNywr2Am0Ik8mkHTrJpDMToZS+gxtfxY0LRdy6cefbOGmDaOsPAz/fOYcz5/diRqWyrC8jt7S8srqWXy9sbG5t75i7e03JE4FJA3PGRdtDkjAakYaiipF2LAgKPUZa3uA6rbfuiZCUR3dqFBMnRL2IBhQjpZFrHuMu9rmCpaFrnQxduwwvYSljKfqxdtk1i1bFmgouGjszRZCp7pqfXZ/jJCSRwgxJ2bGtWDljJBTFjEwK3USSGOEB6pGOthEKiXTG05sm8EgTHwZc6BcpOKW/J8YolHIUerozRKov52sp/K/WSVRw4YxpFCeKRHi2KEgYVBymAUGfCoIVG2mDsKD6rxD3kUBY6RgLOgR7/uRF06xW7NNK9fasWLvK4siDA3AISsAG56AGbkAdNAAGD+AJvIBX49F4Nt6M91lrzshm9sEfGR/ffJ6bZw==</latexit>
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n The basic idea is the automatic differentiation of results 
produced by a tracking code to provide the coefficients of a 
Taylor series

n Consider a pair of real numbers                and define 
operations on a pair like

and some ordering

Differential Algebra

implying strange relations of the form

(q0, q1)
<latexit sha1_base64="Sv68c5jFPKUpEWmDG5iI9tO8b5g=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBT0WvXisYD+kXZZsmm1Dk+w2yQql9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNq777aysrq1vbOa28ts7u3v7hYPDho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbqN5+o0iyWD2aUUF/gnmQRI9hY6bE0DNzzYeCdBYWiW3ZnQMvEy0gRMtSCwlenG5NUUGkIx1q3PTcx/hgrwwink3wn1TTBZIB7tG2pxIJqfzw7eIJOrdJFUaxsSYNm6u+JMRZaj0RoOwU2fb3oTcX/vHZqomt/zGSSGirJfFGUcmRiNP0edZmixPCRJZgoZm9FpI8VJsZmlLcheIsvL5NGpexdlCv3l8XqTRZHDo7hBErgwRVU4Q5qUAcCAp7hFd4c5bw4787HvHXFyWaO4A+czx8qtY9W</latexit>

(q0, q1) + ( r 0, r 1) = ( q0 + r 0, q1 + r1)
<latexit sha1_base64="LaChLAS/CKD6oqOVdkcd8YX1rX8=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARK5WSVEE3QtGNywr2Am0Ik+mkHTqZpDMToYQ+ghtfxY0LRdy6dOfbOGmz0NYDAx//fw5nzu9FjEplWd9Gbml5ZXUtv17Y2Nza3jF395oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8oY3qd96IELSkN+rcUScAPU59SlGSkuueVwaudbpyLVPyiWhSWiCVzBVy2LmlFPNNYtWxZoWXAQ7gyLIqu6aX91eiOOAcIUZkrJjW5FyEiQUxYxMCt1YkgjhIeqTjkaOAiKdZHrQBB5ppQf9UOjHFZyqvycSFEg5DjzdGSA1kPNeKv7ndWLlXzoJ5VGsCMezRX7MoAphmg7sUUGwYmMNCAuq/wrxAAmElc6woEOw509ehGa1Yp9Vqnfnxdp1FkceHIBDUAI2uAA1cAvqoAEweATP4BW8GU/Gi/FufMxac0Y2sw/+lPH5A9ldmLI=</latexit>

(q0, q1) á(r 0, r 1) = ( q0 ár 0, q0 ár 1 + q1 ár0)
<latexit sha1_base64="JlUSf7tZO7OiejhESjUzcHXkzZU=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0VoUUpSBd0IRV24rGAf0IYwmUzaoZNHZyZCKf0hN/6KCC4q4tbfcJKGoq0XBs495x7u3ONEjAppGFMtt7K6tr6R3yxsbe/s7un7B00RxhyTBg5ZyNsOEoTRgDQklYy0I06Q7zDScga3id56IlzQMHiUo4hYPuoF1KMYSUXZ+l1paBtnQ9sswy52QwlLXPU86a9hos1Yng7NG/NUOeZK2daLRsVICy4DMwNFkFXd1t+6bohjnwQSMyRExzQiaY0RlxQzMil0Y0EihAeoRzoKBsgnwhqn107giWJc6IVcvUDClP3tGCNfiJHvqEkfyb5Y1BLyP60TS+/KGtMgiiUJ8GyRFzMoQ5hEB13KCZZspADCnKq/QtxHHGGpAi6oEMzFk5dBs1oxzyvVh4ti7SaLIw+OwDEoARNcghq4B3XQABg8g1cwBR/ai/aufWpfs9GclnkOwZ/Svn8AtbukNw==</latexit>

c á(q0, q1) = ( c áq0, c áq1)
<latexit sha1_base64="0bmXdoaT4ADEJUVPUq1z6CcM7Yw=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSVEE3QtGNywr2Am0Ik8mkHTrJpDMToZS+gxtfxY0LRdy6cefbOGmDaOsPAz/fOYcz5/diRqWyrC8jt7S8srqWXy9sbG5t75i7e03JE4FJA3PGRdtDkjAakYaiipF2LAgKPUZa3uA6rbfuiZCUR3dqFBMnRL2IBhQjpZFrHuMu9rmCpaFrnQxduwwvYSljKfqxdtk1i1bFmgouGjszRZCp7pqfXZ/jJCSRwgxJ2bGtWDljJBTFjEwK3USSGOEB6pGOthEKiXTG05sm8EgTHwZc6BcpOKW/J8YolHIUerozRKov52sp/K/WSVRw4YxpFCeKRHi2KEgYVBymAUGfCoIVG2mDsKD6rxD3kUBY6RgLOgR7/uRF06xW7NNK9fasWLvK4siDA3AISsAG56AGbkAdNAAGD+AJvIBX49F4Nt6M91lrzshm9sEfGR/ffJ6bZw==</latexit>

(q0, q1) < (r 0, r 1) if q0 < r 0 or (q0 = r 0 and q1 < r 1)
<latexit sha1_base64="0nKb96LyE7P4AIYZjJente7KYRM="></latexit>

(q0, q1) > (r 0, r 1) if q0 > r 0 or (q0 = r 0 and q1 > r 1)
<latexit sha1_base64="kR5AHYjCxh6wW4UPs+Ee96fGWoo="></latexit>

(0, 0) < (0, 1) < (r, 0), ! r > 0
<latexit sha1_base64="AWwxUgR67PZzf0HoBN+X5z8VvHQ=">AAACGHicbVBLSwMxEM7WV62vVY9egkWoUGq2KnoQKXrxWME+oLuUbDbbhmYfJlmhLP0ZXvwrXjwo4rU3/41puwdt/WCGj29mmJnPjTmTCqFvI7e0vLK6ll8vbGxube+Yu3tNGSWC0AaJeCTaLpaUs5A2FFOctmNBceBy2nIHt5N664kKyaLwQQ1j6gS4FzKfEay01DVPSqiMjq90tnQWmpftxwR70PYjgTm3+zLGhKbnsRpBcY26ZhFV0BRwkVgZKYIM9a45tr2IJAENFeFYyo6FYuWkWChGOB0V7ERSvWGAe7SjaYgDKp10+tgIHmnFg/oSHaGCU/X3RIoDKYeBqzsDrPpyvjYR/6t1EuVfOikL40TRkMwW+QmHKoITl6DHBCWKDzXBRDB9KyR9LDBR2suCNsGaf3mRNKsV67RSvT8r1m4yO/LgAByCErDABaiBO1AHDUDAM3gF7+DDeDHejE/ja9aaM7KZffAHxvgHQ42c5w==</latexit>

(0, 1) á(0, 1) = (0 , 0) ! (0, 1) =
!

(0, 0)
<latexit sha1_base64="muZ5Gh+R/DqLms5Zg7lSWgWqzJQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAILUiZqYLdCEU3LivYC3RKyaRpG5qZjMkZpQx9FTe+ihsXinQnvozptIK2Hgj5+P9zSM7vhYJrsO1PK7Wyura+kd7MbG3v7O5l9w/qWkaKshqVQqqmRzQTPGA14CBYM1SM+J5gDW94PfUbD0xpLoM7GIWs7ZN+wHucEjBSJ1vO26dOwaVdCQnhS2xuu4BdxfsDIErJR/zjuPpeQZz44042ZxftpPAyOHPIoXlVO9mJ25U08lkAVBCtW44dQjsmCjgVbJxxI81CQoekz1oGA+Iz3Y6TDcf4xChd3JPKnABwov6eiImv9cj3TKdPYKAXvan4n9eKoFduxzwII2ABnT3UiwQGiadx4S5XjIIYGSBUcfNXTAdEEQom1IwJwVlceRnqpaJzVizdnucqV/M40ugIHaM8ctAFqqAbVEU1RNETekFv6N16tl6tD2sya01Z85lD9Kesr296YZ42</latexit>
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Differential Algebra
n We define the differential unit , which is located 

between 0 and any real number (infinitesimally small)

n As is just a real number, we can define a real part and a 
differential part

! ! (0, 1)
<latexit sha1_base64="fOJyN/MbueiMkzI7cr8Fp78MJpM=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFqCAlqYIei148VrAf0ISy2U7apZtN3N0USu3Bv+LFgyJe/Rve/Ddu2xy0+mDg8d4MM/OChDOlHefLyi0tr6yu5dcLG5tb2zv27l5DxamkUKcxj2UrIAo4E1DXTHNoJRJIFHBoBoPrqd8cglQsFnd6lIAfkZ5gIaNEG6ljH3iQKMZjgT24T9kQl5xT9wR37KJTdmbAf4mbkSLKUOvYn143pmkEQlNOlGq7TqL9MZGaUQ6TgpcqSAgdkB60DRUkAuWPZ/dP8LFRujiMpSmh8Uz9OTEmkVKjKDCdEdF9tehNxf+8dqrDS3/MRJJqEHS+KEw51jGehoG7TALVfGQIoZKZWzHtE0moNpEVTAju4st/SaNSds/KldvzYvUqiyOPDtERKiEXXaAqukE1VEcUPaAn9IJerUfr2Xqz3uetOSub2Ue/YH18A82ClKU=</latexit>

(q0, 0)
<latexit sha1_base64="xBabratRK+0rTPZPndyiEqH31BY=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNiNgh6DXjxGMA9IljA7mU2GzM6uM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k795hPXRsTqAUcJ9yPaVyIUjKKVmqXHrnvunnULRbfszkCWiZeRImSodQtfnV7M0ogrZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtqaIRN/54du6EnFqlR8JY21JIZurviTGNjBlFge2MKA7MojcV//PaKYbX/lioJEWu2HxRmEqCMZn+TnpCc4ZyZAllWthbCRtQTRnahPI2BG/x5WXSqJS9i3Ll/rJYvcniyMExnEAJPLiCKtxBDerAYAjP8ApvTuK8OO/Ox7x1xclmjuAPnM8fnzeOcQ==</latexit>

q0 = R(q0, q1) and q1 = D(q0, q1)
<latexit sha1_base64="VMLP9It2inLuYytOECZnYja0FXk=">AAACLHicbVDLSgNBEJz1bXxFPXoZDEIECbsq6EUQ9eAxilEhG5be2YkOzs5uZnrFsOSDvPgrgnhQxKvf4eSBr9gwUF1VTU9XmEph0HVfnZHRsfGJyanpwszs3PxCcXHp3CSZZrzGEpnoyxAMl0LxGgqU/DLVHOJQ8ovw5rCrX9xybUSizrCd8kYMV0o0BQO0VFA8bAUu3aO5z0DS007ZthutwFv3WxlEPvI7zEFFnV5LrfDlPfr2BsWSW3F7RYeBNwAlMqhqUHzyo4RlMVfIJBhT99wUGzloFEzyTsHPDE+B3cAVr1uoIOamkfeO7dA1y0S0mWj7FNIe+3Mih9iYdhxaZwx4bf5qXfI/rZ5hc7eRC5VmyBXrL2pmkmJCu8nRSGjOULYtAKaF/Stl16CBoc23YEPw/p48DM43K95WZfNku7R/MIhjiqyQVVImHtkh++SYVEmNMHJPHskLeXUenGfnzXnvW0ecwcwy+VXOxyf8y6Wc</latexit>
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Differential Algebra
n We define the differential unit , which is located 

between 0 and any real number (infinitesimally small)

n As is just a real number, we can define a real part and a 
differential part

n Using the previous rules we can show

n A function acting on a pair is

n The differential is  

! ! (0, 1)
<latexit sha1_base64="fOJyN/MbueiMkzI7cr8Fp78MJpM=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFqCAlqYIei148VrAf0ISy2U7apZtN3N0USu3Bv+LFgyJe/Rve/Ddu2xy0+mDg8d4MM/OChDOlHefLyi0tr6yu5dcLG5tb2zv27l5DxamkUKcxj2UrIAo4E1DXTHNoJRJIFHBoBoPrqd8cglQsFnd6lIAfkZ5gIaNEG6ljH3iQKMZjgT24T9kQl5xT9wR37KJTdmbAf4mbkSLKUOvYn143pmkEQlNOlGq7TqL9MZGaUQ6TgpcqSAgdkB60DRUkAuWPZ/dP8LFRujiMpSmh8Uz9OTEmkVKjKDCdEdF9tehNxf+8dqrDS3/MRJJqEHS+KEw51jGehoG7TALVfGQIoZKZWzHtE0moNpEVTAju4st/SaNSds/KldvzYvUqiyOPDtERKiEXXaAqukE1VEcUPaAn9IJerUfr2Xqz3uetOSub2Ue/YH18A82ClKU=</latexit>

(q0, 0)
<latexit sha1_base64="xBabratRK+0rTPZPndyiEqH31BY=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNiNgh6DXjxGMA9IljA7mU2GzM6uM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k795hPXRsTqAUcJ9yPaVyIUjKKVmqXHrnvunnULRbfszkCWiZeRImSodQtfnV7M0ogrZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtqaIRN/54du6EnFqlR8JY21JIZurviTGNjBlFge2MKA7MojcV//PaKYbX/lioJEWu2HxRmEqCMZn+TnpCc4ZyZAllWthbCRtQTRnahPI2BG/x5WXSqJS9i3Ll/rJYvcniyMExnEAJPLiCKtxBDerAYAjP8ApvTuK8OO/Ox7x1xclmjuAPnM8fnzeOcQ==</latexit>

q0 = R(q0, q1) and q1 = D(q0, q1)
<latexit sha1_base64="VMLP9It2inLuYytOECZnYja0FXk=">AAACLHicbVDLSgNBEJz1bXxFPXoZDEIECbsq6EUQ9eAxilEhG5be2YkOzs5uZnrFsOSDvPgrgnhQxKvf4eSBr9gwUF1VTU9XmEph0HVfnZHRsfGJyanpwszs3PxCcXHp3CSZZrzGEpnoyxAMl0LxGgqU/DLVHOJQ8ovw5rCrX9xybUSizrCd8kYMV0o0BQO0VFA8bAUu3aO5z0DS007ZthutwFv3WxlEPvI7zEFFnV5LrfDlPfr2BsWSW3F7RYeBNwAlMqhqUHzyo4RlMVfIJBhT99wUGzloFEzyTsHPDE+B3cAVr1uoIOamkfeO7dA1y0S0mWj7FNIe+3Mih9iYdhxaZwx4bf5qXfI/rZ5hc7eRC5VmyBXrL2pmkmJCu8nRSGjOULYtAKaF/Stl16CBoc23YEPw/p48DM43K95WZfNku7R/MIhjiqyQVVImHtkh++SYVEmNMHJPHskLeXUenGfnzXnvW0ecwcwy+VXOxyf8y6Wc</latexit>

(1, 0) á(q0, q1) = ( q0, q1)
<latexit sha1_base64="ZK6MdeJeRih9McnC2TGrkgsPDjU=">AAACCnicbZDLSsNAFIYnXmu9RV26GS1CC6UkVdCNUHTjsoK9QBvCZDJph04y6cxEKKFrN76KGxeKuPUJ3Pk2TtuA2vrDwMd/zuHM+b2YUaks68tYWl5ZXVvPbeQ3t7Z3ds29/abkicCkgTnjou0hSRiNSENRxUg7FgSFHiMtb3A9qbfuiZCUR3dqFBMnRL2IBhQjpS3XPCraZasEu9jnChaHrlUeunYJXv6waxasijUVXAQ7gwLIVHfNz67PcRKSSGGGpOzYVqycFAlFMSPjfDeRJEZ4gHqkozFCIZFOOj1lDE+048OAC/0iBafu74kUhVKOQk93hkj15XxtYv5X6yQquHBSGsWJIhGeLQoSBhWHk1ygTwXBio00ICyo/ivEfSQQVjq9vA7Bnj95EZrVin1aqd6eFWpXWRw5cAiOQRHY4BzUwA2ogwbA4AE8gRfwajwaz8ab8T5rXTKymQPwR8bHN+LzlpY=</latexit>

(q0, q1)! 1 = (
1
q0

, !
q1

q2
0

)
<latexit sha1_base64="jWABiM/mstWOx4YORrqsuTxcgFw=">AAACHHicbVBLSwMxGMzWV62vVY9egkVooS27raAXoejFYwX7gD6WbJptQ7OPJlmhLPtDvPhXvHhQxIsHwX9jut2Dtg4EJjPzkXxjB4wKaRjfWmZtfWNzK7ud29nd2z/QD49awg85Jk3sM593bCQIox5pSioZ6QScINdmpG1PbuZ++4FwQX3vXs4C0nfRyKMOxUgqydJrhalllKaWWRxEZTOGV7DQczjCkRlHyolL5cVVJRJhUI2Llp43KkYCuErMlORBioalf/aGPg5d4knMkBBd0whkP0JcUsxInOuFggQIT9CIdBX1kEtEP0qWi+GZUobQ8bk6noSJ+nsiQq4QM9dWSRfJsVj25uJ/XjeUzmU/ol4QSuLhxUNOyKD04bwpOKScYMlmiiDMqforxGOkypCqz5wqwVxeeZW0qhWzVqnenefr12kdWXACTkEBmOAC1MEtaIAmwOARPINX8KY9aS/au/axiGa0dOYY/IH29QMlGZ+Y</latexit>

f (x) = R[f (x, q1)], ! q1
<latexit sha1_base64="btVoJLZC6z3rJPLr03/RHAOws6s="></latexit>

D[f (x + ! )] = D[f ((x, 0) + (0 , 1))] = D[f (x, 1)] = f !(x)
<latexit sha1_base64="eZZrI6iTxHZZaoXd4zy076tmmgM="></latexit>
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Differential Algebra example
n Consider the function with the derivative

. For , we obtain 

f (x) = x2 +
1
x

<latexit sha1_base64="+EOeSEHjOGv9pj+iK3U677GZDNo=">AAACAXicbVDLSgNBEOyNrxhfq14EL4NBiAhhNwp6EYJePEYwD0jWMDuZTYbMPpiZlYRlvfgrXjwo4tW/8ObfOEn2oNGChqKqm+4uN+JMKsv6MnILi0vLK/nVwtr6xuaWub3TkGEsCK2TkIei5WJJOQtoXTHFaSsSFPsup013eDXxm/dUSBYGt2ocUcfH/YB5jGClpa6555VGR+gCje4q6Bh1PIFJYqfJKO2aRatsTYH+EjsjRchQ65qfnV5IYp8GinAsZdu2IuUkWChGOE0LnVjSCJMh7tO2pgH2qXSS6QcpOtRKD3mh0BUoNFV/TiTYl3Lsu7rTx2og572J+J/XjpV37iQsiGJFAzJb5MUcqRBN4kA9JihRfKwJJoLpWxEZYJ2C0qEVdAj2/Mt/SaNStk/KlZvTYvUyiyMP+3AAJbDhDKpwDTWoA4EHeIIXeDUejWfjzXifteaMbGYXfsH4+Abxg5VP</latexit>

f ! (x) = 2 x !
1
x2

<latexit sha1_base64="bsXQlF2qLfrhiPvkPBgXnBwq5QA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBaxLixJFHQjFN24rGAf0MYymU7aoZNJmJlISwi48VfcuFDErT/hzr9x2mahrQcuHM65l3vv8SJGpbKsbyO3sLi0vJJfLaytb2xumds7dRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4g+ux33ggQtKQ36lRRNwA9Tj1KUZKSx1zzz8qDY/hJXSG8AS2fYFwYqfJ8N5JO2bRKlsTwHliZ6QIMlQ75le7G+I4IFxhhqRs2Vak3AQJRTEjaaEdSxIhPEA90tKUo4BIN5n8kMJDrXShHwpdXMGJ+nsiQYGUo8DTnQFSfTnrjcX/vFas/As3oTyKFeF4usiPGVQhHAcCu1QQrNhIE4QF1bdC3Ec6B6VjK+gQ7NmX50ndKdunZef2rFi5yuLIg31wAErABuegAm5AFdQABo/gGbyCN+PJeDHejY9pa87IZnbBHxifP9C4lb4=</latexit>

x = 2
<latexit sha1_base64="3LQ7w83BIdT2iEZR49aXwqwTecM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ5NkyOzsMtMrhiWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5ybUSkHnAccz+kAyX6glG00v3TVaVbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+qlQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJo1L2zsqVu/NS9TqLIw9HcAyn4MEFVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/2smNgw==</latexit>

(f (2), f !(2)) =
!

9
2

,
15
4

"

<latexit sha1_base64="rUFg6qRE+YrurSfG63U6JmAPQuw="></latexit>
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Differential Algebra example
n Consider the function with the derivative

. For , we obtain 

f (x) = x2 +
1
x

<latexit sha1_base64="+EOeSEHjOGv9pj+iK3U677GZDNo=">AAACAXicbVDLSgNBEOyNrxhfq14EL4NBiAhhNwp6EYJePEYwD0jWMDuZTYbMPpiZlYRlvfgrXjwo4tW/8ObfOEn2oNGChqKqm+4uN+JMKsv6MnILi0vLK/nVwtr6xuaWub3TkGEsCK2TkIei5WJJOQtoXTHFaSsSFPsup013eDXxm/dUSBYGt2ocUcfH/YB5jGClpa6555VGR+gCje4q6Bh1PIFJYqfJKO2aRatsTYH+EjsjRchQ65qfnV5IYp8GinAsZdu2IuUkWChGOE0LnVjSCJMh7tO2pgH2qXSS6QcpOtRKD3mh0BUoNFV/TiTYl3Lsu7rTx2og572J+J/XjpV37iQsiGJFAzJb5MUcqRBN4kA9JihRfKwJJoLpWxEZYJ2C0qEVdAj2/Mt/SaNStk/KlZvTYvUyiyMP+3AAJbDhDKpwDTWoA4EHeIIXeDUejWfjzXifteaMbGYXfsH4+Abxg5VP</latexit>

f ! (x) = 2 x !
1
x2

<latexit sha1_base64="bsXQlF2qLfrhiPvkPBgXnBwq5QA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBaxLixJFHQjFN24rGAf0MYymU7aoZNJmJlISwi48VfcuFDErT/hzr9x2mahrQcuHM65l3vv8SJGpbKsbyO3sLi0vJJfLaytb2xumds7dRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4g+ux33ggQtKQ36lRRNwA9Tj1KUZKSx1zzz8qDY/hJXSG8AS2fYFwYqfJ8N5JO2bRKlsTwHliZ6QIMlQ75le7G+I4IFxhhqRs2Vak3AQJRTEjaaEdSxIhPEA90tKUo4BIN5n8kMJDrXShHwpdXMGJ+nsiQYGUo8DTnQFSfTnrjcX/vFas/As3oTyKFeF4usiPGVQhHAcCu1QQrNhIE4QF1bdC3Ec6B6VjK+gQ7NmX50ndKdunZef2rFi5yuLIg31wAErABuegAm5AFdQABo/gGbyCN+PJeDHejY9pa87IZnbBHxifP9C4lb4=</latexit>

x = 2
<latexit sha1_base64="3LQ7w83BIdT2iEZR49aXwqwTecM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ5NkyOzsMtMrhiWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5ybUSkHnAccz+kAyX6glG00v3TVaVbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+qlQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJo1L2zsqVu/NS9TqLIw9HcAyn4MEFVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/2smNgw==</latexit>

(f (2), f !(2)) =
!

9
2

,
15
4

"

<latexit sha1_base64="rUFg6qRE+YrurSfG63U6JmAPQuw="></latexit>

n LetÕs use differential algebra, by substituting                                 
to the function and use the rules

n We computed exactly the derivative, only by using algebra!

x ! (x, 1) = (2 , 1)
<latexit sha1_base64="Hfm1g1wxu9/xVuFNiFpSTRmEdfE=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEClJmqqAboejGZQX7gHYomTTThmYyQ3JHW0px46+4caGIW7/CnX9j2s5Cqwcu93DOvST3+LHgGhzny8osLC4tr2RXc2vrG5tb9vZOTUeJoqxKIxGphk80E1yyKnAQrBErRkJfsLrfv5r49TumNI/kLQxj5oWkK3nAKQEjte29QUvxbg+IUtF9YXDsHuELXCiZ3rbzTtGZAv8lbkryKEWlbX+2OhFNQiaBCqJ103Vi8EZEAaeCjXOtRLOY0D7psqahkoRMe6PpCWN8aJQODiJlSgKeqj83RiTUehj6ZjIk0NPz3kT8z2smEJx7Iy7jBJiks4eCRGCI8CQP3OGKURBDQwhV3PwV0x5RhIJJLWdCcOdP/ktqpaJ7UizdnObLl2kcWbSPDlABuegMldE1qqAqougBPaEX9Go9Ws/Wm/U+G81Y6c4u+gXr4xsgLZVJ</latexit>
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Higher orders
n The operation can be extended to derivatives of order N by 

considering that the pair becomes

n We can extend theoperations as

with ! = (0 , 1, 0, 0, . . . , 0)
<latexit sha1_base64="ueMBt3yl+klIlfdJfqJoUl6gjHY=">AAACBnicbVBLSwMxGMz6rPW16lGEYBEqlJKtgl6EohePFewD2qVk02wbmk2WJCuUpScv/hUvHhTx6m/w5r8xbfegrRMCw8w3JN8EMWfaIPTtLC2vrK6t5zbym1vbO7vu3n5Dy0QRWieSS9UKsKacCVo3zHDaihXFUcBpMxjeTPzmA1WaSXFvRjH1I9wXLGQEGyt13aMOjTXjUsArWEQlr4Ts6fSk0SV0CrtuAZXRFHCReBkpgAy1rvtlsySJqDCEY63bHoqNn2JlGOF0nO8kmsaYDHGfti0VOKLaT6drjOGJVXowlMpeYeBU/Z1IcaT1KArsZITNQM97E/E/r52Y8NJPmYgTQwWZPRQmHBoJJ53AHlOUGD6yBBPF7F8hGWCFibHN5W0J3vzKi6RRKXtn5crdeaF6ndWRA4fgGBSBBy5AFdyCGqgDAh7BM3gFb86T8+K8Ox+z0SUnyxyAP3A+fwCPy5X4</latexit>

(q0, 1) ! (q0, 1, 0, 0, . . . , 0)
<latexit sha1_base64="rMSbeoWcHYsoqH2VTfer5hjiurY=">AAACEXicbVDLSgMxFM3UV62vUZdugkVooZSZKuiy6MZlBfuAdhgyaaYNzTxM7ihl6C+48VfcuFDErTt3/o1pOwttPSFwOOceknu8WHAFlvVt5FZW19Y38puFre2d3T1z/6ClokRS1qSRiGTHI4oJHrImcBCsE0tGAk+wtje6mvrteyYVj8JbGMfMCcgg5D6nBLTkmqXSnWtV7DLuST4YApEyesBzrWLp0+tHoCpWGbtm0apaM+BlYmekiDI0XPNLZ2kSsBCoIEp1bSsGJyUSOBVsUuglisWEjsiAdTUNScCUk842muATrfSxH0l9Q8Az9XciJYFS48DTkwGBoVr0puJ/XjcB/8JJeRgnwEI6f8hPBIYIT+vBfS4ZBTHWhFDJ9V8xHRJJKOgSC7oEe3HlZdKqVe3Tau3mrFi/zOrIoyN0jErIRueojq5RAzURRY/oGb2iN+PJeDHejY/5aM7IMofoD4zPHwAbmfY=</latexit>

(q0, q1, q2, . . . , qN ) + ( r 0, r 1, r 2, . . . , rN ) = ( q0 + r 0, q1 + r1, q2 + r 2, . . . , qN + r N )
<latexit sha1_base64="wAnM8yisU8sfPaA3QYMUqax52bM="></latexit>

(q0, q1, q2, . . . , qN ) á(r 0, r 1, r 2, . . . , rN ) = ( s0, s1, s2, . . . , sN )
<latexit sha1_base64="AHnceMHhzZnMngYUKWfLekRUBn8="></latexit>

c á(q0, q1, q2, . . . , qN ) = ( c áq0, c áq1, c áq2, . . . , c áqN )
<latexit sha1_base64="lBo5iQGwGL66Gw/rE9EqWsJzhA0="></latexit>

si =
i!

k=0

i !
k!(i ! k)!

qk r i ! k

<latexit sha1_base64="x9fLj59ALFKztszOkmKDiWaMzOo="></latexit>

with

n For example (x, 0, 0, 0, . . . , 0)n = ( xn , 0, 0, 0, . . . , 0)
<latexit sha1_base64="uwfhDyd32M+SOsZkU/q9VpgPPT4=">AAACE3icbVBLSwMxGMzWV62vVY9egkWospTdKuhFKHrxWME+oN2WbJptQ7PZJclKy9L/4MW/4sWDIl69ePPfmG17sK0TAsPMNyTfeBGjUtn2j5FZWV1b38hu5ra2d3b3zP2DmgxjgUkVhywUDQ9JwignVUUVI41IEBR4jNS9wW3q1x+JkDTkD2oUETdAPU59ipHSUsc8KwwtaFvpaXVDJS37tM3hNSwM29ya1ztm3i7aE8Bl4sxIHsxQ6ZjfOorjgHCFGZKy6diRchMkFMWMjHOtWJII4QHqkaamHAVEuslkpzE80UoX+qHQlys4Uf8mEhRIOQo8PRkg1ZeLXir+5zVj5V+5CeVRrAjH04f8mEEVwrQg2KWCYMVGmiAsqP4rxH0kEFa6xpwuwVlceZnUSkXnvFi6v8iXb2Z1ZMEROAYF4IBLUAZ3oAKqAIMn8ALewLvxbLwaH8bndDRjzDKHYA7G1y9ocZl+</latexit>

(0, 1, 0, 0, . . . , 0)n = (0 , 0, 0, . . . ,

n +1
!"#$
n! , . . . , 0)

<latexit sha1_base64="zrSaYXEvUnxCTFuf43A5kJ+cUVw=">AAACKnicbVDLSgMxFM3UV62vUZduokWoWEqmCroRqm5cVrAPaKclk2ba0ExmSDJCGfo9bvwVN10oxa0fYvpAavWGwOGce25yjxdxpjRCYyu1srq2vpHezGxt7+zu2fsHVRXGktAKCXko6x5WlDNBK5ppTuuRpDjwOK15/fuJXnumUrFQPOlBRN0AdwXzGcHaUG37Nofy0Mkjc5qdUKs8OmsJeANzaIFrhmaEJzGhiTgethJx7gx/2tt2FhXQtOBf4MxBFsyr3LZHxkrigApNOFaq4aBIuwmWmhFOh5lmrGiESR93acNAgQOq3GS66hCeGqYD/VCaKzScsouOBAdKDQLPdAZY99SyNiH/0xqx9q/dhIko1lSQ2UN+zKEO4SQ32GGSEs0HBmAimfkrJD1sMtEm3YwJwVle+S+oFgvORaH4eJkt3c3jSIMjcAJywAFXoAQeQBlUAAEv4A28gw/r1RpZY+tz1pqy5p5D8Kusr2/vW6LX</latexit>

(x, 1, 0, 0, . . . , 0)2 = ( x2, 2x, 2, 0, . . . , 0)
<latexit sha1_base64="GSEZbGeFXzTtMQ4IjxWBn9ET8IU=">AAACFHicbVBLSwMxGMzWV62vVY9egkWouJTdVdCLUPTisYJ9QLst2TTbhmazS5KVlqU/wot/xYsHRbx68Oa/MX0cauuEwDDzDck3fsyoVLb9Y2RWVtfWN7Kbua3tnd09c/+gKqNEYFLBEYtE3UeSMMpJRVHFSD0WBIU+IzW/fzv2a49ESBrxBzWMiReiLqcBxUhpqW2eFQYWdCxbn2YnUtKyT1suvIaFQcu13IHlzhltM28X7QngMnFmJA9mKLfNbx3FSUi4wgxJ2XDsWHkpEopiRka5ZiJJjHAfdUlDU45CIr10stQInmilA4NI6MsVnKjziRSFUg5DX0+GSPXkojcW//MaiQquvJTyOFGE4+lDQcKgiuC4IdihgmDFhpogLKj+K8Q9JBBWusecLsFZXHmZVN2ic1507y/ypZtZHVlwBI5BATjgEpTAHSiDCsDgCbyAN/BuPBuvxofxOR3NGLPMIfgD4+sXmlKZjQ==</latexit>

(x, 1, 0, 0, . . . , 0)3 = ( x3, 3x2, 6x, 6, 0, . . . , 0)
<latexit sha1_base64="RtpvKBgPew4SPVHeyMczf9PCka4=">AAACGXicbVBLSwMxGMzWV62vVY9egkWosJTdrlQvQtGLxwr2Ae22ZNO0Dc0+SLKyZenf8OJf8eJBEY968t+YtnuorRMCw8w3JN+4IaNCmuaPlllb39jcym7ndnb39g/0w6O6CCKOSQ0HLOBNFwnCqE9qkkpGmiEnyHMZabij26nfeCRc0MB/kOOQOB4a+LRPMZJK6upmITagZZjqtHuBFIZ53rHhNSzEHduw407JKMdGecHt6nmzaM4AV4mVkjxIUe3qXyqKI4/4EjMkRMsyQ+kkiEuKGZnk2pEgIcIjNCAtRX3kEeEks80m8EwpPdgPuLq+hDN1MZEgT4ix56pJD8mhWPam4n9eK5L9KyehfhhJ4uP5Q/2IQRnAaU2wRznBko0VQZhT9VeIh4gjLFWZOVWCtbzyKqmXipZdLN1f5Cs3aR1ZcAJOQQFY4BJUwB2oghrA4Am8gDfwrj1rr9qH9jkfzWhp5hj8gfb9C8BjmzA=</latexit>
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Higher dimensions
n The operation can be extendedto more variables

n With some modified multiplication rules

with

providing (x, 0, 0, 0, . . . , 0)n = ( xn , 0, 0, 0, . . . , 0)
<latexit sha1_base64="uwfhDyd32M+SOsZkU/q9VpgPPT4=">AAACE3icbVBLSwMxGMzWV62vVY9egkWospTdKuhFKHrxWME+oN2WbJptQ7PZJclKy9L/4MW/4sWDIl69ePPfmG17sK0TAsPMNyTfeBGjUtn2j5FZWV1b38hu5ra2d3b3zP2DmgxjgUkVhywUDQ9JwignVUUVI41IEBR4jNS9wW3q1x+JkDTkD2oUETdAPU59ipHSUsc8KwwtaFvpaXVDJS37tM3hNSwM29ya1ztm3i7aE8Bl4sxIHsxQ6ZjfOorjgHCFGZKy6diRchMkFMWMjHOtWJII4QHqkaamHAVEuslkpzE80UoX+qHQlys4Uf8mEhRIOQo8PRkg1ZeLXir+5zVj5V+5CeVRrAjH04f8mEEVwrQg2KWCYMVGmiAsqP4rxH0kEFa6xpwuwVlceZnUSkXnvFi6v8iXb2Z1ZMEROAYF4IBLUAZ3oAKqAIMn8ALewLvxbLwaH8bndDRjzDKHYA7G1y9ocZl+</latexit>

n Using the formalism above, a truncated Taylor map with the 
desired accuracy and to any order, directly from tracking 
data
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Summary
n Natural way to represent motion in an accelerator is by using maps
n Powerful tools to build them from straight-forward tracking 

(TPSA)
n Canonical (symplectic) transformations enable to move from 

variables describing a distorted phase space to something simpler 
(ideally circles)

n The generating functions passing from the old to the new variables 
are bounded to diverge in the vicinity of resonances (emergence of 
chaos, see Lectures of NLD Phenomenology)

n Calculating this generating function with canonical perturbation 
theory becomes hopeless for higher orders

n Lie transformations of accelerator maps enables derivation of the 
generating functions in an algorithmic way, in principle to 
arbitrary order 

n For real accelerator models, we have to rely on symplectic
integration, i.e. particle tracking and methods to analyse it (see 
Lectures of TPSA, NLD Phenomenology)
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Appendix
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Derivation of Lagrange equations
qThe variation of the action can be written as

q Taking into account that , the 2nd part of the 

integral can be integrated by parts giving   

qThe first term is zero because
so the second integrant should also vanish,
providing the  following differential equations for 
each degree of freedom, the Lagrange equations

d

dt

@L

@q̇i
� @L

@qi
= 0

! úq =
d! q
dt

! W =
! t 2

t 1

(L (q + ! q, úq + ! úq, t) ! L (q, úq, t)) dt =
! t 2

t 1

"
" L
" q

! q +
" L
" úq

! úq
#

dt

! W =

!
!
!
!
" L
" úq

! q

!
!
!
!

t 2

t 1

+
" t 2

t 1

#
" L
" q

!
d
dt

#
" L
" úq

$$
! qdt = 0

�q(t1) = �q(t2) = 0
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Derivation of Hamilton’s equations
q The equations of motion can be derived from the 

Hamiltonian following the same variational principle as for 
the Lagrangian (ÒleastÓ action) but also by simply taking the 
differential of the Hamiltonian

dH =
!

i

pi d úqi + úqi dpi !
! L
! úqi

d úqi !
! L
! qi

dqi !
! L
! t

dt

pi úpi
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Derivation of Hamilton’s equations
q The equations of motion can be derived from the 

Hamiltonian following the same variational principle as for 
the Lagrangian (ÒleastÓ action) but also by simply taking the 
differential of the Hamiltonian

or

q By equating terms, Hamilton’s equations are derived

q These are indeed equations describing the motion in 
the “extended” phase space

dH =
!

i

pi d úqi + úqi dpi !
! L
! úqi

d úqi !
! L
! qi

dqi !
! L
! t

dt

pi úpi

2n+ 2
(qi , . . . , qn , p1, . . . , pn , t, ! H )

q̇i =
@H

@pi
, ṗi = �@H

@q
,

@L

@t
= �@H

@t

dH (q, p, t) =
!

i

úqi dpi ! úpi dqi !
! L
! t

dt =
!

i

! H
! pi

dpi +
! H
! qi

dqi +
! H
! t

dt
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From Cartesian to ÒcurvedÓ coordinates

q It is useful (especially for rings)                                 
to transform the Cartesian                            
coordinate system to the                                       
Frenet-Serret system moving                                       
to a closed curve, with path length    

qThe position coordinates in the two systems are 
connected by

qThe Frenet-Serret unit vectors and their derivatives 
are defined as 

with        the radius of curvature and        the torsion 
which vanishes in case of planar motion

s

r = r 0 (s) + X n(s) + Yb(s) = xux + yuy + zuz

s

Particle trajectory

!

n

b

t

x
y

"
r 0

r

(t , n, b) = (
d
ds

r 0 (s), ! ! (s)
d2

ds2 r 0 (s), t " n)

d
ds

!

"
t
n
b

#

$ =

!

"
0 ! 1

! (s) 0
0 0 ! (s)
1

! (s) 0 ! ! (s)

#

$

!

"
t
n
b

#

$

! (s) ! (s)
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From Cartesian to ÒcurvedÓ variables

qWe are seeking a canonical transformation between 

qThe generating function is 

qBy using the relationship between the positions, the 
generating  function is 

(q, p) !" (Q, P) or

(x, y, z, px , py , pz ) !" (X, Y, s, Px , Py , Ps)

F3(p, Q) = ! p ár + F3(Q) = ! p ár

(q, P) = ! ( ! F3 (p ,Q )
! p , ! F3 (p ,Q )

! Q )
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From Cartesian to ÒcurvedÓ variables

qfor planar motion, the momenta are

qTaking into account that the vector potential is also 
transformed in the same way

the new Hamiltonian is given by 

P = ( PX , PY , Ps) = pá(n, b, (1 +
X
!

)t )

H(Q, P, t) = c

!

(PX !
e
c

AX )2 + ( PY !
e
c

AY )2 +
(Ps ! e

c As)2

(1 + X
! (s) )2

+ m2c2 + e!

(AX , AY , As) = A á(n, b, (1 +
X
!

)t )
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Changing of the independent variable

q It is more convenient to use the path length , 
instead of the time as independent variable

q The Hamiltonian can be considered as having 4 
degrees of freedom, where the 4th “position” is 
time and its conjugate momentum is 

s

Pt = ! H
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Changing of the independent variable

q It is more convenient to use the path length , 
instead of the time as independent variable

q The Hamiltonian can be considered as having 4 
degrees of freedom, where the 4th “position” is 
time and its conjugate momentum is 

qIn the same way, the new Hamiltonian with the 
path length as the independent variable is just 

with

qIt can be proved that this is indeed a canonical 
transformation

qNote the existence of the reference orbit for zero 
vector potential, for which 

s

Pt = ! H

Ps = ! ÷H(X, Y, t, P X , PY , Pt , s)

÷H = !
e
c

As!
!

1 +
X

! (s)

" #

(
Pt + e!

c
)2 ! m2c2 ! (Px !

e
c

AX )2 ! (PY !
e
c

AY )2

(X, Y, PX , PY , Ps) = (0 , 0, 0, 0, P0)
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Neglecting electric fields
q Due to the fact that longitudinal (synchrotron) 

motion is much slower than the transverse
(betatron) one, the electric field can be set to zero 
and the Hamiltonian is written as

q The Hamiltonian is then written as

q If static magnetic fields are considered, the time 
dependence is also dropped, and the system is 
having 2 degrees of freedom + “time” (path length)

÷H = !
e
c

As !
!

1 +
X

! (s)

" #

(
H
c

)2 ! m2c2 ! (Px !
e
c

AX )2 ! (PY !
e
c

AY )2

÷H = !
e
c

As !
!

1 +
X

! (s)

" #

(P2 ! (Px !
e
c

AX )2 ! (PY !
e
c

AY )2

P2
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Momentum rescaling
q Due to the fact that total momentum is much larger 

than the transverse ones, another transformation 
may be considered, where the transverse momenta 
are rescaled

qThe new variables are indeed canonical if the 
Hamiltonian is also rescaled and written as 

with 

and

øH(øx, øy, øt, øpx , øpy , øpt ) =
÷H

P0
= ! e øAs!

!
1 +

øx
! (s)

" #

øp2
t !

m2c2

P0
! (øpx ! e øAx )2 ! (øpy ! e øAy )2

(Q, P) !" (øq, øp) or

(X, Y, t, P X , PY , Pt ) !" (øx, øy, øt, øpx , øpy , øpt ) = ( X, Y, # c t,
PX

P0
,

PY

P0
, #

Pt

P0c
)

( øAx , øAy , øAz) =
1

P0 c
(Ax , Ay , As)

m2c2

P0
=

1
! 2

0" 2
0
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Moving the reference frame
q Along the reference trajectory and

q It is thus useful to move the reference frame to the
reference trajectory for which another canonical 
transformation is performed

øpt 0 =
1
! 0døt

ds

!
!
P = P0

=
! øH
! øpt

|P = P0 = ! øpt 0 = !
1
" 0

(øq, øp) !" (öq, öp) or

(øx, øy, øt, øpx , øpy , øpt ) !" (öx, öy, öt, öpx , öpy , öpt ) = (öx, öy, øt +
s # s0

! 0
, öpx , öpy , øpt #

1
! 0

)
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Moving the reference frame
q Along the reference trajectory and

q It is thus useful to move the reference frame to the
reference trajectory for which another canonical 
transformation is performed

qThe mixed variable generating function is 
providing

qThe Hamiltonian is then

øpt 0 =
1
! 0døt

ds

!
!
P = P0

=
! øH
! øpt

|P = P0 = ! øpt 0 = !
1
" 0

(øq, øp) !" (öq, öp) or

(øx, øy, øt, øpx , øpy , øpt ) !" (öx, öy, öt, öpx , öpy , öpt ) = (öx, öy, øt +
s # s0

! 0
, öpx , öpy , øpt #

1
! 0

)

(öq, øp) = ( ! F2 (øq ,öp )
! öp , ! F2 (øq ,öp )

! øq )

F2(øq, öp) = øx öpx + øyöpy + ( øt +
s ! s0

! 0
)(öpt +

1
! 0

)

öH(öx, öy, öt, öpx , öpy , öpt ) =
1
! 0

(
1
! 0

+öpt )! e öAs!
!

1 +
öx

" (s)

" #

(öpt +
1
! 0

)2 !
1

! 2
0#2

0
! (öpx ! e öAx )2 ! (öpy ! e øAy )2
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Relativistic and transverse field approximations

q First note that 
and  

qIn the ultra-relativistic limit 
and the Hamiltonian is written as                        

where the “hats” are dropped  for simplicity

öpt = øpt !
1
! 0

= øpt ! øpt 0 =
Pt ! P0

P0
" "

l = öt
! 0 ! 1 ,

1
! 2

0 " 2 ! 0

H(x, y, l, px , py , ! ) = (1+ ! )! e öAs!
!

1 +
x

" (s)

" #
(1 + ! )2 ! (px ! e öAx )2 ! (py ! e öAy )2
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Relativistic and transverse field approximations

q First note that 
and  

qIn the ultra-relativistic limit 
and the Hamiltonian is written as                        

where the “hats” are dropped  for simplicity
qIf we consider only transverse field components, 

the vector potential has only a longitudinal
component and the Hamiltonian is written as

qNote that the Hamiltonian is non-linear even in the 
absence of any field component (i.e. for a drift)!

öpt = øpt !
1
! 0

= øpt ! øpt 0 =
Pt ! P0

P0
" "

l = öt
! 0 ! 1 ,

1
! 2

0 " 2 ! 0

H(x, y, l, px , py , ! ) = (1+ ! )! e öAs!
!

1 +
x

" (s)

" #
(1 + ! )2 ! (px ! e öAx )2 ! (py ! e öAy )2

H (x, y, l, px , py , ! ) = (1 + ! ) ! e öAs !
!

1 +
x

" (s)

" #
(1 + ! )2 ! p2

x ! p2
y



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

162

High -energy, large ring approximation

q It is useful for study purposes (especially for 
finding an “integrable” version of the Hamiltonian) 
to make an extra approximation

q For this, transverse momenta (rescaled to the 
reference momentum) are considered to be much 
smaller than 1, i.e. the square root can be expanded.

q Considering also the large machine approximation
, (dropping cubic terms), the Hamiltonian 

is simplified to  

qThis expansion may not be a good idea, especially 
for low energy, small size rings 

x << !

H =
p2

x + p2
y

2(1 + ! )
!

x(1 + ! )
" (s)

! e öAs
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Relativistic and transverse field approximations

q First note that 
and  

qIn the ultra-relativistic limit 
and the Hamiltonian is written as                        

where the “hats” are dropped  for simplicity
qIf we consider only transverse field components, the 

vector potential has only a longitudinal component 
and the Hamiltonian is written as

qNote that the Hamiltonian is non-linear even in the 
absence of any field component (i.e. for a drift)!

öpt = øpt !
1
! 0

= øpt ! øpt 0 =
Pt ! P0

P0
" "

l = öt
! 0 ! 1 ,

1
! 2

0 " 2 ! 0

H(x, y, l, px , py , ! ) = (1+ ! )! e öAs!
!

1 +
x

" (s)

" #
(1 + ! )2 ! (px ! e öAx )2 ! (py ! e öAy )2

H (x, y, l, px , py , ! ) = (1 + ! ) ! e öAs !
!

1 +
x

" (s)

" #
(1 + ! )2 ! p2

x ! p2
y
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Magnetic multipole expansion
n From Gauss law of magnetostatics, a vector potential exist 

n Assuming transverse 2D field, vector potential has only one 
component As. The Ampere! s law in vacuum (inside the 
beam pipe) 

n Using the previous equations, the relations between field 
components and potentials are

i.e. Riemann conditions of an analytic function

Exists complex potential of with  
power series expansion convergent in a circle 
with radius (distance from iron yoke)

#

$

!"#$

%!z = x + iy

|z| = r c
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Multipole expansion II
n From the complex potential we can derive the fields

n Setting

n Define normalized coefficients 

on a reference radius r0, 10-4 of the main field to get

n Note: is the US conventionn! = n ! 1
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Canonical perturbation theory
n Expand term by term the Hamiltonian                                   

to leading order in

n The new Hamiltonian can also be expanded in orders of 

n Equating the terms of equal orders in    , we obtain

q Zero order

q First order

where the frequency vector is 

!
H0(J ( øJ, ø! ) ) = H0( øJ ) + !

" H0( øJ )
" øJ

" S1( øJ , ø! , #)
" ø!

+ O(! 2)

!H1(J ( øJ, ø! ) , ! ( øJ, ø! ) , #) = !H1( øJ , ø! ) + O(! 2)

H (J ( øJ, ø! ) , ! ( øJ, ø! ) , ! )

øH1 =
! S1( øJ , ø! , " )

!"
+ " ( øJ ) á

! S1( øJ , ø! , " )
! ø!

+ H1( øJ , ø! )

øH0 = H0( øJ )

! ( øJ ) =
! H0( øJ )

! øJ

!
øH = øH0 + ! øH1 + . . .

!
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Canonical perturbation theory
n From the first order Hamiltonian, the angles have to be 

eliminated. For this purpose, it can be split in two parts:

q Average part: 

q Oscillating part: 

n The 1st order perturbation part of the Hamiltonian then 
becomes

n Thus, the generating function should be chosen such that 
the angle dependence is eliminated, for which

n The new Hamiltonian is a function of the new actions      
with the 

new frequency vector

!H1" ø! =
!

1
2!

" n #
H1( øJ , ø! )d ø!

{ H1} = H1 ! " H1#ø!

øH1 =
! S1( øJ , ø! , " )

!"
+ " ( øJ ) á

! S1( øJ , ø! , " )
! ø!

+ !H1( øJ , ø! )" ø! + { H1( øJ , ø! )}

øH1( øJ ) = !H1( øJ , ø! )" ø! and
! S1( øJ , ø! , " )

!"
+ " ( øJ ) á

! S1( øJ , ø! , " )
! ø!

= # { H1( øJ , ø! )}and

øH ( øJ ) = H0( øJ ) + ! !H1( øJ , ø! )" ø! + O(! 2)

ø! ( øJ ) =
! øH ( øJ )

! øJ
= ! ( øJ ) + "

! !H1( øJ , ø" )" ø!

! øJ
+ O("2)
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Form of the generating function
n The question that remains to be answered is whether a 

generating function can be found that eliminates the angle 
dependence

n The oscillating part of the perturbation and the generating 
function can be expanded in Fourier series 

with
n Following the relationship for the angle elimination, the 

Fourier coefficients of the generating function should 
satisfy

n Then, the generating function can be written as

{ H1( øJ , ø! )} =
!

k ,p

H1k ( øJ )ei (k áø! + p! )

k á ø! = k1 ø! 1 + á á á+ kn ø! n

S1( øJ , ø! , ! ) =
!

k ,p

S1k ( øJ )ei (k áø! + p! )

S1k ( øJ ) = i
H1k ( øJ )

k á! ( øJ ) + p
with k , p != 0

S( øJ , ø! ) = øJ áø! + ! i
!

k != 0

H1k (øJ)
k á" ( øJ ) + p

ei (k áø! + p! ) + O(! 2)

with
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Example: Perturbation 
treatment of a sextupole
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Perturbation treatment for a sextupole

n Consider the simple case of a periodic sextupole 
perturbation and restrict the study only to one plane. The 

Hamiltonian is written as, 

where            and            are periodic functions of time.K (s) K s(s)
H (x, px , s) = p2

x + K (s)x 2

2 + K s (s)x 3

3
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Perturbation treatment for a sextupole

n Consider the simple case of a periodic sextupole 
perturbation and restrict the study only to one plane. The 

Hamiltonian is written as, 

where            and            are periodic functions of time.

n We proceed to the transformation in action angle variables 
to write the Hamiltonian in the form

K (s) K s(s)
H (x, px , s) = p2

x + K (s)x 2

2 + K s (s)x 3

3

H = H0(J ) + H1(! , J ) =
J

" (s)
+

2
!

2K s(s)
3

(J " (s))3/ 2 cos3 !

=
J

" (s)
+

K s(s)

3
!

2
(J " (s))3/ 2 (cos 3! + 3 cos! )
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Perturbation treatment for a sextupole

n The perturbation procedure implies to split the 
perturbation in an average part over the angles and 
an oscillating part

where

and

H1 = !H1"! + { H1} =

#
2k2(s)
12

(J ! (s))3/ 2 (cos 3" + 3 cos" )

!H1"! =
!

1
2!

" #
H1(J, " )d"

{ H1} = H1 ! " H1#!

=
!

k,p

H1k (J )ei (ká! + p" )



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

173

Tuneshift from a sextupole
n The average part should be only a function of the action
n Its derivative with respect to the action should provide the 

frequency shift (tune-shift) due to the non-linearity

n It can be shown that this quantity vanishes for a sextupole

perturbation

n Sextupolesdo not provide any tune -shift at first order
n But we know by experience that this is not true, i.e. first 

order perturbation theory fails to give the correct answer

n One has to go to higher order (see appendix)

!
! H1(" , J )

! J
"! =

k2(s)#(s)

8
#

2$
(J #(s))1/ 2

! 2"

0
(cos 3" + 3 cos" )d" = 0
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Perturbation treatment for a sextupole 

n The oscillating part is then the same as the original 
Hamiltonian

n Following the canonical perturbation procedure the 
generating function is

n The only non-zero Fourier terms are for  and 

{ H1} = H1 ! " H1#ø! = H1 =
K s(s)

3
$

2

! øJ ! (s)
"3/ 2

(cos 3" + 3 cos" )

k = 1 , 3

S( øJ, ø! ) = øJ áø! + i
!

k,p !=0

H1k ( øJ )
k á" ( øJ ) + p

ei (káø! + p" ) + . . .

S( øJ, ø! ) = øJ áø! + i
K s(s)

6
!

2

! øJ " (s)
"3/ 2

!#

p= "!

$
ei (3 ø! + p" )

3# + p
+

3ei ( ø! + p" )

# + p

%
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Perturbation treatment for a sextupole 

n We derived (with a lot of effort) the common result that 
sextupoles at first order excite integer and third integer 
resonances

n Again this is not generally true! It is known that sextupoles
can drive any resonance (either if they are large enough, or 
if the particle is far away from the closed orbit)

n This can be shown again by pursuing the perturbation 
approach to second order (as for the tune-shift)

n A useful application is to use the generating function for 
computing the correction to the original invariant, as the 
new one should be an integral of motion (at first order)

J ! øJ +
! S1( øJ, " , #)

!"
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Phase space for sextupole perturbation

n For small perturbations, the new action variable is almost 
an invariant but for larger ones phase space gets deformed

n Close to the integer or third integer resonance, canonical 
perturbation theory cannot be applied

n The solution is provided by secular perturbation theory
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Second order sextupole tune-shift
n It can be shown that at second order in perturbation theory 

the Hamiltonian depending only on the actions can be 
written

n This can be simplified to

n The two terms  are 

n The 2nd order Hamiltonian is given by the angle -averaged  
product of the last two terms. 

n It is quadratic in the sextupole strength and the new action. 
The 2nd order tune-shift is the derivative in the action

øH2( øJ ) = !
1
2

! 2H0

! øJ 2

!
! S1

!"

" 2

+
! H1

! øJ
! S1

!"
"!

øH2( øJ ) = !
! H1

! øJ
! S1

!"
"!

! H1

! øJ
=

K s(s)

2
!

2
øJ 1/ 2" (s)3/ 2(cos 3# + 3 cos#)

! S1

!"
= !

øJ 3/ 2

2
"

2

! s+ C

s
K s(s!)#(s!)3/ 2

"
cos(" + $ (s!) ! $ (s) ! %&)

sin(%&)
+

cos 3(" + $ (s!) ! $ (s) ! %&)
sin(3%&)

#
ds!

! ( øJ ) = !
" H2

" øJ
"! ,s = #

øJ
16#

! C

0
dsKs(s)$(s)3/ 2

! s+ C

s
K s(s!)$(s!)3/ 2

$
"

cos(%+ &(s!) # &(s) # #! )
sin(#! )

+
cos 3(%+ &(s!) # &(s) # #! )

sin(3#! )

#
ds!
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Perturbation treatment for more 
sextupoles

n Expand both the perturbation and generating function in  
Fourier series of the form 

and

n The equation relating the amplitudes is 

which can be solved yielding

S1( øJ, ø! , " ) =
!

k

S1k ( øJ, " )eik ø! { H1( øJ, ø! , " )} =
!

k

H1k ( øJ, " )eik ø!

i k ! S1k +
" S1k

"#
= ! H1k

S1k =
i

2 sin(! k" )

! ! +2 "

!
H1k eik #( ! ! ! ! ! " ) d#"
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n Expand both the perturbation and generating function in  
Fourier series of the form 

and

n The equation relating the amplitudes is 

which can be solved yielding

n Following the canonical perturbation procedure the 
generating function is

n For the sextupole, and letting we have

S1( øJ, ø! , " ) =
!

k

S1k ( øJ, " )eik ø! { H1( øJ, ø! , " )} =
!

k

H1k ( øJ, " )eik ø!

i k ! S1k +
" S1k

"#
= ! H1k

S1 =
!

k

i
2 sin(! k" )

" ! +2 "

!
H1k eik [#+ $( ! ! ! ! ! " )] d#"

S1k =
i

2 sin(! k" )

! ! +2 "

!
H1k eik #( ! ! ! ! ! " ) d#"

! (s) =
! s

0

ds!

" (s!)

S1 = !
øJ 3/ 2

2
"

2

! s+ C

s
K s(s!)! (s!)3/ 2

"
sin(" + # (s!) ! # (s) ! $%)

sin($%)
+

sin 3(" + # (s!) ! # (s) ! $%)
3 sin(3$%)

#
ds!

Perturbation treatment for more 
sextupoles
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Single resonance for accelerator Hamiltonian

n The single resonance accelerator Hamiltonian 
(Hagedorn (1957), Schoch (1957), Guignard (1976, 
1978)) 

with 
n From the generating function   

the relationships between old and new variables are                                                 

n The following Hamiltonian is obtained

H (Jx , Jy , ! x , ! y , s) =
1
R

(" x Jx + " y Jy ) + gn x ,n y

2
R

J
k x
2

x J
k y
2

y cos(nx ! x + ny ! y + ! 0 ! p#)

gn x ,n y ei ! 0 = gj,k,l,m ;p

Fr (! x , ! y , öJx , öJy , s) = ( nx ! x + ny ! y ! p" ) öJx + ! y öJy

ö! x = ( nx ! x + ny ! y ! p" ) , Jx = nx öJx

ö! y = ! y , Jy = ny öJx + öJy

öH ( öJx , öJy , ö! x ) =
(nx " x + ny " y ! p) öJx + öJy

R
+ gn x ,n y

2
R

(nx öJx )
k x
2 (ny öJx + öJy )

k y
2 cos(ö! x + ! 0)
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Resonance widths
n There are two integrals of motion 

q The Hamiltonian, as it is independent on ÒtimeÓ
q The new action as the Hamiltonian is independent on

n The two invariants in the old variables are written as:

n Two cases can be distinguished
q have opposite sign, i.e. difference resonance, the motion is 

the one of an ellipse, so bounded
q have the same sign, i.e. sum resonance, the motion is the one 

of an hyperbola, so not bounded

n These are first order perturbation theory considerations
n The distance from the resonance is obtained as

ö! yöJy

c1 =
Jx

nx
!

Jy

ny

c2 = ( ! x !
p

nx + ny
)Jx + ( ! y !

p
nx + ny

)Jy + 2gn x ,n y J
k x
2

x J
k y
2

y cos(nx " x + ny " y + " 0 ! p#)

nx , ny

nx , ny

! =
gn x ,n y

R
J

k x ! 2
2

x J
k y ! 2

2
y (kx nx Jx + ky ny Jy )
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General accelerator Hamiltonian
n The general accelerator Hamiltonian is written as

n The transverse coordinated can be expressed in action-angle 
variables as

n The Hamiltonian in action -angle variables is 
H !(Jx , Jy , ! x , ! y ) = H0(Jx , Jy ) + H1(Jx , Jy , ! x , ! y )

H(x, y, px , py , s) = H 0(x, y, px , py , s) +
!

kx ,k y

hkx ,k y (s)xkx yky

u(s) =

!
Ju ! u (s)

2

"
ei ( ! u (s)+ " u (s)) + e! i ( ! u (s)+ " u (s))

#
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General accelerator Hamiltonian
n The general accelerator Hamiltonian is written as

n The transverse coordinated can be expressed in action-angle 
variables as

n The Hamiltonian in action -angle variables is 

q The integrable part 

q The perturbation

H !(Jx , Jy , ! x , ! y ) = H0(Jx , Jy ) + H1(Jx , Jy , ! x , ! y )

H(x, y, px , py , s) = H 0(x, y, px , py , s) +
!

kx ,k y

hkx ,k y (s)xkx yky

u(s) =

!
Ju ! u (s)

2

"
ei ( ! u (s)+ " u (s)) + e! i ( ! u (s)+ " u (s))

#

H0(Jx , Jy ) =
1
R

(! x Jx + ! y Jy )

H1(Jx , Jy , ! x , ! y ; s) =
!

kx ,k y

J kx / 2
x J ky / 2

y

kx!

j

ky!

l

gj,k,l,m (s)ei [( j ! k ) ! x +( l ! m ) ! y ]
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General accelerator Hamiltonian
n The general accelerator Hamiltonian is written as

n The transverse coordinated can be expressed in action-angle 
variables as

n The Hamiltonian in action -angle variables is 

q The integrable part 

q The perturbation

n The coefficients 

depend on the optics, with the indexes

H !(Jx , Jy , ! x , ! y ) = H0(Jx , Jy ) + H1(Jx , Jy , ! x , ! y )

H(x, y, px , py , s) = H 0(x, y, px , py , s) +
!

kx ,k y

hkx ,k y (s)xkx yky

u(s) =

!
Ju ! u (s)

2

"
ei ( ! u (s)+ " u (s)) + e! i ( ! u (s)+ " u (s))

#

H0(Jx , Jy ) =
1
R

(! x Jx + ! y Jy )

H1(Jx , Jy , ! x , ! y ; s) =
!

kx ,k y

J kx / 2
x J ky / 2

y

kx!

j

ky!

l

gj,k,l,m (s)ei [( j ! k ) ! x +( l ! m ) ! y ]

gj,k,l,m (s) =
hkx ,k y (s)

2
j + k + l + m

2

!
kx

j

"!
ky

l

"
! kx / 2

x (s)! ky / 2
y (s)ei [( j ! k ) ! x (s)+( l ! m ) ! y (s)]

kx = j + k , ky = l + m
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Resonance driving terms
n As the coefficients                 are periodic, the perturbation 

can be expanded in  Fourier series

with the resonance driving terms

H1(Jx , Jy , ! x , ! y ; " ) =
!

kx ,k y

J kx / 2
x J ky / 2

y

kx!

j

ky!

l

!!

p= "!

gj,k,l,m ;pei [( j " k ) ! x +( l " m ) ! y " p" ]

gj,k,l,m ;p =
!

kx

j

"!
ky

l

"
1

2
j + k + l + m

2

1
2!

#
hkx ,k y (s)" kx / 2

x (s)" ky / 2
y (s)ei [( j ! k ) ! x (s)+( l ! m ) ! y (s)+ p" ]

hkx ,k y (s) = hkx ,k y (s + C)
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Resonance driving terms
n As the coefficients                 are periodic, the perturbation 

can be expanded in  Fourier series

with the resonance driving terms

n For , resonance conditions 
appear for 

n Goal of accelerator design and correction systems is to 
minimize the resonance driving terms
q Change magnet design so that become smaller
q Introduce magnetic elements capable of creating a cancelling effect

q Sort magnets or non-linear elements in a way that phase terms are 
minimised

hkx ,k y (s) = hkx ,k y (s + C)

H1(Jx , Jy , ! x , ! y ; " ) =
!

kx ,k y

J kx / 2
x J ky / 2

y

kx!

j

ky!

l

!!

p= "!

gj,k,l,m ;pei [( j " k ) ! x +( l " m ) ! y " p" ]

gj,k,l,m ;p =
!

kx

j

"!
ky

l

"
1

2
j + k + l + m

2

1
2!

#
hkx ,k y (s)" kx / 2

x (s)" ky / 2
y (s)ei [( j ! k ) ! x (s)+( l ! m ) ! y (s)+ p" ]

nx = j ! k , ny = l ! m
nx ! x + ny ! y = p

hkx ,k y (s) = hkx ,k y (s + C)



N
on

-li
ne

ar
 d

yn
am

ic
s, 

C
ER

N
 A

cc
el

er
at

or
 S

ch
oo

l, 
N

ov
em

be
r 2

02
2

187

Tune-shift and tune-spread
n First order correction to the tunes is computed by the 

derivatives with respect to the action of the average part of 
perturbation. For a given term, the leading 
order correction to the tunes are

where                 is the average of around the ring. 
n In the accelerator jargon if  is independent of the 

action, it is referred to as tune-shift, whereas, if it depends 
on the action, it is called tune-spread (or amplitude 
detuning)

n At first order, , for odd multi-poles
(trigonometric functions give zero averages). 

hkx ,k y (s)xkx yky

!" x =
J kx / 2! 1

x J ky / 2
y

4#2

kx!

j

ky!

l

øgj,k,l,m

"
ei [( j ! k ) ! x +( l ! m ) ! y ]

!" y =
J kx / 2

x J ky / 2! 1
y

4#2

kx!

j

ky!

l

øgj,k,l,m

"
ei [( j ! k ) ! x +( l ! m ) ! y ]

øgj,k,l,m gj,k,l,m (s)
!" x,y

!" x,y = 0 kx = j + k , ky = l + m

kx = j + k , ky = l + m
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Example: The –I transformer

S2 = e! 1
2 L s :H d :e! L s :H s :e! 1

2 L s :H d :

Hd

R

Hs =
1
6

k2(x3 ! 3xy2)

n Consider two identical sextupoles separated by a beam line 
represented by a map 

n The sextupole map can be represented at second order as 

with the sextupole effective Hamiltonian 
and         the drift Hamiltonian

S ! S2SS
R

L s
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<latexit sha1_base64="WJ4+ma/b/ayQw59Ju91t78XA9qw=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWerjr6V6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns1Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2hD8BZfXibNasU7r1TvL8q16zyOAhzDCZyBB5dQg1uoQwMYDOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBLf6Nug==</latexit>

L s
<latexit sha1_base64="WJ4+ma/b/ayQw59Ju91t78XA9qw=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWerjr6V6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns1Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2hD8BZfXibNasU7r1TvL8q16zyOAhzDCZyBB5dQg1uoQwMYDOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBLf6Nug==</latexit>
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Example: The –I transformer
n Consider two identical sextupoles separated by a beam line 

represented by a map

n The sextupole map can be represented at second order as 

with the sextupole effective Hamiltonian 
and         the drift Hamiltonian

n The total map can be approximated at 2nd order by 

with the map

S2 = e! 1
2 L s :H d :e! L s :H s :e! 1

2 L s :H d :

Hd

R

øR = e! 1
2 L s :H d :Re! 1

2 L s :H d :

Hs =
1
6

k2(x3 ! 3xy2)

M = SRS ! S2RS2 = e! 1
2 L s :H d :e! L s :H s : øRe! L s :H s :e! 1

2 L s :H d :

M = SRS

S ! S2
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Example: The –I transformer
n Inserting the identity , we have

n The similarity transformation can be used

n The map is then rewritten as 
øR ! 1e! L s :H s : øR = e! L s : øR ! 1 H s :

M ! e! 1
2 L s :H d : øRe! L s : øR ! 1 H s :e! L s :H s :e! 1

2 L s :H d :

øR øR ! 1 = I

M ! e! 1
2 L s :H d : øR øR ! 1e! L s :H s : øRe! L s :H s :e! 1

2 L s :H d :
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Example: The –I transformer
n Inserting the identity , we have

n The similarity transformation can be used

n The map is then rewritten as 

n If the map is chosen such that            
or so that 

n In that way, the sextupole non-linearity is getting 
eliminated in the final map

øR ! 1e! L s :H s : øR = e! L s : øR ! 1 H s :

M ! e! 1
2 L s :H d : øRe! L s : øR ! 1 H s :e! L s :H s :e! 1

2 L s :H d :

øR øR ! 1 = I

M ! e! 1
2 L s :H d : øR øR ! 1e! L s :H s : øRe! L s :H s :e! 1

2 L s :H d :

øR

e! L s : øR ! 1 H s :e! L s :H s : = eL s :H s :e! L s :H s : = I

M ! e! 1
2 L s :H d : øRe! 1

2 L s :H d : = e! L s :H d :Re! L s :H d :

øRHs = ! Hs

! øR ! 1Hs = Hs
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Example: The –I transformer
n Inspecting the form of (odd in      and  even in     ),  this 

can be achieved if the map is such that

n In matrix form this can be written as

n The horizontal part of the matrix is and the vertical 
part is  , which is obtained for phase advances

n This is why this beam line is called a -I -transformer

øRx = ! x, øRpx = ! px , øRy = ± y, øRpy = ± py

øR =

!

"
"
#

! 1 0 0 0
0 ! 1 0 0
0 0 ± 1 0
0 0 0 ± 1

$

%
%
& =

!

"
"
#

cosµx + ax sinµx bx sinµx 0 0
! cx sinµx cosµx ! ax sinµx 0 0

0 0 cosµy + ay sinµy by sinµy

0 0 ! cy sinµy cosµy ! ay sinµy

$

%
%
&

Hs x y

µx = (2 nx + 1) ! , µy = ny !

! I 2
±I 2


