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It is shown that any singular Lagrangian theory: 1) can be formulated without
the use of constraints by introducing a Clairaut-type version of the Hamiltonian
formalism; 2) leads to a special kind of nonabelian gauge theory which is similar
to the Poisson gauge theory; 3) can be treated as the many-time classical dyna-
mics. A generalization of the Legendre transform to the zero Hessian case is done
by using the mixed (envelope/general) solution of the multidimensional Clairaut
equation. The equations of motion are written in the Hamilton-like form by in-
troducing new antisymmetric brackets. It is shown that any classical degenerate
Lagrangian theory is equivalent to the many-time classical dynamics. Finally, the
relation between the presented formalism and the Dirac approach to constrained
systems is given.
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1. Introduction

Nowadays, many fundamental physical models are based on gauge field theories
[73, 17]. On the classical level, they are described by a singular (degenerate) Lagrangian,
which makes the passage to the Hamiltonian description, which is important for quanti-
zation, highly nontrivial and complicated (see, e.g., [66, 59]).

A common way to deal with singular theories is the Dirac approach [19] based on ex-
tending the phase space and constraints. This treatment of constrained theories has been
deeply reviewed, e.g., in lecture notes [74] and books [30, 38]. In spite of its general suc-
cess, the Dirac approach has some problems [20, 57, 72] and is not directly applicable in
some cases, e.g., for irregular constrained systems (with linearly dependent constraints)
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[56, 6] or so-called “pathological examples” [50]. Therefore, it is worthwhile to recon-
sider basic ideas of the Hamiltonian formalism in general from another point of view
[24, 23].

In the standard approach to nonsingular theories [64, 4], the transition from La-
grangian to Hamiltonian description is carried out by using the Legendre transform and
then finding the Hamiltonian as an envelope solution of the corresponding Clairaut equa-
tion [42, 41]. The main idea of our formulation is the following [25]: for singular theo-
ries, instead of the Lagrange multiplier procedure developed by Dirac [19], we construct
and solve the corresponding multidimensional Clairaut equation [41]. In this way, we
state that the ordinary duality can be generalized to the Clairaut duality [25].

In this paper we use our previous works [24, 25] to construct a self-consistent analog
of the canonical (Hamiltonian) formalism and present a general algorithm for describing
a Lagrangian system (singular or not) as a set of first-order differential equations without
introducing the Lagrange multipliers. From mathematical viewpoint, we extend to the
singular dynamical systems the well-known construction of Hamiltonian as a solution
of the Clairaut equation developed in [4] for unconstrained systems. To simplify mat-
ters, we consider the systems with a finite number of degrees of freedom, use the local
coordinates and the clear language of differential equations together with the Clairaut
equation theory [42, 41].

Using the fact that for a singular Lagrangian system the Hessian matrix is degene-
rate and therefore has the rank less than its size, we separate out the group of “physical”
(or regular/non-degenerate) and “non-physical” (degenerate) dynamical variables such
that the Hessian matrix of the former is non-degenerate. On the other hand, the Clairaut
equation has two kinds of solutions: the general solution and the envelope one [41]. The
key idea is to use the envelope solution for “physical” variables and the general solution
for “non-physical” ones, and therefore the separation of variables is unavoidable. In this
way we obtain a unique analog of the Hamiltonian (called the mixed Hamilton—Clairaut)
function which (formally) coincides with the the Hamiltonian function derived by the ge-
ometric approach [11, 67] and by the generalized Legendre transformation [13]. Then,
using the mixed Hamilton—Clairaut function, we pass from the second-order Lagrange
equations of motion to a set of the first-order Hamilton-like equations. The next impor-
tant step is to exclude the so-called degenerate “momenta” and introduce the “physical”
Hamilton—Clairaut function (which corresponds to the total Dirac Hamiltonian), which
allows us to present the equations of motion as a system of differential equations for
“physical” coordinates and momenta together with a system of linear equations for un-
resolved (“non-physical”) velocities. Different kinds of solutions of this system of linear
equations lead to the classification of singular systems which reminds the classifica-
tion of constraints but does not coincide with it: the former does not contain analogs
of higher constraints because there are no corresponding degenerate “momenta” at all.
Some formulations without (primary) constraints were given in [32, 18, 51], and without
any constraints but for special (regularizable) kind of Lagrangians, in [47, 46].
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The “shortened” approach can play an important role for quantization of such com-
plicated constrained systems as gauge field theories [43] and gravity [58]. To illustrate
the power and simplicity of our method, we consider such examples, as the Cawley
Lagrangian [12], which leads to difficulties in the Dirac approach, and the relativistic
particle. The above Hamilton-like form of the equations of motion is described in terms
of the newly defined antisymmetric brackets. Quantization of brackets can be done by
means of the standard methods (see, e.g., [37]) without using Dirac quantization [19].

While analyzing the equations of motion corresponding to “unresolved” velocities,
we arrive effectively at a kind of nonabelian gauge theory in the “degenerate” coordi-
nate subspace which is similar to the Poisson gauge theory [28]. But in our case partial
derivatives and Poisson brackets “live” in different subspaces. We also outline that the
Clairaut-type formulation is equivalent to the many-time classical dynamics developed
in [21, 48], if “nondynamical” (degenerate) coordinates are treated as additional “times”.
Finally, in Appendix, after introduction of “non-dynamical” momenta corresponding La-
grange multipliers and respective constraints, we show that the Clairaut-type formulation
presented here corresponds to the Dirac approach [19].

2. The Legendre-Fenchel and Legendre Transforms

We start with a brief description of the standard Legendre—Fenchel and Legendre
transforms for the theory with nondegenerate Lagrangian [5, 61]. Let L (qA, vA), A=
1,...n, be a Lagrangian given by a function of 2n variables (n generalized coordinates
¢4 and n velocities v* = ¢4 = dg? /dt) on the configuration space TM, where M is
a smooth manifold. We use the indices in the arguments to distinguish different kinds
of coordinates (similarly to [69]). For the same reason, we use the summation signs
with explicit ranges. Also, we consider the time-independent case for simplicity and
conciseness, which will not influence on the main procedure.

By the convex approach (see, e.g., [60, 5]), a Hamiltonian H (qA, P A) is a dual func-

tion on the phase space T* M (or convex conjugate [61]) to the Lagrangian (in the second

. . iy Fen
set of variables p 4) constructed by using the Legendre—Fenchel transform L 9, HFen

defined by [27, 60],

H (¢, pa) = sup G (¢, v, pa), (2.1)
G (¢*, v pa) =D pev® — L (g% v?). (22)
B=1

Note that this definition is very general and it can be applied to nonconvex [2] and
nondifferentiable [70] functions L (qA, UA), which can lead to numerous extended ver-
sions of Hamiltonian formalism (see, e.g., [15, 62, 40]). Also, a generalization of con-
vex conjugacy can be achieved by substituting in (2.2) the form p v by any function
W (p A, UA) satisfying special conditions [33].
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In the standard mechanics [36], one usually restricts to convex, smooth and diffe-
rentiable Lagrangians (see, e.g., [5, 65]). Then the coordinates qA(t) are treated as fixed
(passive with respect to the Legendre transform) parameters, and the velocities v (t) are
assumed to be independent functions of time.

According to our assumptions, the supremum (2.1) is attained by finding an ex-
tremum point v = vZ, of the (“pre-Hamiltonian”) function G (¢*, v, pa) which
leads to the supremum condition

oL (qA, UA)

pB ot 2.3)

It is commonly assumed (see, e.g., [5, 65, 36]) that the only way to get rid of de-
pendence on the velocities v2 in the rh.s. of (2.1) is to resolve (2.3) with respect to
velocities and find its solution given by a set of functions

e = V7 (¢%,pa). 2.4)

extr
This can be done only in the class of nondegenerate Lagrangians L (qA, UA) =
L ondeg (qA, ’UA) (in the second set of variables v*), which is equivalent to the case

a2Ln0ndeg (qA UA)

det 0B HuC ‘ # 0. (2.5)
Then, substituting vZ.,,. to (2.1), we can obtain the standard Hamiltonian (see, e.g., [3,
361).
H (¢, pa) € G (¢ 02, pa)
= iPBVB (g%, pa) — L™ (g%, V4 (¢, pa)) . (2.6)
B=1

The passage from the nondegenerate Lagrangian L"°"d°2 (qA, vA) to the Hamilto-
nian H (qA, P A) is called the Legendre transform (of functions) which will be denoted
by ] nondeg & H.

By the geometric approach [68, 54, 1], the Legendre transform of the functions
Lrondes 28 pr 4o tantamount to the Legendre transformation from the configuration
space to the phase space Leg : TM — T*M (or between submanifolds in the presence
of constraints [55, 8, 29]). Nevertheless, here we will use local coordinates and the

language of differential equations associated with function transforms, in particular the
Clairaut equation theory [42, 41].

192 Journal of Mathematical Physics, Analysis, Geometry, 2014, vol. 10, No. 2



Generalized Duality, Hamiltonian Formalism and New Brackets

3. The Legendre-Clairaut Transform

The connection between the Legendre transform, convexity and the Clairaut equa-
tion has a long story [42, 64] (see also [4]). Here we present an alternative way by
applying the supremum condition (2.3) and considering the related multidimensional
Clairaut equation proposed in [24].

We differentiate (2.6) by the momenta p 4 and use the supremum condition (2.3) to
get

OH (¢%,pa) _ ;5

el LGSV V4 :
o (¢%,pa)
- OL (g, v v (¢,

+3 [pe- (3) ;qp/*)sz (¢*,p), G
Cc=1 ve v@=VC (¢ ,pa) by

which can be called the dual supremum condition (indeed, this gives the first set of the
Hamilton equations, see below). Relations (2.3), (2.6) and (3.1) represent a particular
case of the Donkin theorem (see, e.g., [36]).

Then we substitute (3.1) in (2.6) and obtain

" 9H (¢4, OH (¢4,
H (q",pa) = ZPB(; PA) _ ponics (q‘ﬂ g] pa) ) . (32
5ol PB pC

which contains no manifest dependence on velocities at all. It is important that for
nonsingular Lagrangians, relation (3.2) is an identity, which follows from (2.3), (2.6) and
(3.1) by our construction. This relation can also be obtained if the geometric approach
from [10] is used.

Now we make the main step: we consider equation (3.2) by itself (without referring
to (2.3), (2.6) and (3.1)) as a definition of a new transform which is a solution of the
nonlinear partial differential equation (the multidimensional Clairaut equation) [24, 25]

OHY (q ,A4) OH (¢, \a)
Cl _ A ’
H (g%, 2\a) § AB L|q*, Y (3.3)

in the formal independent variables A 4 (initially not connected with p 4 defined by (2.3))
and L (qA, v A) , that is, any differentiable smooth function of 2n variables g*, v 4, where
the coordinates ¢ play the role of external parameters. It is very important that in
(3.3) we do not demand that nondegeneracy condition (2.5) be imposed on L (qA, v A)-

We call the transform defined by (3.3), L S»i HC, a Clairaut duality transform (or

the Legendre—Clairaut transform) and H® (q ;A A), a Hamilton—Clairaut function [24,
25].
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Note that relation (2.3), which is commonly treated as a definition of all dynamical
momenta p4, in our approach is the supremum condition for some of the independent
variables of the Clairaut duality transform A4. In the differential equation language,
A4 are independent mathematical variables having no connection with any physical dy-
namics. Before solving the Clairaut equation (3.3) and applying supremum condition
(2.3), which in our language is Ay = pa = 9L, /0v*, we must notice that the inde-
pendent variables A4 are not connected with the Lagrangian and therefore cannot be
called momenta. The independent variables ) 4 are used to find all possible solutions of
the Clairaut Eq. (3.3) for nondegenerate and degenerate Lagrangians L (qA, UA). Only
those of A4 which will be restricted by supremum condition (2.3) can be interpreted as
momenta with the corresponding geometric description in terms of the cotangent space.

The difference between the Legendre—Clairaut transform and the Legendre trans-
form is crucial for degenerate Lagrangian theories [24]. Specifically, multidimensional
Clairaut Eq. (3.3) has solutions even for degenerate Lagrangians L (qA, vA) =
L8 (¢4, v) when the Hessian is zero,

aQLdeg (qA, UA)

det OvBowC

‘ =0. 3.4)

In this case, £eg”, the Legendre—Clairaut transform of functions (3.3), is another
along with the Legendre—Fenchel transform Leg™ counterpart to the ordinary Legen-
dre transform (2.6) in the case of degenerate Lagrangians. The Clairaut equation (3.3)
always has a solution which is independent of the properties of the Hessian as well as of
solving the supremum condition (2.3) with respect to velocities.

To find the solutions of (3.3), we differentiate it by A¢ to obtain

n oL (qA,vA) 92 HC (qA’ AA)

Ap— 2N 07 )
32—21 B ovB szaHCl(qA’)‘A) OABOAC
OB

=0. (35)

Now we apply the ordinary method of solving the Clairaut equation (see Appendix A).
There are two possible solutions of (3.5), the first, in which square brackets vanish (enve-
lope solution), and the second, in which double derivative in velocity vanishes (general
solution). The L.h.s. of (3.5) is a sum over B and it is quite conceivable that one may
vanish for some B and the other vanishes for other B. The physical reason of choos-
ing a particular solution is given in Sec. 4. Thus we have two solutions of the Clairaut
equation:
1) The envelope solution defined by the first multiplier in (3.5) being zero, that is,

oL (qA, UA)

S (3.6)

AB=pB =
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which coincides with supremum condition (2.3), together with (3.1). In this way, we
obtain the standard Hamiltonian (2.6),

ng]w (qA7 )‘A) ’)\A=pA =H (qupA) . (3.7)

Cl

Thus, in the nondegenerate case, the “envelope” Legendre—Clairaut transform Leg,,,, :

L — HE!, coincides with the ordinary Legendre transform constructed here.

2) A general solution defined by

62HC1 (qA,)\A)

=0, 3.8
OABOAC 38)

aHCI (qA’ )\A) B

OAB

the latter are considered in (3.3) as parameters (passive variables). Then the general

solution takes the form

which gives = ¢B, where ¢? are arbitrary smooth functions of ¢, and

n
HS, (¢ Aa,c?) =Y Apc? — L (¢, ¢?), (3.9)
B=1
which corresponds to a “general” Legendre—Clairaut transform Seg%n L — ngln
Note that the general solution cheln (qA, A4, cA) is always linear in the variables A4

and the latter are not actually the dynamical momenta p 4, because we do not have the
envelope solution condition (3.6), and therefore now there is no supremum condition
(2.3). The variables ¢? are in fact unresolved velocities v in the case of the general
solution.

Note that in the standard way, Seggrlw can be also obtained by finding the envelope
of the general solution [4], i.e., differentiating (3.9) by ¢4,

OHpen (" Aarch) _ OL(a%eh) (3.10)
OcB B OcB ’ '
which coincides with (3.6) and (2.3). This means that HS.,, (¢, A4, ¢?) |.a_ya is the

“pre-Hamiltonian” (2.2) needed to find the supremum in (2.1).
Let us consider the classical example of a one-dimensional oscillator.

Example 3.1. Let L (z,v) = mv?/2 — ka?/2 (m, k are constants), then the
corresponding Clairaut equation (3.3) for H = H®! (2, \) is
bt

2 Y
where the prime denotes partial differentiation with respect to A. The general solution
of (3.11) is

H:AHQ-%(HQ)H G.11)

me2  kx?

HS (z,M\¢) = e — — +

a. 5+ 5 (3.12)
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where c is an arbitrary function (“unresolved velocity” v). The envelope solution (with
A = p) can be found from the condition

aHCI
9 :p_mczoéceztrzﬁa
c m
which gives
2 2
P kx
H (0,0) = 5~ + =~ (3.13)

in the standard way.

Example 3.2. Let L (z,v) = z exp kv, then the corresponding Clairaut equation
for H = H® (z, \) is

H = \H} — zexp (kHﬁ\) . (3.14)
The general solution is
cheln (x,\) = Ac — zexp ke, (3.15)

where c is a smooth function of z.
The envelope solution (with A = p) can be found by differentiating the general
solution (3.15),

oHY 1
=p—xexpkc=0= Ceptr = fln£7
dc k =z
which leads to
HG, (2,p) = 2 I —p. (3.16)

4. The Mixed Legendre—Clairaut Transform

Now consider a singular Lagrangian L (qA, vA) = [des (qA, vA) for which the

. . . . . 82L A’ A
Hessian is zero (3.4). This means that the rank of the Hessian matrix Wip = %

is 7 < n, and we suppose that r is constant. We rearrange the indices of W45 in such a
way that a nonsingular minor of rank r appears in the upper left corner [31]. Represent
the index A as follows: if A = 1,...,r, we replace A with ¢ (the “regular” index),
andif A = r + 1,...,n, we replace A with « (the “degenerate” index). Obviously,
det W;; # 0, and rank W;; = 7. Thus any set of the variables labelled by a single index
splits as a disjoint union of two subsets. We call these subsets regular (having Latin
indices) and degenerate (having Greek indices).

The standard Legendre transform Leg is not applicable in the degenerate case be-
cause condition (2.5) is not valid [11, 67]. Therefore the supremum condition (2.3)
cannot be resolved with respect to degenerate A, but it can be resolved only for regular
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A because det W;; # 0. On the contrary, the Clairaut duality transform given by (3.3) is
independent in spite of whether the Hessian is zero or not [24]. Thus we state the main
idea of the formalism we present here: the ordinary duality can be generalized to the
Clairaut duality, i.e., the standard Legendre transform Leg, given by (2.6), can be gen-
eralized to the singular Lagrangian theory using the Legendre-Clairaut transform Leg®!
given by the multidimensional Clairaut equation (3.3).

To find its solutions, we differentiate (3.3) by A4 and split the sum (3.5) in B as
follows:

XT: [)\i B oL (qA,vA)] 9*HY (qA,)\A)

g vt OO
n oL (qA,UA) 82HC1 (QA,)\A) B
+ Q_ZM [)\a - W 0. 4.1)

As det W;; # 0, we suggest to replace (4.1) by the conditions

oL A’ A
g ) (42)
ovt
52 HC! (qA’ )\A)
P S oy = 1,...n. 4.3
TN , a=r+1,...n 4.3)

In this way we obtain a mixed envelope/general solution of the Clairaut equation
(cf. [24]). We resolve (4.2) by the regular velocities vt = V° (qA, Dis co‘) and write
down a solution of (4.3) as

oHC ( a4, )\A)
OAa

where c® are arbitrary variables corresponding to the unresolved velocities v. Finally
we obtain a mixed Hamilton—Clairaut function

=%, 4.4)

r
H’Szlzz (qA7pi> )‘om Ua) = szvz (qAapia Ua)
i=1

n
+ Z Agvﬂ — L (qA, Vi (qA,pi, vo‘) ,va) , 4.5)
B=r+1

. . . . . . Leginin
which is the desired “mixed” Legendre—Clairaut transform of the functions L +——
HEL written in coordinates.

Note that (4.5) was obtained formally as a mixed general/envelope solution of the
Clairaut equation for the sought-for Hamilton—Clairaut function without any reference
to the dynamics (this connection will be considered in the next section). Nevertheless,
HCL. coincides with the corresponding functions derived from the “slow and careful

miz
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Legendre transformation” [69] and the “generalized Legendre transformation” [13], as
well as from the implicit partial differential equation on the cotangent bundle [52, 16] in
the local coordinates [75] and in the general geometric approach [53].

Example 4.3. Let L (z,y,v,,vy) = myv2/2 + kzv,, then the corresponding
Clairaut equation for H = H (x,y, \,, Ay) is

H = \HY, + M\ H,, — 57 (H],)* - keH],, (4.6)

The general solution of (4.6) is

myc>

cheln (wv Y, Az, )‘y; Ce, Cy) = A\gCp + )\ycy — Tx — kxcy,

where c¢;, ¢, are arbitrary functions of the passive variables x, y. Then we differentiate

o HC]
2 = Pz —MYCy = 07 - cixtr = pia
Ocy my

Cl
OHgen = \y — k.
Jcy
Finally, we solve the first equation with respect to ¢, and treat ¢, —— v, as an “unre-
solved velocity . This way we obtain the mixed Hamiltonian—Clairaut function

2
Cl p
Hmix (x, Y, P )\ya 'Uy) = ﬁ + vy ()\y — ka:) . 4.7
This result can be compared with that obtained in the geometric approach based on

the reduction of the Hamiltonian Morse family in [69].
5. Hamiltonian Formulation of Singular Lagrangian Systems
Let us use the mixed Hamilton-Clairaut function HS. (¢, pi, Aa, v®) (4.5) to de-
scribe a singular Lagrangian theory in terms of the system of ordinary first-order differ-

ential equations. In our formulation we split a set of the standard Lagrange equations of
motion
d 0L (qA, ’UA) oL (qA, vA)
dt  OvB N 0qPB
into two subsets according to the index B being either regular (B = ¢ = 1,...,7) or
degenerate (B = o = r+1,...n). We use the designation of “physical” momenta (4.2)
in the regular subset only such that the Lagrange equations become

@ oL (qA, ’UA)

(5.1)

a ~ o (5-2)
dBa A ; A A
(¢%pi) _ OL(¢%,v7) | 5.3)
dt g™

vi=Vi(g4 pi,v®)
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where

Bo (¢*,p1) F ——5 (5.4)
vi=V?(g4 pi,v®)
are given functions determining the dynamics of the singular Lagrangian system in the
“degenerate” sector. The functions B, (qA, pi) are independent of the unresolved ve-
locities v since the rank W g = r. One should also take into account that now
dq dg®

1 _yi (A, Y4«
L= vi(ghpe”), T = (5.5)

Note that before imposing the Lagrange Egs. (5.2), when solving the Clairaut Eq. (3.3),
the arguments of L ( A A) were treated as independent variables.

A passage to an analog of the Hamiltonian formalism can be done by the standard
procedure: consider the full differential of both sides of (4.5) and use supremum con-
dition (4.2) which gives (note that in the previous sections the Lagrange equations of
motion (5.1) were not used)

aHCl )
=V (¢*,pi,v™)
OHG 4
N
OHC! OL (qA, UA) n " P
= ; + > [Ps—Bs(ahp)] 57
% 07 ucvigrpen oo %
oHC! OL (g, v?) OB
= . + Y o= Bs(ap)] 54
dq dq mVi(gApiue)  feril g

Applying of (5.2) yields the system of equations which gives a Hamiltonian—Clairaut
description of a singular Lagrangian system

OHGL, _ dg’

opi  dt’ (5.6)
OHSL, _ dg”

N ﬂ’ 5.7
OH) dpz P

n:m - T Z /\5 - Bﬂ aPz‘)] Iy (5.8)

% B=r+1 dq
aHnCzlm dBa (unpi) - P

9q° a ﬁ;ﬂ [As = Bs (a*.pi)] 5= s (5.9)

The system (5.6)—(5.9) has two disadvantages: the first, it contains the “nondynami-
cal momenta” \,; the second, it has derivatives of unresolved velocities v*. We observe
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that we can get rid of these difficulties if we reformulate (5.6)—(5.9) by introducing a
“physical” Hamiltonian
n
Hpnys (¢, pi) = Hoe (6700, 2a,0™) = > [Ag = Bg (¢, pi)]v°  (5.10)
B=r+1
which does not depend on the variables A, (“nondynamical momenta™) at all by the
construction

OHphys
——— =0 5.11
o, (5.11)
(cf. (4.4) and (4.5)). Then the “physical” Hamiltonian (5.10) can be written in the form
thys 7]% sz apiu Ua)
+ Z Api) v = L (¢ V(¢ pi v®) 0% (5.12)
a=r+1

Using (4.2), we can show that the r.h.s. of (5.12) does not depend on A, and for the
degenerate velocities v* one has

OHphys
—— =0 5.13
o =0, (5.13)
which justifies the term “physical”. Therefore, the time evolution of the singular La-
grangian system (5.1) is determined by (n — r + 1) functions Hppys = Hppys (qA, pi)

and B, = B, (qA,pi). Writing (qA,pi) = (qa|qi,pi) € R x Sp(r,r) = Mphys,
where R"" is a real space of the dimension (n — ), and Sp (r,r) is a symplectic
space of the dimension (r,7), we observe that H,p,s : R"™" x Sp(r,r) — R and
By : R x Sp(r,r) — R"™".

Then we use (5.6)—(5.9) to deduce the main result of our Clairaut-type formulation
that the sought-for system of ordinary first-order differential equations (the Hamilton—
Clairaut system) which describes any singular Lagrangian classical system (satisfying
the second-order Lagrange Eqgs. (5.1)), has the form

dq )
dt = {q ; phys phys Z {q ’ 5}phys 7a 1=1,...m (5.14)
B=r+1
dpi = dg’
= i Hoysd e = D P Babyye s i=1im (5.15)
B=r+1
z”: [aBﬁ OB, \ ] dg®
B o Bs phys| ¢
P 0q®  0Oq dt
OH.
= #ﬁfw{Ba,thw}phw, a=r+1,...,n, (5.16)
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where

“— [0X9Y 9Y X
{X}Y}hS::§:< - > (5.17)
prs =\ 0q' Opi  Oq' Opi

is the “physical” Poisson bracket (in regular variables ¢’, p;) for the functions X and Y’
on Mypys.

The system (5.14)—(5.16) is equivalent to the Lagrange equations of motion (5.1)
by the construction. Thus, the Clairaut-type formulation (5.14)—(5.16) is valid for any
Lagrangian theory without additional conditions, as opposite to other approaches (see,
e.g., [57, 72)).

Example 5.4. (Cawley [12]) Let L = iy + 232 /2, then the equations of motion
are
t=yz, =0, y*=0. (5.18)

Because the Hessian has rank 2, and the velocity z does not enter into the Lagrangian,
the only degenerate velocity is 2 (¢ = z), the regular momenta are p, = 9, py = &
(¢ = x,y). Thus, we have

1
thys = PzPy — §Zy27 Bz =0.
The equations of motion (5.14)—(5.15) are
Pz =0, py=yz, (5.19)

and condition (5.16) gives
OHphys _ _} 2 _

0z 2
Observe that (5.19) and (5.20) coincide with the initial Lagrange equations of motion
(5.18).

0. (5.20)

Since the number of equations  + r +n — r = n + r coincides with the number
of the sought-for variables n, = r, n,, = r, nge = n — r, we deduce that there are no
constraints in (5.14)—(5.16) at all. In particular, the system (5.16) has (n — r) equations,
which exactly coincides with the number of the sought-for “unresolved” velocities v =
%. Therefore, (5.16) is a standard system of linear algebraic equations with respect to
v, but not constraints (when there are more sought-for variables than equations).

Example 5.5. ([7,71]) Let us consider a classical particle on R? with the regular
Lagrangian (562 + 9% + 2"2) /2 subject to the nonholonomic constraint 2 = yi. To apply
the Clairaut equation method, we introduce an extra coordinate u. Then this system is
equivalent to the singular Lagrangian system on R* described by

&+ g+ 2
2

L= (s —yi). (5.21)
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The Lagrange equations of motion are straightforward (cf. [7])
T—uwy—yu=0, y+ur =0, z24+u=0, 2—yx=0. (5.22)

The Hessian of (5.21) is zero, and thus the system is singular. The rank of the Hessian
matrix diag (1,1, 1,0) being 3, we have 3 regular and 1 degenerate variables. First, we
should find the “physical” Hamiltonian using the Clairaut equation formalism and then
pass from the second-order Egs. (5.22) to the first-order equations similar to (5.14)-
(5.16). Let us consider multidimensional Clairaut Eq. (3.3) for the Hamilton—Clairaut
function H = H (2,7, 2z, u, Ay, Ays Az, Au)s

H = Afo\x + Any\y + AZHQZ + )\uHﬁ\u
1 /1 \2 1 / 2 1 /7 \2 / /
—5 () =5 (1) — 5 (H3)" —ul}, +yully . (523)
The general solution of (5.23) is

2 2 2
¢z tcyt+c;

ngn = AgCy + )\yCy + AzCy + AyCy — 5

— ucy + yucy, (5.24)
where initially ¢, ¢y, ¢, ¢, are arbitrary functions of the passive (with respect to the
Clairaut Eq. (5.23)) variables z,y, 2z, u. To find supremum conditions (3.10), we write
the derivatives

OH gen
785 =Xy —Cp +yu=0, (5.25)
0H, en
TC’; =Xy —cy =0, (5.26)
aglgen =\, —c,—u=0, (5.27)
Cz
OHgen _ M- (5.28)
Ocy,

Observe that only 3 first conditions here can be resolved with respect to ¢; (¢ = z,y, 2),
and therefore these \; correspond to the “physical” momenta (4.2), that is, A; = p; =
0L,/ 9v; (i = x,y, z). Thus, the extremum values of ¢; are

& =patyu, G =py, S =pe -, (5.29)
while ¢, becomes the “unresolved” velocity ¢, = v,. In this way, inserting (5.29) into
(5.24), for the mixed Hamilton—Clairaut function (4.5) we have

2 2 2 2
Dy +Dy, +D 1+y
an;ix: z 2y z+/\uvu+u(ypx_pz)+u2 .

5 (5.30)
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Now we calculate function (5.4) and the “physical” Hamiltonian (5.10),

oL
By =5-=0, (5.31)
u
2, 2 2 9
P24p2+p 1+
Hphys = == +u(yps —p:) + uQTy (5.32)

not depending on A, and v,. Using (5.14)—(5.16), we obtain the Hamilton—Clairaut
system

T=pz+yu, Yy=Dpy, Z=Dy— U (5.33)
Pe =0, py=—u(ps+yu), p.=0, (5.34)
ypz —p- +u(l+y%) =0, (5.35)

which coincides with the system of Lagrange equations of motion (5.22) by the con-
struction. It is remarkable that the “degenerate”variable v is determined by the algebraic
equation (5.35),

Pz YP:z

=2
and therefore the singular system (5.21) has no “gauge” degrees of freedom.

(5.36)

In general, if a dynamical system is nonsingular, it has no “degenerate” variables at
all because the rank r of the Hessian is full (r = n). The distinguishing property of any
singular system (r < n) is clear and simple in our Clairaut-type approach: it contains an
additional system of the linear algebraic equations (5.16) for the “unresolved” velocities
v® (not constraints), which can be analyzed and solved by the standard linear algebra
methods. Indeed, the linear algebraic system (5.16) gives a full classification of singular
Lagrangian theories presented in the next section.

Example 5.6. The classical relativistic particle is described by

L=-mR, R= [i}- Y i2 (5.37)
1=T,Y,2

where a dot denotes a derivative with respect to the proper time. Because the rank of the
Hessian is 3, we will treat the velocities &; as regular variables and the velocity ¢ as a
degenerate variable. Then for the regular canonical momenta we have p; = 0L /0t&; =
md; /R, which can be resolved with respect to the regular velocities,

. . Di
xi:xoé, E = /m2+i:§Zp3. (5.38)
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Using (5.4) and (5.12), we obtain

oL T
thys =0, BCEO = 671‘0 = *mﬁo =-—F. (5.39)

The “physical sense” of (— By, ) is just the energy (5.38), while the “physical” Hamilto-
nian is zero. Equations of motion (5.14)—(5.15) are

Ti = :UOE, bi = O
i

o =0,

which coincide with the Lagrange equations following from (5.37). Note that the veloc-
ity &g is arbitrary here, and therefore we have one “gauge” degree of freedom.

6. Nonabelian Gauge Theory Interpretation

We observe that (5.16) can be written in a more compact form using the gauge theory
notation. Let us introduce a “q“-long derivative”

pox =% LB x)

30 ©6.1)

phys
where X = X (qA, pi) is a smooth scalar function on My, s. We also notice that a
multiplier in (5.16) to be called a “q®-field strength” F.53 = F,g (¢”,p;) of the “¢°-
gauge fields” B, on M, defined by

dBs 0B,

Fas = g0 ~ 0

+{B., Bs} (6.2)

phys *
Then the linear system of equations (5.16) for unresolved velocities can be written in a
compact form

&}
Z Fog—— = DoHppys, a=r+1,...,n. (6.3)

The “q*-field strength” F,3 is nonabelian due to the presence of the “physical” Poisson
bracket in r.h.s. of (6.2). It is important to observe that in distinct of the ordinary Yang—
Mills theory, the partial derivatives of B, in (6.2) are defined in the ¢g®*-subspace R" ",
while the “noncompactivity” (the third term) is due to the Poisson bracket (5.17) in
another symplectic subspace Sp (r,r).

Note that the “g®-long derivative” satisfies the Leibniz rule,

Dq {B/37 B’Y}phys = {DaBﬁ7 B’Y}phys + {Bﬁ’ DQB’Y}phys ’
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which is valid while acting on “q®-gauge fields” B,. The commutator of the “g“-long
derivatives” is now equal to the Poisson bracket with the “q“-field strength”

(DoaDg — DgDy) X = {F,g, X}phys . (6.4)
It follows from (6.4) that

DoDgFy3 = 0. (6.5)

Let us introduce the B, -transformation
o, X = {Ba,X}phyS (6.6)

which satisfies
(6BaaBﬁ _53563a)B’Y:5{Ba Bg} B,, (6.7)
’ phys

85, Fay (¢, pi) = (D4 D — DgD-) Ba, (6.8)
0B, {Bgs; Bv}phys = {ép, B3, B'Y}phys +{Bs,0p, B’Y}phys ) (6.9)

This means that the “q“-long derivative” D, (6.1) is in fact a “q®-covariant derivative”
with respect to the B, -transformation (6.6). Indeed, observe that D,, transforms as fields
(6.6), which proves that it is really covariant (note the cyclic permutations in both sides)

5BaDﬁB'y + 5BWDaBﬁ + JBBDWBa

= {Ba, DﬁBv}phys +{B,, DaBﬂ}phys +{Bj3, D'YBO‘}phys . (6.10)

The “q“-Maxwell” equations of motion for the “g*-field strength” are
Dy F.3 = Jg, (6.11)
D.Fgy + D Fo5+ DgF,, =0, (6.12)

where J, = J, (qA, pi) is a “q“-current” in M, which is a function of the initial
Lagrangian (2.2) and its derivatives up to the third order. Due to (6.5), the “q®-current”
J 18 conserved

DyJ, = 0. (6.13)

Thus, a singular Lagrangian system leads effectively to a special kind of the nonabelian
gauge theory in the direct product space Mpp,s = R"™" x Sp(r,r). Here the “non-
commutativity” (the third term in (6.2)) appears not due to a Lie algebra (as in the Yang-
Mills theory), but “classically”, due to the Poisson bracket in the symplectic subspace
Sp (r,r). The corresponding manifold can be interpreted locally as a special kind of the
degenerate Poisson manifold (see, e.g., [9]).

The analogous Poisson type of “nonabelianity” (6.2) appears in the N — oo limit of
the Yang-Mills theory, and it is called the “Poisson gauge theory” [28]. In the SU (o0)
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Yang—-Mills theory the group indices become the surface coordinates [26], which is con-
nected with the Schild string [76]. The related algebra generalizations are called the
continuum graded Lie algebras [63] (see also [45]). Here, because of the direct prod-
uct structure of the space M, the similar construction appears in (6.2) (in another
initial context), while the “long derivative” (6.1), the “gauge transformations” (6.6) and
the analog of the Maxwell equations (6.11)—(6.12) differ from the “Poisson gauge the-

ory” [28].
7. Classification, Gauge Freedom and New Brackets

Next we can classify singular Lagrangian theories as follows:

1. Gaugeless theory. The rank of the skew-symmetric matrix Fi,5 is “full”, i.e., the
rank F,3 = n — r is constant, and therefore the matrix I3 is invertible, and all
the (degenerate) velocities v can be found from the system of the linear equations
(5.16) (and (6.3)) in a purely algebraic way.

2. Gauge theory. The skew-symmetric matrix F, g is singular. If the rank Fi,3 =
rr < n — r, then a singular Lagrangian theory has n — r — rr gauge degrees of
freedom. We can take them arbitrary, which corresponds to the presence of some
symmetries in the theory. Note that the rank r is even due to the skew-symmetry
of 3.

In the first case (gaugeless theory) one can resolve (6.3) as follows:

n
v = Z FPYD o Hppys, (7.1)
a=r+1
where F*Pis the inverse matrix to Fup.ie.,

n

n
Z Fo3FP = Z FPFg, =87, (7.2)
B=r+1 B=r+1

Substitute (7.1) in (5.14)—(5.15) to present the system of equations for a gaugeless de-
generate Lagrangian theory in the Hamilton-like form

dqi i

E = {q ’thys}nongauge’ (7.3)
dp;

ditl = {pi7 thyS}nongauge ) (74)

where the “nongauge” bracket is defined by

n n
{X? Y}nongauge = {Xv Y}phys - Z Z DaX ' Faﬁ : DﬁY (75)
a=r+1fG=r+1
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Then the time evolution of any function of the dynamical variables X = X (qA, pi)
is also determined by the bracket (7.5) as follows:

X _in

dt phyS}nongauge ’ (76)

The meaning of the new nongauge bracket (7.5) (which appears naturally in the
Clairaut-type formulation [25]) is the same as the meaning of the ordinary Poisson
bracket in the unconstrained Hamiltonian dynamics: it governs the dynamics by the
set of first-order differential equations in the Hamilton-like form (7.3)—(7.4) and is re-
sponsible for the time evolution of any dynamical variable (7.6). Also, the second term
in the new bracket (7.5) has a complicated coordinate dependence and is analogous to
that of the Dirac bracket [19]. In the extended phase space both brackets coincide (see
Appendix B). On the other hand, the appearance of the second term in (7.5) can be
treated as a deformation of the Poisson bracket, which can lead to another kind of the
generalized symplectic geometry [39].

In the second case (gauge theory), with the singular matrix F, of rank rp, we
rearrange its rows and columns to obtain a nonsingular vz X rp submatrix in the left
upper corner. Thus, the first 7 equations of the system of linear (under also rearranged
v7) Egs. (6.3) are independent. Then we express the indices a and 3 as the pairs o =
(a1,9) and B = (f1,2), where o and 3; denote the first 7 rows and columns,
while ao and 32 denote the rest of n — r — rp rows and columns. Correspondingly, we
decompose the system (6.3),

r+rp n

Z Fa, 8, v+ Z Falﬁzvﬁz = Da, Hphys, (7.7)
Br=r+1 Bo=r4+rp+1

T‘+7’F n

Z Foyp v+ Z Fazﬁz”[b = Do, Hphys- (7.8)
pr=r+1 Ba=r+rp-+1

The matrix F,, 3, being nonsingular by the construction, we can find the first rp
velocities

r+rrp r+rp
v = 3" FONDy Hppys — Y FOF, 5,07, (7.9)
a1=r—+1 ar=r+1

where F/%121is the inverse of the nonsingular rp X 75 submatrix F,, g, satisfying (7.2).
Then, since the rank Fi,3 = rp, the last n — r — 7 equations (7.8) are the linear
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combinations of the first rr independent equations (7.7), which gives

r+rp

Foypy = Y Ao Fap,, (7.10)
ar1=r+1
r+rg

Faspy = Y Ao Farg,, (7.11)
ar=r+1
r+rp

Daszhys = Z )\géDaalh‘ys, (712)
ar=r+1

where A5l = Ag1 (qA, pi) are some rp X (n — r — rp) smooth functions. Using relation
(7.10) and invertibility of F,, g, , we eliminate the functions Ag! by

r4+rg r4+rp

X1 = Z Z Foppp, FO11, (7.13)

ar=r+1p1=r+1

This indicates that the gauge theory is fully determined by the first 7 rows of the
(rearranged) matrix F,g and the first 7 (rearranged) derivatives Dy, Hppys only.
Next, we can make the unresolved n — r» — rp velocities vanish

v?2 =0 (7.14)

by some “gauge fixing” condition. Then (7.9) becomes

r+rrp
v = Z FPr Dy Hypys. (7.15)
ar1=r+1

By analogy with (7.3)—(7.4), in the gauge case we can also write the system of equations
for a singular Lagrangian theory in the Hamilton-like form. Now we introduce another
new (gauge) bracket

r+rp r+rg

e S puxEn Dy i
a1=r+1 pg1=r+1

{X,Y} ={X,Y}

gauge

Then substituting (7.14)—(7.15) into (5.14)—(5.15) and using (7.16), we obtain

dq’

o = 16 Hohys } e (7.17)
dpi
E = {pia thys}gauge . (7.18)
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Thus the gauge bracket (7.16) governs the time evolution in the gauge case

dX

= AKX Hongs} e (7.19)

Note that the brackets (7.5) and (7.16) are antisymmetric and satisfy the Jacobi iden-
tity. Therefore the standard quantization scheme is applicable here (see, e.g., [37]). The
difference is that only the canonical (regular) dynamic variables (qi, pi) can be quan-
tized, while the degenerate coordinates can be treated as some continuous parameters.

It is worthwhile to consider the /imit case, when rr = 0, i.e.,

Fas=0 (7.20)

identically, which can mean that B,, = 0, so the Lagrangian can be independent of the
degenerate velocities v®. It follows from (5.16) that
OHphys

Do Hppys = o =0, (7.21)

which leads to the “independence” statement: the “physical” Hamiltonian Hy,s does

not depend on the degenerate coordinates ¢® iff the Lagrangian does not depend on the

velocities v®. In the limit case, both brackets (7.5) and (7.16) coincide with the Poisson

bracket in the reduced “physical” phase space { , },,,,0uge.gauge = L > fphys-

Example 7.7. (Christ-Lee model [14]). The Lagrangian of SU (2) Yang-Mills
theory in 0 4 1 dimensions in our notation is
2

1
L (i, Yoy, vi) = 5 Y lvi— DD Gjamive | —U (), (7.22)

i=1,2,3 j,a=1,2,3

where i, = 1,2,3, 2% = Y, 2%, v; = &; and ¢, is the Levi-Civita symbol. Be-

(5.4)

cause (7.22) is independent of the degenerate velocities ¥, all By, 0, and therefore

6.2 .. . . .
Fup €2 0, we have the limit gauge case of the above classification. The corresponding

Clairaut Eq. (3.3) for H = H® (2, Yo, \i, \o) has the form
2
1 2
H= AZ NHY A+ Y Aok}, =5 ‘Z . — | > cijetiva | +U (27).
i=1,2,3 a=1,2,3 i=1,2,3 j,a=1,2,3
(7.23)
We show manifestly how to obtain the envelope solution for regular variables and the
general solution for degenerate variables. The general solution is

2

1
ngn = Z Aici + Z AaCa — 5 Z Ci — Z €ijaTiYo +U (x2) R
=123 a=1.2,3 i=1,2,3 ja=1,2,3
(7.24)
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where ¢;, ¢, are arbitrary functions of coordinates. Recall that g are passive variables
under the Legendre transform. We differentiate (7.24) by ¢;, cq,

0H
8!].6” =Xi— e~ D Eijativa |, (7.25)
“i J,0=1,2,3
OH,
I = Ao, (7.26)
Ocg,

and observe that only (7.25) can be resolved with respect to ¢;, and therefore can lead to
the envelope solution, while other ¢, cannot be resolved, and therefore we consider only
the general solution of the Clairaut equation. So we can exclude half of the constants

using (7.25) (with the substitution \; (4—%) p;) and get the mixed solution (4.5) to the
Clairaut Eq. (7.23),

HSLIH ($iaympz7 a;ca = Z pz + Z €ijaPiTjYa + Z )\aca+U )
1=1,2,3 i,j,a0=1,2,3 a=1,2,3
(7.27)
Using (5.10), we obtain the “physical” Hamiltonian
1
Hpnys (T3, Yo, pi) = 2 Z P + N Z EijaPitiYa + U (¢7). (7.28)
i=1,2,3 i,j,a=1,2,3

On the other hand, the Hessian of (7.22) has the rank 3, and we choose x;, v; and y,
to be regular and degenerate variables, respectively. The degenerate velocities v, = Yq
cannot be defined from (5.16) at all, they are arbitrary, and the first integrals (5.16), (7.21)
of the system (5.14)—(5.15) become (also in accordance to the independence statement)

0H Tiy Yo,
phys( i Yo pz Z Ez]ap'L:U] (729)
O ij=1.23

The preservation in time (7.19) of (7.29) is fulfilled identically due to the antisymmetry
properties of the Levi—Civita symbols. It is clear that only 2 equations from 3 of (7.29)
are independent, so we choose p1xo = pax1, p1x3 = p3xy and insert them into (7.28)

to get
. 22

1
Hppys = 2p1 z +U (2%). (7.30)
The transformation p = p1Vx2 /w1, T = V22 gives the well-known result [14, 34],

1 -
Hpphys = 5p2 +U (7). (7.31)
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8. Singular Lagrangian Systems and Many-time Dynamics

The many-time classical dynamics and its connection with constrained systems were
studied in [48, 44] as a generalization of some relativistic two-particle models [22]. We
consider this connection from a different viewpoint, that is, in the Clairaut-type approach
[25]. Recall that the Hamiltonian—Clairaut dynamics (5.14)—(5.16) of a Lagrangian
singular system (5.1) is governed by the “physical” Hamiltonian function H,,s and
(n —r) “q®-gauge fields” B, defined on the direct product space R"~" x Sp (r,r). Let
us treat the degenerate coordinates ¢* € R"™" as (n — r) additional “time” variables
together with (n — ) corresponding “Hamiltonians” — By, (¢°|¢",pi), a =7+1,...,n
(see (6.1)). Indeed, let us introduce (n — 7 + 1) generalized “times” t* and the corre-
sponding “many-time Hamiltonians” H,, (t“|qi, pi), @ =0,...n —r defined by

t” =t, Ho (t*|g",pi) = Hpnys (¢*ld",pi), 1 =0, (8.1)
t=q", Hy(t"¢"pi) = —Bru ("¢ \pi) s p=1,...,n—r. (8.2)

Then Egs. (5.14)—(5.15) can be presented in the differential form

n—r
dq' = {d",Hu} s At (8.3)
n=0
n—r
dpi =Y Api,Hu}ppys At (8.4)
pn=0
where { , }phys is defined in (5.17). The linear algebraic system of Eqs. (5.16) for the
degenerate velocities then becomes
n—r
S Gt =0, (8.5)
n=0
where o1 o
_ YN v
w50 T S + {H,, H,,}phys. (8.6)

It follows from (8.5) that the one-form w = p;dq* — H pdt is closed,

n—rn—r
1

dw = o > Gudtt Adt” =0, (8.7)

pn=0v=0

which agrees with the action principle for multi-time classical dynamics [21]. The corre-
sponding set of the Hamilton—Jacobi equations for action .S (qo‘ lq", p,-) —S (t“|qz7 pi)

1S
dS - 9S
= japs; _
o T Hu (t ¢, aq@.) =0. (8.8)
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Therefore, we have come to the conclusion that any singular Lagrangian theory (in
the Clairaut-type formulation [24, 25]) is equivalent to the many-time classical dynamics
[21, 48]: the equations of motion are (8.3)—(8.4), which coincide with (5.14)—(5.15),
and the integrability condition is (8.5), which coincides with the system of the linear
algebraic equations for unresolved velocities (5.16) by the construction.

9. Conclusions

We have described the Hamilton-like evolution of singular Lagrangian systems by
using n—r+1 functions Hypys (¢*|g, pi) and By (¢*|¢", p;) on the direct product space
R™" x Sp (r,r). To do this, we used the generalized Legendre—Clairaut transform, that
is, we solved the corresponding multidimensional Clairaut equation without introducing
the Lagrange multipliers. All variables are set as regular or degenerate according to the
rank of the Hessian matrix of Lagrangian. We consider the reduced “physical” phase
space formed by the regular coordinates ¢ and momenta p; only, while the degenerate
coordinates ¢“ play a role of parameters. There are two reasons why the degenerate mo-
menta A, corresponding to ¢* need not be considered in the Clairaut-type formulation:

1) the mathematical reason: there is no possibility to find the degenerate velocities
v®, as can be done for the regular velocities v’ in (4.2), and “pre-Hamiltonian” (2.2) has
no extremum in degenerate directions;

2) the physical reason: momentum is a measure of motion; however, there is no
dynamics in “degenerate” directions and hence no reason to introduce the corresponding
“physical” momenta at all.

Note that some possibilities to avoid constraints were considered in a different con-
text in [18, 58] and for special forms of the Lagrangian in [32].

The Hamilton-like form of the equations of motion (7.3)—(7.4) is achieved by intro-
ducing new brackets (7.5) and (7.16) which are responsible for time evolution. They are
antisymmetric and satisfy the Jacobi identity. Therefore we can quantize the brackets
using the standard methods [37], but only for the regular variables, while the degenerate
variables can be considered as some continuous parameters.

In the “nonphysical” coordinate subspace, we formulate some kind of nonabelian
gauge theory such that “nonabelianity” appears due to the Poisson bracket in the physical
phase space (6.2). This makes it similar to the Poisson gauge theory [28], but do not
coincide with the latter.

Finally, we show that, in general, a singular Lagrangian system in the Clairaut-type
formulation [24, 25] is equivalent to the many-time classical dynamics.
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A. Multidimensional Clairaut Equation

The multidimensional Clairaut equation for a function y = y(z;) of n variables x;
is [41, 3]

y= vy — [0, (A1)
j=1

where prime denotes a partial differentiation by subscript and f is a smooth function of
n arguments. To find and classify the solutions of (A.1), we have to find first derivatives
y;l in some way and then substitute them back into (A.1). We differentiate (A.1) by z;
and obtain n equations

n
D (i — fy, ) =0. (A.2)
=1

The classification follows from the ways the factors in (A.2) can be set to zero. Here, for
our physical applications, it is sufficient to suppose that the ranks of Hessians of y and f
are

/

rank y;’ixj = rank f; =T. (A.3)

;Y
This means that in each equation from (A.2) either the first or the second multiplier is
zero, but it is not necessary to vanish both of them. The first multiplier can be set to zero
without any additional assumptions. So we have

1) The general solution. It is defined by the condition

Yoz, = 0- (A4)

After one integration we can find y;i = ¢; and substitute them into (A.1) to obtain
n
Ygen = Z$jcj - f(ci)v (AS)
j=1

where ¢; are n constants.

All second multipliers in (A.2) can be zero for ¢ = 1,...,n, but this will give a
solution if they can be resolved for y;i. It is possible if the rank of Hessians f is full,
i.e., r = n. In this case we obtain

2) The envelope solution. It is defined by

xi = f, (A.6)

/.
Yz;

We resolve (A.6) for the derivatives as y;, = C; (z;) and get

Yenv = Z z;C; (:L']) - f(C’L (:Ej))v (A7)
=1
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where C; (x;) are n smooth functions of n arguments.

In the intermediate case, we can use the envelope solution (A.7) for the initial s
variables and the general solution (A.5) for the rest of n — s variables to obtain

3) The s-mixed solution

yﬁszx = ijCj (xj) + Z zjc; — f(C1(zj),...,Cs(T5) ,Coq1s---,Cn). (A8)
j=1 j=s+1

If the rank r of the Hessians f is not full and a nonsingular minor of the rank r is in
the upper left corner, then we can resolve the first r relations (A.6) only, and thus s < 7.
In our physical applications we use the limited case s = r.

Example Al Let f(z) = Z% + z% + z3. Then the Clairaut equation for
y =y (21, z2,23) has the form

2 2
Y =21, + T2, + 23Yn, — (Yn)” — (Yoy)” — Yiss (A.9)

and we have n = 3 and r = 2. The general solution can be found from (A.4) by
integrating one time and using (A.5),

Ygen = C1 (xl - Cl) + c2 (532 - 02) +c3 (.7}3 — 1) R (A.10)

where ¢; are constants.

Since r = 2, we can resolve only 2 relations from (A.6) by v, = 5, y,, = %.
So there is no envelope solution (for all variables), but we have several mixed solutions
corresponding to s = 1, 2:

2
X
(1) Zl+02($2*62)+63($3*1),
Yo = 22 (A.11)
2
cl(xl —61)+Z+63(3}3—1),
.T2 .%'2
y?) = LA Hes(as—1). (A.12)

The case f(z;) = z? + 22 can be obtained from the above formulas by putting
(2)

mix

2
T3

2
r3=c3=0andy becomes the envelope solution yep, = % + 7.

B. Correspondence with the Dirac Approach

The constraints appear due to additional variables introduced into the theory of ad-
ditional dynamical variables (because the Hamilton-like form of the equations of mo-
tion can be achieved without them in the presented approach), that is, momenta which
correspond to the “degenerate” velocities. The relationship between the Clairaut-type
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formulation and the Dirac approach can be clarified by treating the variables A, in the
general solution of the Clairaut equation as the “physical” degenerate momenta p,, using
for them the same expression in terms of the Lagrangian as in (4.2),

B oL (qA, UA)

Aa = Da Do

B.1)

Then we obtain the primary Dirac constraints (in the resolved form and our notation

(5.4))
®, (¢4, pa) =pa—Ba=0, a=r+1,...n, (B.2)

which are defined now on the full phase space T*M. Using (5.10) and (5.12), we can
arrive at the complete Hamiltonian of the first-order formulation [31] (corresponding to
the total Dirac Hamiltonian [19]),

Hrp (qupAava) = Hrgzlzx (qAapi))‘om/Ua)

a=Pa

n
= Iphys (qAapi) + Z VP, (qAapA) ) (B.3)
a=r-+1

which is equal to the mixed Hamilton—Clairaut function (4.5) with the substitution (B.1)
and (B.2) being used. Then the Hamilton—Clairaut system of Egs. (5.14)—(5.15) coin-
cides with the Hamilton system in the first-order formulation [31],

qA = {qA’HT}full ) pA = {pA7 HT}fully 4)04 = 07 (B4)

and (5.16) gives the second stage equations of the Dirac approach

n
{®a, Hr} oy = {® o Hphys} puy + Z {@a,%}fu“vﬂ:o, (B.5)

B=r+1
where .
0X oY Y 0X
XY = — (B.6)
{ }full ;<8qA3pA 8qA8pA>

is the (full) Poisson bracket on the whole phase space T*M. Notice that
Fop = {®,, <I>g}fu” ) (B.7)
Dathys = {@ou thys}fu” . (BS)

It is important that the introduced new brackets (7.5) and (7.16) become the Dirac
bracket [19]. Moreover, our cases 2) and 1) of Section 7 work as counterparts of the first
and the second class constraints in the Dirac classification [19], respectively. The limit
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case with zero “q®-field strength” F,,5 = 0 (7.20) (see (B.7)) corresponds to the Abelian
constraints [35, 49].
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