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Why Hamiltonians?

A frequent answer: they are a suitable starting point for quan-
tization. For instance, loop quantum gravity started as a pro-
gram to implement Dirac's approach to quantization from a Ha-
miltonian description of GR in terms of SU(2) connections.

They are also useful to understand the classical dynamics!

A problem

The correct implementation of the methods designed to
derive the Hamiltonian formulation for singular (a.k.a.
constrained) systems is harder than it seems.
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From Lagrangians to Hamiltonians

The fiber derivative (a.k.a. “the definition of momenta").

FL:TQ - T'Q:(q,v) = (q,p),.q€ Q.p€ T4Q.

v,we T4Q.
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From Lagrangians to Hamiltonians

The energy: E: TQ - R : (q,v) — p(v) — L(q,v).

On solutions to the Euler-Lagrange equations the energy is constant, i.e.

E(q(t),q(t)) =0, Vt € [t1, 1] -
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From Lagrangians to Hamiltonians

Another way to get the dynamics:
Define the Hamiltonian H: T*Q - R as H = Eo FL1.
Find the Hamiltonian vector field X s.t. :xQ = dH.

Get the integral curves of X and project them onto Q.
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Singular Hamiltonian systems

Those for which FL is not a diffeo.

They can be studied by the traditional Dirac method or the geo-
metric approach proposed by Gotay, Nester and Hinds (GNH).

A crucial step in Dirac's method: solve for the multipliers in-
troduced to define the total Hamiltonian. Their arbitrary parts
give linear combinations of primary constraints which are
first class. This is a time consuming task.

The corresponding step in GNH is the resolution of the equa-
tions for the components of the Hamiltonian vector fields
and checking consistency of the dynamics. Also a time con-
suming task.
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Comparing Dirac and GNH

Dirac’s method uses the whole phase space T*Q, whereas the
GNH method is designed to work on the primary constraint
submanifold M.

Dirac uses the canonical symplectic form, whereas GNH em-
ploys its pullback onto Mg, which is often degenerate.

Dirac’s total Hamiltonian H7 is defined on the whole phase
space, whereas the Hamiltonian in the GNH approach is defined
only on the primary constraint submanifold.

As a first approximation one can say that Dirac’s method is
geared towards quantization whereas GNH is better suited
to study the classical dynamics but, in fact, both methods
can be helpful for these goals.
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The Husain-Mehmood model

V. Husain & H. Mehmood, PRD 109 (2024) 064016, arXiv:2312.06079
J.F.B.G., B. Diaz, J. Margalef-Bentabol & E.J.S. Villasefior, arXiv:2507.12184

Let X be a closed, orientable, 3-manifold (therefore parallelizable) and a
4-manifold M =R x ¥. Let us take the action

St (P, A) = %/ ([da® Ada®] AFA)

[7-1,7-2]><):

The basic fields are g-valued forms ® € Q°(M,g) and A € QY(M, g).
The symbol (- A-) combines the exterior product of forms and a suitably
g-invariant symmetric bilinear form. Also

Fa:=dA+ %[A AA]
daB := dB + [A AB]

The symbol [- A-] combines the Lie bracket and the exterior product.
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The Husain-Mehmood model

Comments:

This is closely related to the Husain-Kucha¥f model. Its Ha-
miltonian analysis is quite interesting.

In principle g may be any finite-dimensional Lie algebra. In the
following | will take g = su(2), and use its (non-degenerate)
Cartan-Killing bilinear form

The field equations are:

[[Fa A®] AF4] = 0
dA[[FA /.\CD] /.\CD] =0

A good way to understand and disentangle the dynamics of this
system is through its Hamiltonian formulation.
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The HM model (Lagrangian)

The configuration space for this field theory is
Q=0°(%,9) x Q'(X,9) x Q% 9)

with points (¢, A, a) € Q (two g-valued scalars and a 1-form).

The Lagrangian is a real function L: TQ — R
Lva)= [ ((1vs Adad] A Fa)+ 5 va A[das Acdadl) +(2 AdallFa a] adl))

TQ is trivial. We denote vq := ((¢, A, a), (vg, va, va)) € TQ.
The definitions of d4 and Fj4 are the expected ones.
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The HM model (Hamiltonian)

The phase space T*Q: with points pg := ((¢, A, a), (Pe, PA, Pa)).
Momenta (covectors acting on wq := ((¢, A, a), (wg, wa, wa)) € TQ)

polwa) = [ (w2 ldad A Fa).
palwg) = [ 5(wa 5 [da Adad).
pa(wg) = 0.

These conditions define the primary constraint “submanifold” Mg
where the dynamics unfolds.

The Hamiltonian H: Mg — R is
H(pa) = [ (2 dalo AlFa AGI)
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The HM model (Hamiltonian)

Vector fields Y = (Y4, Ya, Ya, Ypg, Ypa, Ypa) € X(T7Q), where

Yo: TQ — Q%%,9), Yoo : TQ — Q°(Z, 9)",
Ya: TQ — QYZ,g), Ypa: T°Q — QY(Z, 9)*,
Y, T°Q — Q%X,g), Ypa 1 TQ — Q°(%, 9)",

Yo, Ypa, Ypa are functions in T*Q; “dual” because acting, respectively,
on objects such as Yy, Y 4, and Y they give real functions in phase space.

For vector fields tangent to My we have

Yool )= /z (1 AdaYol AFA)+ (L ALYA AT AFa) ([ Adad] AdaYa))
You()= /z ((- A[daYs Adad])+( AllY4 A6] Adad))

Ypa () =0
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The HM model (Hamiltonian)

The pullback of dH acting on a vector field Yy € X(Mp) is

aH(¥o) = [ (1Y A ([daa ALFa 201) + [Fa Aldaa Acl])
+ (Yan([l¢ Aa] AlFa AQ]] — [dad Aldaa Ad]]
+ [0 Alla Ad] AFA]l + [6 Aldaa Adag]]))
+(Ya Adals A[Fa A0]]))

The pullback of Q acting on a vector field Xg, Yo € X(Mp) is

0o, Yo) = [ (Yo & (DXa A[Fa 201 + [Fa X £ 6])
+ (Ya A([¢p AXa Adag]] — [dag A[Xa Ad]]
~ 6 AXg AFAll + [Xo ALFa AGID) )
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The HM model (Hamiltonian)

The pullback of dH acting on a vector field Yy € X(Mp) is
dH(Yo) = /):(<Y¢ A ([dAa /.\[FA A¢]] + [FA /.\[dAa A¢]])>
+ (YaA([l¢ Aa] AlFa Al — [dad Aldaa Al
+ [ Alla Al AFall + [6 Aldaa Adagl]))
+ ) .
The pullback of Q acting on a vector field Xg, Yo € X(Mp) is
(X0, ¥0) = [ (1Y A (0%a A [Fa A0l + [Fa AXa A611)
+(Yan([¢p AXaAdag]] — [dag A[Xa Ad]]

~ [0 AXo AFAIl+ [Xo ALFA AGI1)))
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The HM model (Hamiltonian)

The pullback of dH acting on a vector field Yy € X(Mp) is
dH(Yo) = /z(m A([daa AlFa AGT]+ [Fa Aldaa Adl)))
+ (Yan([l¢ Aa] AlFa AQ]] — [dad Aldaa Ad]]
+[6 Alla Ag] AFA]l + [6 Aldaa Adadl]))
+(Ya Adals AlFa AG]))

The pullback of Q acting on a vector field Xg, Yo € X(Mp) is

Q(Xo,Yo) = /z (<YQ5 A([Xa A[Fa A@]] + [Fa A[Xa A¢]]))
+(Yan([¢p AXaAdag]] — [dag A[Xa Ad]]
~ [0 AXo AFAIl+ [Xo ALFA AGI1)))

J. FERNANDO BARBERO G. (IEM-CSIC) HAMILT! ONIANS & GR WaRsaw, 17/09/2025 12 /25



J.

Fr

The HM model (Hamiltonian)

The pullback of dH acting on a vector field Yy € X(Mp) is

dH(Yo) = /:<<Y¢’ A([daa AlFa Al + [Fa Aldaa Ad]]))
+ (YaA([[9 Aal A[Fa A¢ll = [dag Aldaa Adl]
+[¢ Alla Mgl AFANl + [ Aldaa Adadll))
(Y5 Adalg A[Fa AGID)

The pullback of Q acting on a vector field Xg, Yo € X(Mp) is

X0, ¥0) = [ (1Yo (0%a A4 A0l + [Fa AXa 4611
+ (YaA([¢p AXa Adag]] — [dag A[Xa A¢]]
~ 10 AXg AFAll + [Xg AIFa AGID) )
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The HM model (Hamiltonian)
Solving 1x,£2 = dH for Xg

Equivalent to solving dH(Yo) = Q(Xo, Yo) for all Yo € X(Mp). Easy
to do by comparing term by term the expressions in the previous slide.

We find secondary constraints:
da[¢ A[FaAg]] =0

and equations for the components of the Hamiltonian vector field X

[(Xa — daa) A[Fa A]] + [Fa A[(Xa — daa) A¢]] =0
[(Xp — [¢ Aa]) A[Fa A¢]] — [dad A[(Xa — daa) Ag]]
—[¢ Al(Xg — [¢ Aa]) AFa]l + [¢ Al(Xa — daa) Adad]] =0
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The HM model (Hamiltonian)

The vector fields found by solving the previous equation must be tangent
to the set defined by the secondary constraints.

Tangency condition

da[Xg A[FaA@]] +da[é A[daXaA¢]]
+dalp A[Fa AXg]] + [XaA[p A[FaA@]]] =0

Comments:
Most of the work goes into solving the equations for Xy and checking
the tangency condition!

Although the equations for Xy are linear it is quite difficult to find their
solutions in a usable form (a surprisingly hard and interesting problem!)

It is crucial to understand the behavior of these solutions when the
secondary constraints hold.
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The HM model (Hamiltonian)

Assuming that da¢ is a coframe, the components of the Hamil-
tonian vector field X are:

X = Let+ [0 A(a— €A,
Xa=LeA+da(a—EJA)+N(Bd(p Ad)p — 2(d Ap)dag),
X, arbitrary.

where

& € X(X) is an arbitrary vector field.
N is an arbitrary smooth function on T*Q.
We have:

Diffeos on X generated by &.
Internal SU(2) transformations with gauge parameter a — £ JA.
An additional gauge symmetry associated with the arbitrary N.
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The HM model (Hamiltonian)

Comments:

The tangency conditions hold on the submanifold defined
by the secondary constraints.

The analysis has been performed under the hypothesis that the
da¢ define a coframe on .

The local gauge parameters £ and a — {1 A are arbitrary.

There are extra gauge transformations controlled by N. This
is similar to GR in Ashtekar variables, where there are spatial
diffeos, internal SU(2) transformations and the non-trivial dyna-
mics generated by the scalar constraint.
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The Euclidean self-dual action for GR

J.F.B.G., M. Basquens & E.J.S. Villasefior, PRD109 (2024) 064047, arXiv:2312.12947
Basic fields: e,w € Q(M,s5u(2)), a € QY(M).

a and e chosen so that a ® o + (e ® e) is a Euclidean metric. As a
consequence (a, e) defines a non-degenerate tetrad.

Covariant exterior differential D:
De :=de + [w A€]

Curvature 2-form: )
F:=dw+ E[w Aw]

The Euclidean self-dual action for General Relativity is

S(e,w, ) := /[T - (%{[e Ane] AF) —a A (e /\F))
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The Euclidean self-dual action for GR

The first term is the Husain-Kucha¥ action.

The action is invariant under the SU(2) gauge transformations:

(51w = DA
hha =0 A € Q%M. su(2))
e = [e /.\A]

The action is also invariant under the extra SU(2) transformations

bow =0
ha = (Y Ae) T € Q%(M, su(2))
he =-Ta+[eAY]

01 and J, are independent but do not commute. Some linear combi-
nations of them do commute. Full symmetry: SU(2) ® SU(2).
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The Euclidean self-dual action for GR

The field equations are:

D(aANe)+[enDe] =0
aANF+[eAF]=0
(e ANF) =0

They are equivalent to the Euclidean Einstein equations in vacuum.
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Hamiltonian description of the self-dual action

We use the GNH approach and pullback everything to the primary
constraint submanifold Mg in phase space spanned by the fields
e, wi € Q0(Z,5u(2)); e,w € QYT 5u(2)); ar € Q°(T); a € QH(D).

Vector fields in My have components
Ye,, Yo, € QU(Z,5u(2)); Ye, Yo € QH(Z, 5u(2)); Yo, € Q°(X); Yo € QH(X).

The presymplectic 2-form acting on vector fields Y ,Z in Mg

QKLY)f/<G;AkAZA>—aﬁ&YeAL)—ZaA<KUA@
>

—(%uAﬁeAeD——aA(YwAZJ—%YaA<ZwAe»
Secondary constraints

aANF+[enF]=0
D([e Ne] +2eNa) =0
(e NF)y=0
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Hamiltonian description of the self-dual action

Equations for the components of the Hamiltonian vector field Z

[e NZ,)+ a A (Zy—Dwy) = o F+ [ey AF]
[e A(Ze—De.— [e Awyi])]+e A (Zo—day) = eqda+[e; A De]—ayDe
(e AN(Zy—Duwy)) = (e AF)

No conditions on Z.,, Z,, and Z,,. They are arbitrary and, hence, the
dynamics of e/, w{ and oy is also arbitrary.

Tangency conditions

[Ze NFI+Zo AF+[eADZ,]+aANDZ,=0
D([eAZe)—ZaNe—aNZe)+eN{eNly)+an[Z, el =0
(Ze NF)+ (e ADZ,) =0
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Hamiltonian description of the self-dual action

Comments:

One has to solve for the vector field in the equations written above.

These are linear, inhomogeneous equations. It is important to find
the simplest way to write down their solutions in order to check, later,
that they satisfy the tangency conditions.

This last step is highly non-trivial, but it is a crucial consistency
condition that has been neglected in previous work on this subject.

The form of w suggests to introduce H € Q?(%, su(2)) defined as
H:= l[e/\e]+e/\oz
- 2 .
which would be (essentially) canonically conjugate to w.

What happens if we pullback everything to Mgy and work with H, w?
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Ashtekar formulation without gauge fixing

Introduce a fiducial volume form voly on ¥ and define the vector field

0o <-/\H>
VO|0

canonically conjugate to w in the standard sense.

In terms of H and w the constraints become

divoﬁ—i— [wJﬁ] =0
(HaF)=0
[Ho[H2F] =0

which are the Gauss law, the vector and the Hamiltonian constraint
of the Ashtekar formulation for Euclidean GR.

When the equations for the components of the Hamiltonian vector fields
are solved they give the expected dynamics.
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Ashtekar formulation without gauge fixing

Comments:

No gauge fixing is needed! (it is not necessary to use the
time gauge).

The dynamics of Euclidean GR [in particular its full set of
symmetries, including SU(2) ® SU(2)] is reflected in the
Hamiltonian vector fields.

The local parameters in the gauge transformations are fun-
ctions of the arbitrary objects «, e; and ay.

The (arbitrary) field « disappears.
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Ashtekar formulation without gauge fixing

Comments:

No gauge fixing is needed! (it is not necessary to use the
time gauge).

The dynamics of Euclidean GR [in particular its full set of
symmetries, including SU(2) ® SU(2)] is reflected in the
Hamiltonian vector fields.

The local parameters in the gauge transformations are fun-
ctions of the arbitrary objects «, e; and ay.

The (arbitrary) field « disappears.

Thank youl!
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... and thank you, Jurek
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