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transformation theory. That framework derives, from a few basic physical and
mathematical assumptions, equations describing generic matter and gravity
dynamics with the spin connection emerging as a Yang Mills-type gauge field.
While the interaction of any matter field with spacetime is fixed just by the
transformation property of that field, a concrete gravity ansatz is introduced by
the choice of the free (kinetic) gravity Hamiltonian. The key elements of this
approach are discussed and its implications for particle dynamics and cosmology
are presented. New insights: Anomalous Pauli coupling of spinors to curvature
and torsion of spacetime, spacetime with (A)dS ground state, inertia, torsion and
geometrical vacuum energy, Zero-energy balance of the Universe leading to a
vanishing cosmological constant and torsional dark energy.
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1 | INTRODUCTION

structure evolution and the dynamics of the Universe. As a
remedy, auxiliary “Dark gadgets” have been added to that

General Relativity (GR), based on the Einstein—Hilbert
Lagrangian that is torsion-free and linear in the Ricci
scalar, has explained a wealth of phenomena on the solar
scale and beyond, and hence became the standard grav-
ity ansatz in astrophysics and cosmology. However, with
increasing knowledge from new observations, GR turned
out to lack the predictive power for explaining large
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theory but those have not been understood yet. Ad hoc and
“trial and error”-based approaches to modifications of the
particle and/or gravity models are still unsatisfactory and
often inconsistent.

Can a consistent and mathematically sound theory of
gravity be derived from a limited set of evidence-based
assumptions? This is a long-standing question, and in this
talk, a confirmative answer will be given.

We introduce the framework of the Covariant Canon-
ical Gauge Gravity (CCGG), illuminate its content, and
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discuss some novel interesting findings. The basis of that
framework is the rigorous math of the field-theoretical,
canonical transformation theory in the abstract, man-
ifestly covariant De Donder-Weyl (DW) Hamiltonian
formalism (De Donder 1930; Struckmeier & Reichau 2013;
Weyl 1935). The result is a generic theory of gravity
(Struckmeier et al. 2017) that unambiguously fixes the
couplings of matter with a dynamical spacetime. After
specifying the free DW Hamiltonians of matter (scalar,
vector, and spin-1/ fields) and gravity, the canonical field
equations are derived. With the necessary quadratic mod-
ification of the linear Einstein—Cartan gravity, spacetime
is endowed with inertia and torsion, and the canonical
framework yields Poisson-like equations of motion for
curvature and torsion with fermionic source terms, and
a local energy conservation equation in the form of an
extended, Einstein-type field equation.

As there is “no free meal”, the requirement of mathe-
matical rigor comes at the cost of calculation complexity.
It is now, of course, reasonable to ask, what the pay-
off is of that approach. To motivate the reader we list
upfront a few key advantages and indicate supporting
literature:

o Math guidelines: Application of established framework
requires nondegenerate Lagrangians of gravity and
matter which enforce (Benisty et al. 2018) a quadratic
extension of the Einstein-Cartan theory supporting
renormalizability (Stelle 1977).

o Symmetry leads: No ad hoc recipe (“partial to covari-
ant®) is needed to fix the coupling matter-gravity. The
couplings are derived in the framework (Struckmeier
et al. 2017) just from the transformation properties of
fields, universally for any form of action (Struckmeier
et al. 2015)

o Physics input: The free (uncoupled, kinetic) Hamil-
tonians for gravity and matter are selected to align
with phenomenology and the mathematical require-
ment of regularity. This leads to quadratic-linear grav-
ity with torsion, and quadratic Dirac Gasiorowicz
formulation (Gasiorowicz 1966) of spin-1, dynam-
ics. For spin-0 and spin-1 fields the Klein-Gordon
and Proca-Maxwell theories are applied, respectively
(Struckmeier & Vasak 2021).

o Metric-affine Hamiltonian formulation: Derivatives of
the independent fields, vierbein representing the met-
ric and connection representing parallel transport, are
replaced by momentum fields giving first-order PDEs.
This not only avoids the problem of boundary terms
in the Lagrangian, but also the trap of Ostrogradsky
instabilities (Ostrogradsky 1850; Swanson 2019; Wo
odard 2015).

» Novel view of spacetime: Spacetime acquires “inertia”
from the quadratic Riemann-Cartan curvature con-
comitant, and additional dynamics from torsion
(Struckmeier et al. 2017)

« Anomalous spinor-gravity coupling: The nondegener-
ate Dirac Hamiltonian gives after gauging a novel
spinor—curvature interaction with an emergent length
as coupling constant (Struckmeier & Vasak 2021).

This presentation is intended to give a high-level
overview of the CCGG approach in order to spread the
news to a wider community. For the sake of brevity stip-
ulated by conference schedule we cannot go into much
detail but explicit calculations can be found in Vasak
et al. (2023).

We stress that some of the results coincide with
those discussed in works that have pursued similar
ideas in the Lagrangian formalism. This includes the
so-called Poincar¢ Gauge Theory (PGT) with a linear
Einstein—Cartan ansatz as introduced by Utiyama, Sciama,
and Kibble (Kibble 1967; Sciama 1962; Utiyama 1956),
and later developed further by Hehl (Hehl et al. 1976) and
others.

2 | COVARIANT CANONICAL
TRANSFORMATION THEORY

In order to understand the framework of CCGG we first set
the stage by listing the key underlying mathematical and
physical assumptions:

+ Spacetime is the four-dimensional orthonormal
Lorentzian base manifold in the frame bundle (PFB)
with fibers that correspond to representations of the
Lorentz group SO(1, 3).

« The Principle of GR is naturally implemented as the
diffeomorphism invariance of the base manifold, and
Lorentz invariance of the attached frames, that is, as
invariance w.r.t. the symmetry group SO(1, 3)xDiff(M).

« The system consists of matter fields embedded in a
curved spacetime that are sections on the tangent or
spinor bundle, and its dynamics derive from the Hamil-
tonian principle.

+ The total Lagrangian density is thus a functional of
matter fields with definite transformation properties
with respect to a representation of the symmetry group
SO(1, 3)xDiff(M).

+ That Lagrangian must be nondegenerate for ensuring
the existence of a unique DW Hamiltonian.

Based on these postulates, the canonical transforma-
tion
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theory provides a rigorous guidance to enforcing
invariance of the action integral w.r.t. any local
symmetry (Lie) group acting on the fields. The form of
free Lagrangian or Hamiltonian densities for all matter
and spacetime fields is an independent input, though,
that must satisfy the above requirements but also be
empirically reasonable.

2.1 | The De Donder-Weyl Hamiltonian
field theory

This manifestly covariant “multisymplectic” formalism
treats all four dimensions on equal footing, unlike the
traditional approach where just the time component
assumes a unique role for dynamics. It assumes formally
the existence of a nondegenerate Lagrangian density
L= \/—&L enabling the existence of a corresponding DW
Hamiltonian via a Legendre transform involving covari-
ant momentum fields. The factor /=g that transforms the
Lagrangian scalar into a scalar density is the invariant vol-
ume element necessary to convert the action into a world
scalar.

For illustration, we consider the example of a real
scalar field ¢p. With comma denoting the partial derivative
with respect to the spacetime coordinate x, the canonical
momentum field is defined as

. E0.,)
o, ’

The Legendre transform of the Lagrangian density
gives the DW Hamiltonian

H(p,7)=7"¢, —L. 1)

Then the action can be expressed as

S=/Zd4x=/(ﬁﬂ¢,ﬂ—ﬁ)d“x. ©)
14 |4

The dynamics of the field results from the Hamilto-
nian principle, that is, by variation of the action integral
w.r.t. the now independent conjugate fields ¢ and z*. This
obviously means:

oH
d),v = aNV; (33)
T
- oH
Vo= 2 3b
Ty op (3b)

These canonical equations are first-order partial differ-
ential equations. Notice that if H would not depend on
the momentum, the conjugate field ¢p would be cyclic,
resulting in the constraint equation ¢, = 0. Hence, if a
DW Hamiltonian is independent of a momentum field,
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the latter assumes the role of a Lagrange multiplier. The
canonical equations are equivalent to the Euler-Lagrange
equations when the momentum can be expressed by the
field derivatives. That is possible only if the Hamiltonian
is at least quadratic in the momentum field, which,
on the other hand, is achievable iff the Lagrangian is
nondegenerate.

A remark is appropriate at this point. The DW Hamil-
tonian H is, unlike the standard Hamiltonian in point
mechanics, not the energy of the system. That energy
is rather expressed by the canonical energy-momentum

tensor, ) oL

==, —6,L,
H a¢’v H H
derived from Noether’s theorem. However, the trace of that
tensor gives
9/ =0=H-3L,

a covariant version of the relation § = p — 3p for a homo-
geneous fluid in its co-moving frame.

Aside: Covariant Hamiltonian dynamics:

The DW Hamiltonian formalism can also be used to
define Poisson brackets and the corresponding Hamilto-
nian dynamics in field theory, providing a route to covari-
ant quantization. The modification relative to the standard
approach based on time derivatives, is that the covariant
Poisson brackets are, due to the vector property of the
momentum fields, a co-vector defined as follows:

{F’G}ﬂ::/d%( SF ~5G B :SF 5G )
5¢(2) 71(z)  STH(2) S()

For the covariant version of Hamilton’s equations
of motion, we need the Hamiltonian world scalar H :=
[dy H). A straightforward calculation using the canon-
ical equations gives indeed:

_ [ (690 SH  d¢(x) SH '\ _
{p(0),H}, —/d Z<5(I)(Z) onH(z)  O67mH(Z) 5¢(Z)> =P

This remarkable structure will not be used in the
following but is foreseen for future work on covariant
quantization.

2.2 | Local canonical transformations
in curved spacetimes

In the following, a brief overview is given on the covariant
canonical transformation theory for matter fields embed-
ded in a curved spacetime, described by a principal frame
bundle called Lorentzian manifold. There we assume to
have a basis manifold M representing spacetime as a col-
lection of points, with the generic metric tensor field g,
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that defines the (in general curved) geometry of M. The
points p € M are assigned a “coordinate label” x on every
environment p € U C M via a collection of bijective maps
x : U x(U) c R*. The unification of all environments
covers M and is called atlas. The choice of that atlas
is not unique but free up to arbitrary diffeomorphisms.
The tangent space of the bundle is equipped with a
global Minkowski metric #; and a basis consisting of the
orthonormal system {ei}. The components of the basis
vectors on the base manifold, €', are called vierbeins (aka
tetrads). Because of the relation

8uv = Mij eiu ejv 4

they are also known as the “square root” of the metric.
The bases are fixed up to (orthochronous) Lorentz trans-
formations, that is (a subgroup of) the symmetry group
SO(1, 3). Hence at each point p of the manifold we have
locally the freedom to independently choose a map and a
vierbein system, that is, we have the gauge freedom with
respect to chart transitions x — X(x) and Lorentz trans-
formations €' (p) — E' (p) via Ali(p). Physics, though,
must not depend on that arbitrariness. This is the Prin-
ciple of GR that translates here into the requirement
that the action be invariant under the symmetry group
SO(1, 3)xDiff(M).

Matter fields are sections on the tangent space of the
bundle, and the geometry of spacetime is represented by
the vierbein fields. To illustrate how the transformation
properties of these fields under that symmetry group drive
the process of canonical transformations, we again, for the
sake of simplicity, consider just a real scalar field. For the
system ¢(x), e, (x) the transformation from the original
frame, denoted by small letters and indices, to the trans-
formed system, denoted by capital letters and indices, is as

follows:
Px) ~ OX) = p(x), (5a)
i _ i ox"
e, (@)~ EX) = A (x)e,(x) X (5b)

For the dynamics to be invariant under that transfor-
mation, the change of the action integral must be restricted
to a boundary term on which the fields are fixed. This
is equivalent to the following integrand condition for the
Lagrangian density:

0X

- OE!
Flo 22 g, Zr x )X
XV XV 0x

|~ dp aei” ()%‘V
=L s S el sy T X | — .

<(p oxv’* oxv oxV
In the DW Hamiltonian formulation (with the momen-
tum field k" conjugate to vierbein) we express the

(6)

Lagrangian density by the equivalent (reverse) Legendre
transform:

~ _ OBl o
o2 _gmu -7 (o1 B R X ) 2
oxv T oxv ! 0x
l;vad’ _’Eﬂvaeiﬂ_ﬁ<¢;r«vei ’Euvx>_0%v
oxv b oxv o oxv’
(7

While the first two terms on both sides of this equation
display the appropriate transformation property, the
Hamiltonian density must obviously satisfy the so-called
canonical transformation rule

~/

(0.0 B, K" X)| 2

ox

®)

- 77((,1), Ev,ei,,,%i”v,x) + ‘Z :
expl

The vector density F' is the key ingredient of the
canonical transformation theory called generating func-
tion. Its design must be such that it implements the
transformation property of involved matter fields with
respect to a given local symmetry. For relativistic field the-
ories, it exists only in four versions depending on the four
possible combinations of original and transformed con-
jugate fields. Here, for enforcing symmetry with respect
to the local SO(1,3)xDiff(M) field transformations, we
choose for convenience the generating function (called
type 3) that depends on the original momenta and the
transformed fields. While the scalar field does not change
upon the above symmetry transformation, the vierbein
transforms as a vector with respect to both indices.
This is reflected in the specific form of the generating
function:

0xX*

7~?;<¢)’;INV’EI”’EL'W’X> =-7'® _%iﬂVAiIEIa oxp
e

©)

3 | GENERIC GAUGE GRAVITY
Obviously, the explicit derivative of that generating func-
tion in Equation (8) acts on the spacetime-dependent
transformation matrices |%| and A I

JoF; T By o i 0X“
2 =—k"Z(ALE)E]
0x |expl i oxv ( I oxp ) a _
7 9 i 0X“ I _F 10N, axe 1 p
=k (AL XN _ M X gl
i oxv I oxs o i oxv oxP T *

(10)

It does not vanish reflecting the lack of the required
local symmetry of the original Lagrangian and the corre-
sponding Hamiltonian densities. Using the partial deriva-
tive of the transformation law, Equation (5b), the terms
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() %5
k z)

a nd Kl(ﬂ n% ()Xv a can be combined with similar

terms in Equation (8) to give

oz* a%i[ﬂa] Y ~y i
- o —W —H((p,ﬂ' ,eﬂ,ki ,X)
_ v oo [MV] ;4 _ Y4 = I & un X
|22 + B 0I%e - 77 (011 B, R X )| |2
Al
[v] l_/ Jj
— RPN D),
(1)

The remaining term on the right-hand side of
Equation (11) contains the spacetime-dependent Lorentz
transformation coefficients Al ;0. The only way to
re-establish the invariance of the system dynamics is to
introduce a "counter term” whose transformation rule
absorbs the symmetry-breaking term proportional to
oA! ;/0x". That new term called gauge Hamiltonian must
thus transform as

I

N,
~ Hoaw = k"IN —Le/]. (12)

~
Hea| 50 I gxv

The gauge Hamiltonian is chosen such that the free
indices i, j, v of A’ 0A! ;/0x" are exactly matched:
f[Gau = —zi[”v] a)ijv eﬂj. (13)

Thereby the newly introduced gauge field a)ijv must
retain its form when transformed, hence:

~/ ~ v
How = -K"™ Q) E,. (14)

Q', is the transformed gauge field, and from the trans-
formation relation (12) it follows that that transformation
must be inhomogeneous:

7 0X*

o, =A QA

; aAIj
i 192, j$+A . (15)

T oxv

As this is exactly the transformation property of the
spin connection, the gauge field can be identified with the
spin connection. (Notice that the sign of the gauge field
was chosen to support this identification.)

The covariant canonical transformation theory thus
derives gravity as a Yang-Mills type gauge theory wield-
ing four independent dynamical gravitational fields: the
vierbein, ei representing the geometry, the gauge field
spin connectlon a) ,» defining parallel transport, and the

respective con]ugate momentum fields, kl.” and ql.
defined as follows:

T uv v az ~ ja jo az

k' =kMe = —L qi]ﬂsqi’ﬂ‘e::l—tot (16)

i i : i
oe v ow iap

with € = dete®; = \/~detg,.
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The resulting action integral is a world scalar, and
the integrand is form-invariant under the transformation
group SO(1, 3)xDiff(M):

SO = /Ztot d4x
Vv

= /V <ki”“Si,,v + %ai MR, = Her + Emaner> d*x.

17)

Compared to Equation (1), the field derivatives

(“velocities™) of the vierbein and the connection have

in the gauging procedure miraculously morphed into

covariant field strengths, namely torsion of spacetime

and Riemann-Cartan curvature, respectively, defined as
follows:

, 0ei ()ei
Sty = 1 Lo — 4
2\ oxv OxH

R S A |
=eAS,,V—eﬁy[M

R elv) (182)

) ()wijv aa)im ) )
i - _ i N | n
Rj”v =— ey T ,0, w00,
= i Y
=é 26" Riou
i ayiav dy 0'14 A S
= elieja <W — ax +v 5”}/ ov =7V 5,7 ou
(18b)
This identification is achieved as the expression
def ,
Ve =¢ (—ax"v +ak, e;) (19)

can be identified with the affine connection. The proof is
straightforward since the transformation law for the affine
connection,

o e OX' OXOX' _ Oxt ox' X"

F 9
v =V GXY 9XP oxe  9X¥ 9XP oxrox

(20)

derives from the transformation law (15) of the spin con-
nection. Notice that here and in the following the affine
connection coefficients are not independent fields but just
a placeholder for the right-hand side of the definition
Equation (19).

It is useful for a more compact notation to define a
covariant derivative on the frame bundle denoted by “;”.
that acts on both the Lorentz and coordinate indices. Then
we can re-write the definition (19) as

e, = + wikv e, —r%, €. =0. (21)

This is called the Vierbein Postulate, and ensures met-
ric compatibility, that is, the vanishing covariant derivative
of the metric and thus the preservation of lengths and
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The constraint of the affine connection to be symmet-
e (0) = =€, &, (0)ig + Wya) = 0, (22) ricasin GR is dropped here, which introduces torsion of

provided the spin connection is anti-symmetric in ij which
we shall assume henceforth.

The formally introduced gauge field remains an exter-
nal constraint unless its dynamics are specified via a
(“kinetic”) Hamiltonian fixing its vacuum dynamics.
Hence in order to close the system, free gravity Hamilto-
nian density Hg, was added in Equation (17). However,
it is important to stress here that the action integral (17)
is generic as it has been derived exclusively from the
transformation properties of the fields without specifying
any involved free field Lagrangians or Hamiltonians!
Hence we can conclude that for any gauge gravity, aligned
with the very general list of assumptions given above, the
following abstract properties apply:

« The spin connection -coefficients, identified as
Yang-Mills type gauge fields, and metric (vierbeins)
are independent fields (metric-affine aka Palatini
formalism).

« Coupling of matter and gravity is fixed.
» Torsion and nonmetricity are not a priori excluded.

« Momentum fields replace derivatives of fields (“veloci-
ties”) giving first-order differential equations.

o Quadratic curvature momentum tensor concomitants
are necessary in the free gravity Hamiltonian due to its
postulated nondegeneracy (Benisty et al. 2018).

« Metric compatibility is achieved by setting the gauge
field to be anti-symmetric, w;), = 0.

4 | LINEAR-QUADRATIC ANSATZ
FOR HGr

Now beyond the formally derived generic gauge theories
of gravity, a specific free gravity ansatz will be consid-
ered that satisfies the premises posted above, but which
in addition is also consistent with phenomenology on the
solar-scale. This ensures that the Einstein-Hilbert ansatz,
GR, can be recovered as a limit. In the present formulation,
the dynamics of free gravity is expressed by a DW Hamil-
tonian density built from the independent momentum
tensor densities canonically conjugate to the independent
fields vierbein and connection. The CCGG theory extends
GR by quadratic concomitants of those momentum fields:

~ 1 ~ japm ica
Her = — .Jaﬁqj”’: e"ye, nnmekﬂ e

T ¢l e (23)

~ BT EL 0
+ Zg_g kiaﬂkj‘: ﬂyena e”:;: Nnm ekﬂ elll k1>
3

- gzal‘

spacetime as an additional degree of freedom of space-
time. By variation of the action integral (17) we obtain the
canonical equations specific for Har, beyond the generic
prototype (3a):

oHg:

—= =5, (24a)
ok"
OHer _ Lpi (24b)

~ juv Jvu
aqilll 2

The dependence of Hg, on the momentum field %j“
ensures a nonvanishing torsion, and metric compatibil-
ity by the implicitly stipulated anti-symmetry of the spin
connection.

Inserting the DW Hamiltonian (23) into the canonical
equation (24a) relates the canonical momentum field, con-
jugate to the vierbein, to the dual “velocity” field. In the
covariant formulation this gives:

- i — jap

g/ = (R -R"™), (252)
—i . .
R =g(, € — ¢ e )my. (25b)

The noncovariant “velocity” e v 18 replaced by the
Riemann-Cartan curvature tensor multiplied by the defor-
mation parameter g;. The resulting canonical momentum
tensor is displaced from the kinetic momentum tensor by
the maximally symmetric curvature tensor,

—j . .
R iy = gZ(eJMgvl - ejvgu/l)eji, (26)

that is the curvature tensor of the de Sitter (dS with g, > 0)
or anti-de Sitter (AdS with g, < 0) spacetime. Hence the
canonical momentum field describes a deformed geome-
try relative to the (A)dS ground state of spacetime, and
the constant g; appears, in analogy to mass in classical
mechanics, as the inertia of spacetime.

The second canonical equation (24b) identifies the
momentum field conjugate to the vierbein (i.e., metric)
with torsion of spacetime:

%U=g%ﬁ. (27)

Since there is no term linear in kj‘f’1 in the Hamiltonian,
the canonical and kinetic momenta coincide here.

The DW Hamiltonian (23) thus describes a (metric
compatible) spacetime that is endowed with inertia and
enriched by torsion. Notice that with g3 = 0 the space-
time is torsion-free, and kj‘f’1 becomes the corresponding
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Lagrange multiplier. With g; =0, we had a vanishing
momentum, that is, a spacetime without autonomous
dynamics. (That analogy with point mechanics is illus-
trated in the Aside below.) And omitting the first and last
term gives the Einstein-Hilbert theory.

Aside: Quadratic-linear Hamiltonian in point
mechanics:

For illustration on the impact of the linear term in the
Hamiltonian, we consider a simple example from classi-
cal point mechanics, the harmonic oscillator. Quadratic
dependence of the Lagrangians in point mechanics on
the velocity v = x implies a quadratic dependence of the
corresponding Hamiltonian on the canonical momen-
tum p. We thus consider a particle with inertial mass m
attached to a spring vibrating around X, extend the Hamil-
tonian by a linear momentum term, and add a constant
energy:

2

H(x,p) = ;; +ap+ V(%) + Eo,

V(x) = lk(x —X)>.
m 2

While the constant does not impact the canonical
equations, the linear term does:

X=Z—I;=%+a >p=mx-a)
_pz%lzk(x—xo) = mX = k(x — xp).

It shifts the canonical momentum p with respect to the
kinetic momentum mx. The equation of motion of the har-
monic oscillator is not changed, though. However, after
performing the Legendre transformation we observe an
emergent constant term in the Lagrangian,

L(x,Xx) = px — H(p(x, %),x) = %mxz — amx

+ %maz —Ey— V(x).

In order to eliminate the constant from the Lagrangian,
we set Ep = %m(xz, giving a geometric meaning to the vac-
uum energy Ey in the Hamiltonian.

In the next step, we drop the quadratic term in the
Lagrangian:

L(x,X) = —amx — %k(x —X)>.

The particle has now a constant momentum and is
attached to the minimum of the potential:

_ oL _ LoV

p—a—am O:p:—azk(x_xo) =X =X.
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The velocity is not explicitly determined but is obvi-
ously given by a possible motion of the origin of the poten-
tial well. A linear Lagrangian lets the particle rigidly follow
the given potential, and its inertia and ability to absorb
kinetic energy is absent, independently of the particle’s
mass.

Recalling the linear Einstein-Hilbert theory suggests
a remarkable analogy: The linear Lagrangian leads to a
spacetime that rigidly follows matter. V,R"* =0 corre-
sponds to the “vanishing momentum” of spacetime, and

!
V,0"" = 0 is the “potential well” facilitated by matter.

5 | THE CCGG FIELD EQUATION
Combining the partial derivatives of the canonical
equations leads to an extended version of Einstein’s field
equation:

g (RaﬂWRaﬂyv — %g”vRaﬂyiRa/;y,f)
1
8zG
- 2g3<S§””S§aV — %Sﬂaﬁsvaﬂ — igﬂngaﬂséwﬂ> = V)
(28)
9" is the symmetric portion of the canonical
stress-energy tensor. That symmetrization is derived from
the canonical equations avoiding the need for any exter-
nal effort a 1a Belifante-Rosenfeld (Rosenfeld 1940). Notice
that the left-hand side of this equation is derived in
complete analogy to the right-hand side, and can thus
formally be interpreted as the energy-momentum ten-
sor of space-time. The gravity ansatz is “deformed” by
a quadratic term parametrized by g;, the deformation
parameter. Remarkably, the appearance of the quadratic
invariant in the field equation is in line with Einstein’s
anticipation that he expressed in his letter to Hermann
Weyl, see Figure 1. The second term corresponds to the
Einstein-Cartan formulation, and the third is a torsional
contribution to energy-momentum.
The weak field limit links the product of the newly
introduced coupling constants g; and g, to Newton’s con-
stant G and to the constant A,

+ <R(;4V) — %gHVR — /log’”>

=3¢ =1 (29a)

1
—2g1g2 = g = MIZJ’ (ng)

G
and the field equation then align with the notation of GR.
These relations imply

3M;

=, 2
Ao 281 (29¢)
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FIGURE 1
having reviewed his book “Space, Time, Matter:” “... I have always
thought that the invariant I = Ryg,, R*™ should make it. But I did not
accomplish that.” (From the archive of ETH Ziirich).

Einstein wrote to Weyl on 8 March 1918, after

”

The constant A is the geometric vacuum energy of

spacetime that is distinct from the vacuum energy of mat-
ter! Notice, in addition, that the Schwarzschild metric
solves the CCGG field equation (Kehm et al. 2017), ensur-
ing consistency with solar scale observations.

6 | ZERO-ENERGY UNIVERSE AND
THE COSMOLOGICAL CONSTANT

The left-hand side of the field equation (28) is formally
the negative canonical energy-momentum of spacetime,
—9WV)| the strain-energy tensor (Struckmeier et al. 2020).
Hence in CCGG, in analogy to the stress-strain relation
in elastic media, the local zero-energy condition for the
Universe,

I+ oM =0, (30)

in 1916/17 (Levi-Civita 1917; Lorentz 1916).

In order to understand the relation of the geomet-
ric cosmological constant 4y with the “physical” cosmo-
logical constant as introduced by Einstein, we consider
three scenarios (Vasak et al. 2022). In absence of any mat-
ter including vacuum fluctuations, the right-hand side of
Equation (30) vanishes. Spacetime is then expected to set-
tle in its static ground state with vanishing momentum
fields. (Graviton fluctuations are neglected here.) From the
canonical equations we thus get

. . —i
qilaﬂ =0=> leaﬂ =R jaBs (313.)

k“?=0=5"=0, (31b)

where ﬁijaﬂ is defined in Equation (26). By substituting
I_Qijaﬂ for Rij”ﬂ on the left-hand side of Equation (28), we
find

v=afyu

&1 <§aﬂy R

083 (R — L R g

3M2  3M?
— P p g,uv =0.
2g1 2g1

Hence 9#' =0, the strain-energy of spacetime van-
ishes, and the relation (30) is satisfied.

Spacetime with matter in physical vacuum, that is, void
of particles but filled with vacuum energy of matter, Oy,c,
is flat. With a vanishing curvature the zero-energy con-
dition (30) or (28) must still hold (Vasak et al. 2022).
Hence:

1 ,,5 5obré
- Zg” Rapys R )

3M2 | g
—lp=——— = 2 (32)
2 M

Resolving for g; gives the relation

4
3Mp

(33)
29V3C

81=—

which determines the value of the deformation param-
eter g;. For example from the “naive” cutoff calcula-
tion in field theory (Weinberg 1989) 6y, ~ Mg, hence
g1 ~ —3/2.

For considering the physical spacetime with particles
and vacuum energy, we compare the trace of Equation (28)
with that of Einstein’s field equation that includes the
physical cosmological constant A. Taking into account the
effects of the more complex dynamical geometry and of
quantum effects, the trace can be written as
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R— £.5% + 44) = R + Rgeom + Rquant — 25 S* + 44
P X P (34)
= _1\73(40%0 + Oreal).

R is the trace-free Levi-Civita Ricci tensor of GR, Rocom
denotes contribution from dynamical spacetime geometry
and torsion. Rguant Stands for some yet unspecified graviton
vacuum fluctuations. This compares directly with the trace
of Einstein’s field equation with the observed cosmologi-
cal constant A and the “normalized” stress-energy tensor
0" = 0" — gl Oy, that is void of the vacuum energy:

real

= 1
R+4A = —E ereal. (35)
p

Combining now Equations (32), (34), and (35) implies

1
7 (Rgeom + Rauant — 1(% 52) = A. (36)

p

The cosmological constant A as observed today is thus
a snapshot of a torsional dynamical dark energy term
(Vasak et al. 2023).

7 | COVARIANT POISSON
EQUATIONS FOR MATTER AND
SPACETIME

The remaining canonical equations lead for the involved
(mutually noninteracting) matter fields and spacetime
dynamics as described by the specific Hamiltonians
(Klein—-Gordon for the scalar, Maxwell-Proca for the vec-
tor, and Gasiorowicz-Dirac for the spinor fields) to the
following Poisson-like equations of motion:

« Axial torsion field is totally skew-symmetric and its
source is the anti-symmetric portion of the Dirac stress-
energy tensor (overbar = Levi-Civita connection):

Sevk = glavul (372)
1
VoS%, =— v 37b
el varest L (37b)
&

Vo [(M2 + g5)svwe + 0] 0
c

— Qv upa _ QM vfa

=5,z S 2

« The curvature field obeys
V RvPHa 4 REPuagy  _ RévkagP )

g1< tq ¢q (38)

— (M2 +g5) S = 2.
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The source of curvature is the Dirac spin density and
the axial torsion!

+ Real Klein-Gordon field
gV, Vyp +mip =0. (39)
« Real Maxwell-Proca field
VoF" - 2FP8" —m*a’ = V. F** —m2a* =0. (40)

Neither the scalar nor the vector fields “see” torsion!

« In the Gasiorowicz formulation of the Dirac field the
Lagrangian is quadratic in the field derivative. As input
for a canonical transformation, this leads to anoma-
lous fermion-gravity couplings with an emergent length
parameter £, and novel couplings to curvature and
torsion:

oxf 4
= L[ LomommR (41)
= § go' o nmaf
+ISVﬂ§Gﬂ§<a‘i—v - iwnmvanm>:|w.

In Minkowski geometry (a)ij 5 = 0, SV” g = 0), the stan-
dard Dirac equation is recovered: £ is spurious for free
fermions but becomes physical once interactions are intro-
duced! If in curved spacetimes the torsion is neglected,
on the other hand, then the spin connection reduces to
the Levi-Civita connection @y, so-called rotation coeffi-
cients. This gives an anomalous curvature-dependent mass
correction:

. d i— 1
sl Y _ 2 nm ) _ - =
[17/ <0xﬂ 4a)nmﬂa ) <m+ 12fR)]y/ 0. (42)

8 | COSMOLOGY AND TORSIONAL
DARK ENERGY

Here, we investigate how a CCGG-based cosmology
compares with the astronomical observations and the
underlying Concordance model. The model of the Uni-
verse is based on the FLRW metric with the scale factor
of the expanding 3D-space, a(t), and the spatial constant
curvature parameter K:

ar?

ds* = df* — a(t)

> +r?(d6* + sin®0dg?) .

This metric is then used to calculate the Levi-Civita
portion of the curvature. In standard cosmology based on
GR, the so-called ACDM model, this is then plugged into
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the Einstein equation with the cosmological constant A.
The matter content of the Universe is thereby approxi-
mated by ideal “co-moving” fluids with the densities p;(¢)
and pressures p;(¢) for baryonic and dark matter (i =m) and
for radiation (i =r), with the barotropic equations of state

EOS):
(EOS) Di = ;i p;. (43)

This gives the well-known Friedman-Lematre

equations for a(¢):

ayy K 1 87G

—-) +=—-=A=— i 44a
<a> 2 3 3 ~ r/)l ( )
a 1 4rG
= —cA=-Z22 i+ 3p)). 44b
a 3 3 ~ r(Pl Pz) ( )

Here, the dot denotes time derivatives with respect to
the universal time ¢, for example,a = da/dt. Under the
assumptions, the fluids are inert and noninteracting, the
combination of Equations (44a), (44b) and (43) fixes the
dynamics of each individual fluid:

a a
pi==3_(pi+p) = —3_ il + o). (45)

The EOS parameter for pressure-less matter is wy, = 0,
and for radiation we get w, = 13. The dynamical impact
of the spatial curvature and of the cosmological constant
emerges thereby too in the form of geometric “fluids” with
fixed equations of state, namely with wx = —13 and wy =
—1. With the definition of the so-called Hubble parameter,

H() =2, (46)
a
the first Friedman equation (44a) can then be re-written as

87G 8nG
H@)==2p=="2 Y o 47)
i=m,r,K,A

The cosmological parameters Q;, i = m,1,A,K, entering
the individual contributions to the total energy density p,
are dimensionless relative-densities introduced according
to the conventions of the ACDM model:

P = Perit Qn @, (482)
pr = Porit @, (48b)
PA = Perit Qn, (48¢)
PK = Perit Qa2 (48d)
with SHS
Perit = 332G (48¢)

VASAK ET AL.
1A

Q/\ = Em, (48f)
0
K

Qg = ——. (48g)
H;

Notice that with ay = a(t,) denoting the present-day (at
the time t = t;) scale of the Universe, Hy = H(ay) stands
for the present-day value of the Hubble parameter. Utiliz-
ing now the dimensionless time = = tH, and setting for the
overdot henceforth the derivative d/dr, Equation (47) is
recast in terms of the normalized Hubble function as

E*(a) := H2(2a) =Qna P +Qat+Qu+ Qa2 (49)
0

For a(zg) = ap = 1, this gives E(1) = 1, and thus
Qn+Qr +Qp + Q¢ =1. (50)

With an extended theory of gravity, also the complexity
of the geometry-related terms in the Friedman equations
increases. For the CCGG ansatz that will be analyzed in
the next section.

8.1 | The Friedman Universe revisited
The Friedman equation (49) of the ACDM model, seen
in the light of the Zero-energy condition (30), can be
expressed as

Perit (ﬁst + ﬁmatter) =0, (51)

such that the partial energy densities of matter and space-
time must always stay in balance. Since we assume for
physical reasons that the energy density of matter is always
positive, the contribution of the energy density attributed
to the dynamics and geometry of spacetime must be
negative:

Z)\matter = ﬁr + ,b\m =0, (52a)

ﬁst = ﬁkin + Z’\K + Z)\A <o. (52b)

The individual energy density contributions as they
appear in Equation (49) can obviously be identified as
follows:

Pkin = —E*(a), (53a)
Pm = Qma >, (53b)
pr=Qra™*, (53¢)
pa = Qn, (53d)
Pk = Qxa” (53e)
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While the leading negative term is the kinetic energy
of spacetime given by the Hubble term, the energy
densities associated with spatial curvature and the
cosmological constant depend on the value and sign of the
parameters K and A.

The CCGG equation now extends the ACDM model by
terms associated with the quadratic curvature and torsion,

~

Pgeo and pior, respectively:

fo\st = ﬁkin + ﬁK + ﬁA + ﬁgeo + ﬁtor~ (53f)

General relativity
h = +0.67

t [Gyr]
6
5
4
w3
T
©
2
1
— a
0 L - — H
— s
5 10 15 20 25 30 35 40
t [Gyr]
FIGURE 2 The scaling factor a (black line) and the Hubble

parameter H(a) (blue line) of General Relativity (g, = g3 =5, =0,
Q, =0.7, h = 0.67) as a function of the universal time ¢. Lower
panel: The scaling factor a (black line), the Hubble parameter H(a)
(blue line), and torsion parameter (green line) of the CCGG ansatz
with Q, = 0 and h = 0.67. The difference in the evolution of the
scale factor in GR is barely visible.
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(Details of the geometric terms can be found in Refs.
(Kirsch et al. 2023; van de Venn et al. 2023; Vasak
et al. 2023). Since pge, Vvanishes with g =0, and P
vanishes for g; = 0, the ACDM model is recovered with
g1 = g3 = 0.) According to the discussion of the cosmolog-
ical constant in Section 6, we shall set p, = 0, and expect
a dark energy term to arise from torsion in the torsional
energy density pior.

8.2 | Check of concept: Torsion can
account for dark energy

That expectation has been checked analytically (van de
Venn et al. 2023) and numerically (Kirsch et al. 2023).
Both calculations are consistent with the following model
assumptions:

« For the baryonic and dark matter as well as for radiation
we take the standard scaling laws.

« The spacetime contributions are simplified by setting
A=K=0.

» The parameters used are the standard (Planck) parame-
ters plus g1, and in addition g; and s; characterizing the
torsional dark energy. Notice that the vacuum energy of
matter, 6y, is determined from g, or vice versa.

We observe that the evolution of the scale parameter
in GR with the cosmological constant, and in CCGG
cosmology with torsional dark energy, are very similar,
see Figure 2. Moreover, Figure 3 shows the ratio Q¢ /Qp

1.5 £ b= BL3E
0, =+0.90
sy =+3.70
1.0 h-={+0:67
0.5
O
&
0.0
-0.5 _ ‘_""
— n’\
— B0
-1.0 — ﬁmr
10° 10*
a
FIGURE 3 Evolution of the fractional density parameters

fzi(a) = pi(a)/E?(a) for the same parameters as in the lower panel of
Figure 2. The fractional densities of matter and geometry
deformations fade away in an expanding Universe (black and green
lines) in contrast to the torsion density (red line) that drives the late
acceleration in the dark energy era.
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to reproduce the ratio Q,/Qy ~ 0.7/0.3. This resolves
both, the cosmological constant and the coincidence
problems.

9 | CONCLUSIONS
The key findings of the CCGG ansatz for gravity are sum-
marized as follows:

« CCGG provides a novel point of view on gauge gravity
beyond the so-called Poincaré gauge theory.

« Spacetime appears as a dynamical medium with inertia,
torsion, and a semi-classical vacuum energy.

e Vacuum energies of matter and spacetime cancel:
Conjecture of Zero-Energy-Universe is confirmed.

« A residual torsional dark energy term is shown to facili-
tate the accelerated cosmological expansion.

« The cosmological constant and coincidence problems
are resolved.

» A novel-length parameter and anomalous couplings of
spinors to gravity emerge.

The present theory is, of course, still far from being
finally validated. The “torsional dark energy” hypothesis
has to be confirmed. Albeit the first calculations presented
here show promising results, a full-fledged cosmological
(MCMC) study versus all available data is required and
under investigation.

The choice of the free gravity Hamiltonian is another
field for further studies. And the implications of the modi-
fied structure of the quadratic, Gasiorowicz version of the
Dirac equation are yet unexplored as well (length param-
eter, impact on Lorentz invariance and/or the equivalence
principle, curvature-dependent effective mass, interaction
with torsion, inclusion of U(1) and SU(N) symmetries,
anomalous magnetic momentum, etc.).
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