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Abstract We extend the anholonomic frame and connec-
tion deformation method, AFCDM, for constructing exact
and parametric solutions in general relativity, GR, to geomet-
ric flow models and modified gravity theories, MGTs, with
nontrivial torsion and nonmetricity fields. Following abstract
geometric or variational methods, we can derive correspond-
ing systems of nonmetric gravitational and matter field equa-
tions which consist of very sophisticate systems of coupled
nonlinear PDEs. Using nonholonomic frames with dyadic
spacetime splitting and applying the AFCDM, we prove that
such systems of PDEs can be decoupled and integrated in
general forms for generic off-diagonal metric structures and
generalized affine connections. We generate new classes of
quasi-stationary solutions (which do not depend on time like
coordinates) and study the physical properties of some physi-
cally important examples. Such exact or parametric solutions
are determined by nonmetric solitonic distributions and/or
ellipsoidal deformations of wormhole hole configurations.
It is not possible to describe the thermodynamic proper-
ties of such solutions in the framework of the Bekenstein—
Hawking paradigm because such metrics do not involve, in
general, certain horizons, duality, or holographic configu-
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rations. Nevertheless, we can always elaborate on associ-
ated Grigori Perelman thermodynamic models elaborated for
nonmetric geometric flows. In explicit form, applying the
AFCDM, we construct and study the physical implications
of new classes of traversable wormhole solutions describ-
ing solitonic deformation and dissipation of non-Riemannian
geometric objects. Such models with nontrivial gravitational
off-diagonal vacuum are important for elaborating models of
dark energy and dark matter involving wormhole configura-
tions and solitonic-type structure formation.
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1 Introduction, motivations and objectives

The standard approach to the gravity theory and general
relativity, GR (i.e. Einstein’s gravity theory) is formulated
in the framework of pseudo-Riemannian geometry, see [1—
4] as typical monographs and reviews of physically impor-
tant exact solutions. In GR, a four dimensional, 4-d, curved
spacetime V is modelled as a Lorentz manifold endowed
with metric structure, g = {gqg}, when the Levi-Civita, LC-
connection V = { VI‘O‘I3 y} is uniquely determined by coeffi-
cients gqp following two conditions: (1) zero nonmetricity (i.
e. metric compatibility), Q := Vg = 0 and (2) zero torsion,
VT = 0.! The Einstein relativity theory has a remarkable
success and deep influence both in physics and mathematics.
Nevertheless, various alternatives and modifications of GR
were elaborated when instead of standard Lorentz manifolds
there are considered metric-affine spaces determined by some
general metric and (independent) affine/linear connection
structures, (g, D = {F“ﬂy}). Such non-Riemannian spaces
can be characterized by nonzero torsion, 7 = {T‘;g v }, and/or
nontrivial nonmetricity, Q := Dg = {Qupy = Dugpy}
fields. We cite [5] as an early review of metric-affine grav-
ity theories. For applications in modern cosmology, various
generalizations of such geometric and gravity models are for-
mulated as modified gravity theories, MGTs, when the gravi-
tational and matter field Lagrangians in GR are changed into
some functionals F(R, T, Q, "T), where R is the Ricci

! In our approach, we use the signature (+ + +—), when coordinate
indices «, B, .... run values 1,2,3,4; in general, indices may be abstract
ones; we use also certain left/up labels for geometric/physical objects;
local coordinates are labelled # = {u#“} and the Einstein summation
rule on up-low indices is used. All necessary notation conventions and
definitions of geometric/physical objects are defined in the next sec-
tions and appendices. We assume that readers are familiar with stan-
dard results and methods outlined in the mentioned monographs and
understand basic ideas and motivations for how to extend the geometric
constructions to modern modified gravity theories, MGTs, and acceler-
ating cosmology.



Eur. Phys. J. C (2024) 84:211

Page 3 0of 28 211

scalar for D, and T is the trace of the energy-momentum
tensor for matter [6,7].2

Generalizations of the Einstein equations with geometric
distortions of linear connections, V — D, can be written in
some effective forms:

Epw = x[T27+ 10, g, ) + TLE @, v, ..0)
+Tl8eom (g, R, T, Q. £, T OR, 0T, ...)
+...]1. (1)

In such formulas, x is defined by the gravitational constant
and the energy-momentum tensors contain respective labels
[br], for barionic matter (which can be written also T,E’f]);
[DM] is for dark matter models with some scalar, ¢, spinor,
¥, and other type fields. The label [DE] is used for respective
dark energy terms. The tensor Tl%eom] is a functional of dif-
ferent geometric and physical values including classical and
quasi-classical and/or extra dimension contributions, string
terms contributions, distortions of mater fields Lagrange den-
sities, £, and corresponding traces of energy-momentum
tensors, T, In some MGTs, there are considered nonlocal
terms of type LJR and/or UJT', where [J is a corresponding
variant of d’Alambert (wave operator) for respective curved
spacetime etc. The modified Einstein tensor £, and respec-
tive (effective) barionic matter terms 7}, ~ le,’f]
be derived from a corresponding action

+ ... can

S = /[;f‘ F(R,.)+ LM + 1/)gld*u.

Typically, such formulas define a four-dimensional, 4-d,
spacetime model which is distorted in the symbolic form
D =V+Z[gT,Q,..], where Z is the distortion tensor.
Physical motivations and details on such MGTs and dark
gravity/matter/energy formalism are presented in [6—8] and
references therein ( there are studied also certain applications
in modern acceleration cosmology and DM and DE physics).

Modified Einstein equations of type (1) consist of very
sophisticate systems of coupled nonlinear partial differential
equations, PDE:s. It is very difficult to find exact/parametric
solutions for such dynamical equations using standard meth-
ods elaborated in GR [4], when for some higher symmetry
and diagonal ansatz form metrics, nonlinear PDEs transform
into certain nonlinear systems of ordinary differential equa-
tions, ODEs. For instance, it is not clear how to construct
black hole, BH, like solutions for nontrivial Q-terms, for
generic off-diagonal gyg; and how to define extensions of

2 Readers may find in the cited works many references with chronolog-
ical historical remarks, criticism, and applications in modern cosmol-
ogy and astrophysics. In this paper, we do not provide a comprehensive
review on nonmetricity and MGTs but concentrate on elaborating new
geometric methods for constructing exact and parametric solutions in
nonmetric geometric flow and gravity models. In our works, we write
F(R,T,...)instead of f(, R, T, ...) used in papers by other authors.

the Einstein-Dirac equations. Such problems were discussed
indetail in [9, 10], (in a general form for Finsler modifications
of gravity theories). Similar problems exist for metric-affine
distortions of physical models elaborated on Lorentz mani-
folds. The DM and DE coupling theories and various MGTs
involve constructions with nonminimal coupling between
geometry and matter. The equations (1) lead to the “noncon-
servation” of matter energy-momentum tensor which makes
more sophisticate the physical interpretation of such models
and solutions of dynamical or evolution equations. Neverthe-
less, we can elaborate on a nonholonomic deformation for-
malism with adapted distortions V. — D, when “nonconser-
vation” is related to certain (equivalently, anholonomic, i.e.
nonintegrable) constraints like in nonholonomic mechanics.
By introducing integration constants, then solving the con-
straint equations and redefining the effective Lagrangians,
we can formulate some types of modified conservation laws.

The main goal of this work is to prove that modified
Einstein equations of type (1) can be decoupled and inte-
grated in some general forms for Q # 0. We shall provide
explicit examples for generic off-diagonal solutions defin-
ing Q-deformations of gravitational solitonic hierarchies
and wormhole configurations. Such methods for generating
exact/parametric solutions of physically important systems
of nonlinear PDEs are not contained in standard monographs
on GR and various MGTs reviews [1-8]. During the last 30
years, it was elaborated the anholonomic frame and connec-
tion deformation method, AFCDM, for constructing exact
and parametric off-diagonal solutions of physically impor-
tant systems of nonlinear PDEs. We cite [9—12] for a review
of main results and methods, examples and applications. Here
we note that the AFCDM involves nonholonomic distribu-
tions of geometric objects and nonholonomic frames, with
respective types 2+2+2+---,3+land 3+ 1)+ (2+2), 3
+ 2 + 2 +- - - (correspondingly, for 4-d, and extra dimension
spacetimes). Then, it is important to construct an auxiliary
connection D = V + Z when equations of type (1) with
redefined linear connections, V — D can be decoupled and
integrated in certain general forms. In the next section, we
shall provide the necessary definitions and explicit formulas.

Our nonholonomic geometric approach to generating
solutions in gravity theories should not be confused with the
well-known Cartan moving frame method, Neuman-Penrose
formalism or other nontrivial string torsion generalizations
and/or equivalent constructions involving various types of
tetradic, dyadic, and Arnowit-Deser—Wheeler, ADM, for-
malisms. Main geometric and analytic constructions related
to GR are summarized in [4]). The main difference of the
AFCDM from other ones is that it involves deformations
both of the frame and linear connection structures which
are adapted to certain canonical nonholonomic distributions.
In such nonholonomic adapted variables, physically impor-
tant systems of nonlinear PDEs can be decoupled and inte-

@ Springer
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grated in certain general forms, when the technique of con-
structing solutions is not restricted only to special diago-
nal ansatz transforming systems of nonlinear PDEs into sys-
tems of nonlinear ODEs. For generic off-diagonal ansatz, we
can prescribe some special symmetries with Killing vectors
and/or Lie algebra structure, for spherical, cylindrical, toroid
or other type configurations. Such solutions also posses cer-
tain nonlinear symmetries. We can prescribe necessary sym-
metries of solutions, and compute certain deformations (for
instance, by nonmetricity fields) for some physically impor-
tant classes of solutions. Usually, it is possible to extract LC
configurations if there are imposed additional nonholonomic
constraints on the nonlinear and linear connection structures,
and respective generating and integration functions. For some
models, the off-diagonal terms of metrics and the nontrivial
nonholonomic structure may encode nonmetricity contribu-
tions even for constraints to LC models.

This paper is a generalization to nonmetric geometric
flows providing a metric-affine development of the meth-
ods reviewed in [10—12]. Such geometric constructions can
be performed for nonassociative and noncommutative geo-
metric flow and gravity theories [13], when the constructions
are performed for star product R-flux deformations in met-
ric compatible forms but including nonsymmetric metrics. In
this work, we consider associative and commutative metric-
affine structures with symmetric metrics when the non-
holonomic deformations and nonmetricity fields are related
both to nonmetricity-induced torsion fields and canonically
induced torsions. For this work, we state three general objec-
tives:

The first objective (Objl, in Sect. 2) is to provide an
introduction to theories of geometric flow and gravity includ-
ing nonmetricity. The 4-d metric—affine geometry is formu-
lated in an N-connection adapted form with (dyadic) non-
holonomic (2+2)-splitting. We define Q-modified (for Rie-
mannian metrics introduced by G. Perelman [15]) F- and
W-functionals and sketch how they can be derived from
respective Hamilton-Friedan geometric flow equations with
nonmetricity. Nonmetric Ricci solitons and related modified
Einstein equations are derived as self-similar nonholonomic
geometric flow configurations for a fixed flow parameter.

The second objective, Obj2, stated for Sect. 3, is to con-
struct and analyse solitonic deformations of exact/parametric
quasi-stationary geometric flow solutions encoding non-
metricity fields, which for fixed flow parameters and LC-
configurations define solutions of modified Einstein equa-
tions (1) and their nonholonomic deformations. Such sys-
tems of nonlinear PDEs are extended in certain forms
encoding nonmetric geometric flow data. We provide nec-
essary examples of solitonic distributions defined in quasi-
stationary geometric form and study models with locally
anisotropic wormhole solutions encoding nonmetricity. Non-
metric quasi-stationary deformations of 4-d wormhole met-

@ Springer

rics in GR are constructed for general and small parametric
off-diagonal and nonmetric gravitational polarizations.

The third objective, Obj3, is stated for Sect. 4. It consists
of a study of O-modified Grigori Perelman thermodynamics
and its applications for quasi-stationary configurations. We
show how to define and compute (using integration functions
and nonlinear symmetries to some flow-running cosmolog-
ical constants) respective volume elements. This allows us
to compute thermodynamic variables with running cosmo-
logical constants and nonmetricity. For nonmetric modified
wormhole configurations and their solitonic deformations,
we show that, in principle, we can construct two thermo-
dynamic models: a ‘I’a Perelman’ and/or do not follow the
Bekenstein—Hawking approach because the last one is appli-
cable only for solutions with conventional horizons, holo-
graphic models and similar. Modified Perelman thermody-
namic models can be formulated for all classes of nonholo-
nomic geometric flow theories, including theories with Q-
deformations.

In this article and a series of further partner works on
nonmetric geometric flow and gravity theories we follow
the Hypothesis: Metric-affine geometric flow models can be
exploited as alternatives for describing DE and DM effects
and elaborating new physical theories. Such approaches can
be elaborated in self-consistent and solvable forms using
nonholonomic variables with conventional 2(3) +2 + - - -
splitting which allows to decouple and integrate of phys-
ically important systems of nonlinear PDEs for such theo-
ries. The solutions with conventional t-running effective cos-
mological constants physics can be used for modelling DE
physics when nonlinear symmetries relate such configura-
tions to models of DM physics. Generic off-diagonal metrics
are determined by respective generating functions and effec-
tive matter sources which encode nonmetric Q-deformations
and describe DE and DM off-diagonal interactions or geo-
metric evolution scenarios. Corresponding systems of Q-
deformed geometric flow/gravitational and (effective) matter
field equations admit exact and parametric solutions describ-
ing certain quasi-stationary (BH, wormhole etc.) configura-
tions and (locally anisotropic and inhomogeneous) cosmo-
logical scenarios. For well-defined nonholonomic geometric
constraints, such models can be defined almost equivalently
in canonical metric compatible backgrounds with effective
N-connection structure, when generalized conservation laws
and nonlinear symmetries are well-defined. In such cases,
we can formulate self-consistent nonmetric modifications
of classical gravity and quantum gravity theories, quantum
mechanical models and quantum field theories, which can be
unified as thermodynamic information theories in the frame-
work of respective geometric and quantum information mod-
els.

In Appendix A, we revise in a nonmetric quasi-stationary
form all formulas which are necessary for general decou-
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pling and integration of Q-modified nonholonomic Ricci
flow/ soliton equations. Details and proofs for general met-
ric compatible canonical d-connections are provided in [10—
13]. In this work, abstract and N-adapted coefficient formulas
are re-defined by Q-deformations and Q-generating sources.
A summary of basic concepts and formulas for generating
solitonic hierarchies via d-metrics and nonmetricity effec-
tive sources is presented in Appendix B.

2 Metric noncompatible geometric flows and MGTs

This section contains an introduction to the geometry of four
dimensional, 4-d, metric-affine spaces with nontrivial torsion
and nonmetricity fields. The approach is formulated in canon-
ical nonholonomic variables with (2+2)-splitting defined by a
nonlinear connection, N-connection, structure stating dyadic
frame decompositions. We consider N-adapted distortions of
linear connections and fundamental geometric objects. The
constructions are performed in such forms that physically
important systems of nonlinear PDEs (such as nonmetric geo-
metric flow evolution and modified Einstein equations) can
be decoupled and integrated in certain general off-diagonal
forms. Necessary concepts and additional technical formu-
las for the nonmetric anholonomic frame and connection
deformation method, AFCDM, are outlined in Appendix A.
Such a nonholonomic geometric formalism was elaborated
for (co) tangent bundles, see reviews of results and meth-
ods in [10,12]. In this section, we develop the approach in
a form which allows to construct exact and parametric solu-
tions with nonmetricity for gravity theories of type in [5-8].
The Grigori Perelman functionals [15] (see [16] for recent
developments related to GR, MGTs and quantum informa-
tion flow theories) are modified in nonmetric forms. For self-
similar configurations (i.e. for nonholonomic Ricci solitons)
such models encode the action functionals for gravity theo-
ries with nontrivial Q-fields [6].

2.1 Geometric preliminaries on metric-affine spaces and
nonholonomic deformations

In this work, the background geometric arena consists from
a Lorentz spacetime manifold V enabled with standard
geometric data (V,g,V). Such a (primary) spacetime is
defined as a 4-d pseudo-Riemannian manifold of necessary
smooth/differentiability class, when the symmetric metric
tensor g is of signature (+ + +—) and can be written in
the form

g = ga/ﬂ/(u)e“, ® eﬁ/, 2)

using the tensor product ® of general co-frames ¢*', which
are dual to frame bases e, . In general form, the geometric and

physical constructions are performed for metric-affine spaces
(target ones) determined by geometric data (V, g, D), when
V — D and, in general, the nonmetricity field is nontrivial,
Q := Dg # 0. To elaborate theories of geometric flows [15,
16] one considers families of metrics g(7) = {gug (7, u)},
where T is a temperature like parameter considered for an
interval 0 < 7 < 11, or T = 719 for a fixed value. Frame
vectors can be prescribed to depend, or not, on T-parameter,
i.e. ey (1), or ey . For simplicity, we shall write only gqs(T)
instead of gug(7, u) if that will not result in ambiguities.

2.1.1 N-adapted metric-affine structures with
nonholonomic (2+2) splitting

We introduce a nonlinear connection, N-connection, struc-
ture as a Whitney sum:

N: TV =hV @V, 3)

which is globally defined on V and its tangent bundle 7'V
A N defines a conventional horizontal and vertical split-
ting ( h- and v—decomposition) into respective 2-d and 2-
d subspaces, hV and vV. In local coordinate form, a N-
connection is defined by a set of coefficients N/ (u) when
N = N(x, y)dx' ® 3/dy*.3

N-elongated/adapted local bases, e,, and co-bases (N—
differentials), e*, are defined

e, = (e, ¢,) = (e = /dx'
— N{'(u)d/dy", e, = 3, = 9/dy"), and 4
e = (e, e) = (¢! =dx', e* =dy’ + Nfi(wdx"), (5)

to be linear on N{'. The term nonholonomic (equivalently,
anholonomic) is used because, for instance, a N-elongated
basis (4) satisfies certain nonholonomy relations

[eq, es] = eqep —egey = W;/ﬂey, (6)
with nontrivial anholonomy coefficients

WP, = 0.N), We, = Qf; = e (Nf') — & (NY). @)

3 We can always define local coordinates u = {u® = (x, y*)} involv-
ing a conventional 2 + 2 splitting into h-coordinates, x = (x%), and v-
coordinates, y = (y“), forindices j, k, ... = 1,2 anda, b, c, ... = 3, 4,
when «, B, ... = 1,2, 3, 4. Using partial derivatives, local coordinate
basis and a co-base are computed respectively as e, = 9, = 9/0u”
and e# = duf. Transforms to arbitrary frames (tetrads/vierbeinds) are
defined as ey = e‘)‘a, (u)eq and e = ea"" (u)e®. Usually, such (co)
bases are orthonormalized by the conditions eof‘/e’i , = 85, where 65 is
the Kronecker symbol. On Lorentz manifolds, a N-connection (3) states
anonholonomic distribution defining a fibred 2+2 structure. We use the
term nonholonomic Lorentz/pseudo-Riemannian manifold when a con-
ventional h-v-splitting is considered. Typically, “boldface” symbols are
used to emphasize that certain spaces or geometric objects are enabled
(adapted) with (to) a N-connection structure.

@ Springer
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In these formulas, ij define the coefficients of N-connection

curvature. If all Wl.!f] (7) are zero for a ey, such a N-adapted
base is holonomic and we can write it as a partial derivative
Jq With Ni” = 0. In curved local coordinates, the coefficients

qu may be nontrivial even all WO}; 8= 0 and we may chose a

holonomic base.*

The geometric objects on a nonholonomic manifold V
enabled with a N-connection structure N (and on exten-
sions to tangent, TV, and cotangent, 7*V, bundles; and their
tensor products, for instance, TV®T*V) are called distin-
guished (in brief, d-objects, d-vectors, d-tensors etc) if they
are adapted to the N—connection structure via corresponding
decompositions with respect to frames of type (4) and (5).
For instance, we write a d—vector as X = (h X, vX).

Any spacetime metric g = (hg, vg) (2) can be represented
equivalently as a d—metric,” when

g= gij(x.y) e ®e/ + gap(x.y) e’ @€,
in N-adapted form withig = {g;;}, vg = {gap}:  (8)
— o B
= &w(“)d"‘ ® du”. 9)

Ad-connection D = (2D, vD) is defined as a linear con-
nection preserving under parallelism the N—connection split-
ting (3). In N-adapted coefficient form with respect to frames
(4) and (5), we can write decompositions of D in terms of h-
and v-indices,

D =(I", = (LY, Cg.)}, where
hD = (L'

Lo Lé)andvD = (C', CL). (10

je

ca A
bk’Cjc’

We define a nonholonomic metric-affine space by geomet-
ric data (V, N, g, D).

2.1.2 Geometric objects adapted to a N-connection
structure and nonmetricity

The fundamental geometric d-objects of nonholonomic
metric-affine space are defined:

T(X,Y) := DxY — DyX — [X, Y],

4 For instance, we define and write a d—vector in N-adapted form as
X = (hX, vX). The geometric objects on a nonholonomic manifold V
enabled with a N-connection structure N are called distinguished (i.e d-
objects, d-vectors, d-tensors etc) if they are adapted to the N—connection
structure via corresponding decompositions with respect to frames of
type (4) and (5).

3 Introducing coefficients of (5) into (8) and regrouping with respect to
the coordinate dual basis, we obtain the formulas for the coefficients in

).

_ |:gij +N;1N;]gab N;?gae:|
5= . . 5

£ Nl‘egbe 8ab

2

A metric g = {g ﬂ} is generic off—diagonal if the anholonomy coeffi-

cients WD): are not identical to zero. For 4-d spacetimes, such a matrix
can’t be diagonalized via coordinate transforms.

@ Springer

torsion d-tensor, d-torsion;
R(X,Y) := DxDy — DyDx — Dix y],
curvature d-tensor, d-curvature;
Q(X) := Dxg,

nonmetricity d-fiels, d-nonmetricity. 11

The N-adapted coefficient formulas involving (8), (9) and
(10) are provided and computed in [10—12]. Here we only
present, respectively, their 4-d N-adapted coefficient repre-
sentations,

R =(R%,;). T = (T4}, Q = (Qyap).

In geometric flow and gravity theories, there are also
another important geometric d-objects:

Ric := {R g, :=R% .}, the Ricci d-tensor ;

Bya
Rsc := g“‘ﬂR o, the scalar curvature ,

where we uses the inverse d-tensor {g“ﬁ } of a d-metric (8).
Using a d-metric g (8), we can define two important linear
connection structures:

V:Vg=0;v7 =0,
LC—connection ;
D:Q=0; h7 =0,v7
=0, T # 0, the canonical d-connection.

g N) — (12)

In this paper, “hat” labels are used for geometric d-objects
defined by a D. Such an auxiliary d-connection defines a
canonical distortion relation

Dlg] = V(g + Z[g], (13)

when the canonical distortion d-tensor, 2, and V|[g] are deter-
mined by the same metric structure g.5

The coefficients of the canonical fundamental geometric
d-objects (11) are labeled by “hat” symbols, for instance,
R = {ﬁ"‘ﬂ y s1- Similar fundamental geometric objects can be
defined and computed for V, for instance, vyR = {v R“ﬁy st
(in such cases, boldface indices are not used). Considering the
canonical distortion relation for linear connections (13), we
can compute respective canonical distortions of fundamental
geometric d-objects (11). Such formulas relate, for instance,
two different curvature tensors, yR = {v R”‘ﬁy 51 and R =

-~

o
{R ﬂya} etc.
iA cqyonical (’i:ponﬂectigr; (12) is defined by N-adapted coefficients
D = (T, = (L}, L§;., C'., L)}, for
Ti 1 ir Ta a
Ljik = 58" (€gjr +€jgkr — €rgji). Ly = en(Ny)
+l ac'( _ Nd _ Nd
78" (€k8be = 8ac epNj; — gap ecNi ),

N 1. . 1
Ci. = Eglkecgjb Cp. = Egad(ecghd +epged — €dghe)-
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An arbitrary d-connection D = {I'” ﬂ} with nontrivial
nonmetric d-tensor Q, g can be expressed v1a distortion d-

tensors with respect to V = {I‘Vﬂ} orD = {F aﬂ}
Fyﬂ:f‘yﬁ—i—Ky —i—"Zy and/or

Y ¢4 q )’
I‘ﬁ_l“ ﬁ—i-Kﬂ—}- 7, (14)

In these formulas, for instance, for (7, Q)-deformations of
LC-configurations, we use and construct such distortion ten-
SOrS:

1
Kapy = 5 (Tapy + Tpya = Tyap),
1
af _ off aqtf _ sBpTa
S0 = S (KD, 4 85T, — )T,
1
1z afy — E(roﬂy - Q/Syoc - Qyﬂoc)7

where Qupy = Dqogpy and T% is computed for any
D = {F];ﬂ} which can an arbitrary affine connection (with
coefficients in coordinate or arbitrary frames). The torsion
d-tensor T"‘ﬁ , can be computed for an arbitrary d-connection
= {FZ 8 }, using N-adapted bases. Such objects are defined
with respect to coordinate or N-adapted frames and used
for introducing three scalar values considered in the Weyl-
Cartan geometry:
T = 8T,
_q Zaﬂlt q 7B L

Rsc[D] = R = gP¥ Ry,
_ s
Q=192%,12",

For the nonholonomic Weyl-Cartan geometry, corresponding
scalar values are defined forD = {F’;ﬁ }and Qupy := Do ggy

as distortions (13) of D= {f};ﬁ} and can be written

ST = 82T

Rsc[D] = L

qQ = anﬂa

‘R=g Rgy .
qzbir _ qga  qgbu
", 2%, 77,
MGTs with torsion and nonmetricity are modelled for
actions of type

S(g.D. §) = / Jigld*ulfL+ "L, (15)

where the gravitational Lagrange density is a functional
8L =F(R, *T, Q, T"l) and " L[¢] is the Lagrange den-
sity for conventional matter fields ¢. Such a model is studied
in [6] but, in this work, we follow a different system of nota-
tions considered, for instance, in [11] (for instance, we write
F(...) instead of f(...)). The gravitational and matter field
equations of type (1) derived variationally from an action
(15) consist sophisticate coupled systems of nonlinear PDEs.
It is very difficult to find exact/parametric solutions in such
MGTs even, for instance, certain cosmological and DE and
DM models were studied in [6-8].

In this work, we shall consider MGTs of type (15) written
in canonical d-variables (g, D = D + K + 4 Z) see distor-

tions (14), and following a N-adapted variational calculus for
actions of type

S(g,D, ¢) = /\/@54u[g2+"2+ ", (16)

where §%u is the volume element defined with N-elongated
differentials (5), ¢ L=F (ﬁsc Y? Tlmly 1s computed
as_ 8L from ( 15) when V — D for Qaﬁy = 0;

E(Qaﬂy, D ¢) includes distortions of geometric d-objects
and Lagrangians deformations for D — D is nontrivial
Qupy; and mZ(ga,g, ¢,ﬁ) it "L(gup, ¢, V), or (we can
consider some simplified models) when ’"Z(ga,g, ¢) =
" L(8aps D).

In a series of works [11-13,16], we proved that geometric
flow and gravitational field equations in MGTs with D = D
orD —»D — V can be decoupled and integrated in certain
general off-diagonal forms using the AFCDM. The general
goal of this article is to show how those methods can be gener-
alized for nontrivial Qug, (7) and applied for research of the
relativistic Ricci flows of nonholonomic metric-affine struc-
tures, or corresponding nonholonomic Ricci soliton equa-
tions for any 79.

2.2 Relativistic geometric flows encoding nonmetricity
fields

The theory of Ricci flows has a high scientific impact in mod-
ern mathematics and physics after Grigori Perelman proved
[15] the famous Poincaré-Thurston conjecture, see origi-
nal works [19] and [17,18] and monographs [20-22] for
reviews of mathematical results and methods. A crucial step
in elaborating such theories consisted in definition of the so-
called F- and W-functionals from which the geometric flow
equations (called also as R. Hamilton or Hamilton-Friedan
equations) can be proved in variational form. It is not clear
how mathematically can be formulated and proved relativis-
tic variants of such conjectures and generalizations for non-
metric/supersymmetric/nonassociative/noncommutative/
Finsler like geometries. Nevertheless, generalizations of F-
and W-functionals allow to prove modified versions of geo-
metric flow equations and solve such systems of nonlinear
PDEs using the AFCDM. The results of a series of recent
papers [16,23] demonstrate that Perelman like information
thermodynamics may play an important role in the theory
of quantum geometric and information, QGIF, flows. In this
work, we show how such constructions can be performed for
nonmetric geometric flows for families t-evolving metric-
affine data (g(r), D(r)) and Lagrange densities gf(t) +
“L(t) + ’”f(t).

@ Springer
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2.2.1 Q-modified Perelman’s F- and W-functionals in
canonical nonholonomic variables

The modified Perelman’s functionals for nonmetric geomet-
ric flows are postulated in the form

r,
Flo) = f ’ / IO Jlg@Is ulF Rse(r), *T(). T (2))
11 on

+L(D)+ "L(1) + D) £ (D)1, a7

n
W(t) :/ / O A
1 on

x/lg(@)8*ult (FRse(v), *T(v), T (1))
+€L(T) + "L(T) + D@ FOP + f(x) — 4], (18)

where the condition ftllz fEr () 2e 7O Jgld*u = 1is
imposed on the normalizing function f(t) = f(t, u). The
difference from the original F- and W-functionals [15] intro-
duced for 3-d Riemannian t -flows (g(t), V(7)) is that in
this work we study geometric flows of canonical geomet-
ric data (g(t), N(t), D(7)) for Q-deformations of nonholo-
nomic Lorentz manifolds.

We can compute relativistic effective functionals (17)
and (18) for any 3+1 splitting with 3-d closed hypersur-
face fibrations Z; and considering nonholonomic canonical
d-connections and respective geometric variables. In general,
it is possible to work with any class of normalizing functions
f (7). Such a function can be fixed by some constant values
or some parametrization conditions simplifying correspond-
ing systems of nonlinear PDEs. Such f(r) define respec-
tive integration measures which may be important, or not,
for elaborating topological and/or geometric models. The W
-functional possess the properties of “minus” entropy. This
can be stated by choosing corresponding nonholonomic con-
figurations along some causal curves taking values V(t) on
@,. Using N-adapted variations, we can derive nonmetric
geometric flow evolution equations which can be solved
using the AFCDM for metrics with pseudo-Euclidean sig-
nature even analogs of Poincaré—Thurston conjecture have
not been formulated and proven in modern mathematics.

2.2.2 Hamilton-Friedan geometric flow equations with
nonmetricity

There are two possibilities to derive geometric flow equations
from functionals F(t) (17) and W(7) (18). In the first case,
we can use D(7) instead of V(7) and reproduce in N-adapted
form all covariant differential and integral calculus from [15,
20-22]. This would consist proofs on some hundred of pages.

We can follow geometric abstract principles [1] when all
geometric and physically important objects and fundamen-
tal physical equations are derived by corresponding gen-
eralizations of Riemannian geometry to certain nonholo-
nomic metric-affine geometries with V(r) — D(r) =
ﬁ(l’) + ﬁ(r) + 4 Z(T) respective generalizations of Ricci,

@ Springer

torsion, and energy-momentum d-tensors. Such an abstract
geometric calculus allows to prove for some primary data
(& = {8 = [8ij 8apl}l, N={N{'}, D, 'L = L+ "L),
see definitions related to formulas (16) the nonholonomic
geometric flow evolution equations:

8:8ij(1) = —2[R;;(x) — 'Y (D)];
3:8ab(7) = —2[Rup(T) — " Yap(D)];
Riu(t) = Ryi(v) = 0; R;;(1) = Rji(7);
Rup (1) = Ry (0);
3. f (1) = -OIf @)1 + P71
—SR(t) + "% (1). (19)

In these formulas, there are used such geometric d-objects
and N- adapted operators: ﬁ(r) = D~ (‘L’)ﬁa(‘f) when the
COIldlthIlS R ia = R Rai = = 0 for the Ricci tensor ch[D] =
{Ra,g = [RU, R,a, Ral, Rab ]} are necessary if we want to
keep the metric g(7) to be symmetric under nonholonomic
Ricci flow evolution. Such constraints are not obligatory, for
instance, in nonassociative geometric flow theory with non-
symmetric metrics [13].

The definition of “”?ab(r) from (19) will be discussed
in Sect. 2.3 for t = 79. Here we note that such equa-
tions describe nonmetric geometric flow evolution of d-
metrics g,,(t) described in nonholonomic canonical vari-
ables. Alternatively, such equations can be introduced as rel-
ativistic generalizations and nonholonomic canonical defor-
mations of the R. Hamilton [19] and D. Friedan [17, 18] Ricci
flow equations for V(7).

The normalizing function f(t) can be re-defined in such
a way that it compensates certain Q-deforms, or other type
nonholonomic distortions, when f(t) — f () for

o f =—0f +IDfIP = *R+ TS,

Such an equation involves nonlinear partial differential oper-
ators and usually it is not possible to solve it in an explicit
form and define the evolution of topological configurations
determined, for instance, by nontrivial nonmetric structures.
Nevertheless, we can fix a variant of f(r) which together
with some off-diagonal ansatz for metrics we can solve the
nonholonomic system of nonlinear PDEs (19) in certain gen-
eral/parametric forms and then to re-define the constructions
in for arbitrary systems of reference, other types of distor-
tions of connections and normalizing functions. The formulas
for nonholonomic frame/coordinate/normalizing transforms
could be found in certain series/recurrent form when the solu-
tions of geometric flow equations are generated in explicit
form.
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2.3 Nonmetric Ricci solitons and modified Einstein
equations

A nonholonomic and nonmetric Ricci soliton configuration
is a self-similar one for the geometric flow equations (19).
For Riemannian metrics, such configurations homothetically
strink, remain steady or expand under geometric flow evolu-
tion, see details in [15,19-22], and can be respectively stud-
ied for a fixed point t = 71(. Considering relativistic and
torsion and nonmetricity modified nonlinear systems with
08,y = 0 and for a specific choice of the normalizing
geometric flow function f, the Eq. (19) transform into non-
holonomic Ricci soliton equations encoding Q-distortions
into effective sources. Such systems of nonlinear PDEs are
equivalent to modified Einstein equations in nonholonomic
metric-affine gravity for corresponding definitions of effec-
tive sources “”?a,g(ro) = ["”?,-j, 101y 11,

_ PPN o1
R;j = ""Yij, Rup = """Yap,
ia = Rayi = 0; R;j = Rji; Rop = Ry, (20)

)

The effective sources in (20) are can be parameterized as
for the effective Lagrangians (16)

A~ o~ 1 o~
tOtTMU = (t()tT,uv _ Eg,uv t(]tT>

IF N\ e re o es
= 95R T/LV + le + T;Wa 21
where x is determined in standard form by the Newton grav-
itational constant G,

np . 2 S(/IE"D) _8"L g

T el s sgrv

For the full system relating nonholonomic Ricci solitons to
modified gravity, the effective energy-momentum d-tensor is
computed for

e 1 oF PO
Tgy =|5|F )8y — (8syDaD” — DD,

2\" R
OF 1( oF \
d°R Jd%R ’
when
~ aF \ '~ ~ ~
totle = (8 SR) mT/}.u + FT/L\) + eT/w- (22)

Choosing F( *R) = ®R and the Levi-Civita connection
D — V, we can relate above formulas to GR.

2.3.1 Connecting nonholonomic solitons to nonmetric
modified gravitational equations

The gravitational field equations in Weyl-Cartan MGT can
be constructed by considering variations of the action on

a metric-affine manifold determined by geometric objects
using such values constructed for the affine connection D
expressed as a canonical distortion (14) from D involving

“T,y as an effective source containing nontrivial contribu-
tions from Qqpy, :

G _ 2 3(/Igls"D)
g Vigl  eT?,,
the canonical hyper-momentum d-tensor, and
oF
A,uow = @(guv anav—'—g(XV qzmgﬁ -1 Z ;wcv_qZ vau)-

Such values can be constructed in terms of faw and/orI'’,,.
In coordinate bases and in non N-adapted form, such results
are presented, for instance by formulas (23)—(26) in [6].

In this work, we consider a model of nonholonomic non-
metric Ricci solitons with a Weyl d-vector qq, when Qug, =
9o gsy and nontrivial d-torsion T,pq = Aygpa — Aa gy, for
A, = qqu,q = const. For such approximations consider-
ing % = I/Zq%, the variational N-adapted gravitational
field equations with D can be written in the form:

A LS CE I Py (23)
PasrR a0 Dysg | ¥ =5
R, = "Yop(w0) (24)

for effective Q-source

oz _(IFNT[F OF =
“=\oor) [2%¢t oo

0F 55 OF
a°R P o5R

q 27y s Lo 35R ) af

+12+ ! 3 3 ! !
) q qQuqp ) q
X(ﬁaQﬂ - ﬁﬂ‘]a)
1
+§(1 +¢)(q:q") gap- (25)

—8ap mz) - gotﬁﬁ

We defined the system of constraints and nonlinear PDEs
(23)—(25) in a form that for D — Vit transforms into respec-
tive Egs. (37) and (38) in [6]. For such nonholonomic Ricci
soliton equations, we can decouple and integrate in certain
general forms the modified Einstein equations (24) if the Q-
source (25) is generated by two effective sources (see below).
It is not possible to decouple such equations for generic off-
diagonal gg,, if it is considered only the LC-connection V
and/or general nonmetricity fields.

@ Springer
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2.3.2 Generating sources for T-running quasi-stationary
effective matter fields and nonmetricity deformations

In this work, we shall construct and study physical impli-
cations of quasi-stationary solutions of nonmetric geomet-
ric flow equations (19) when the metric (2) (in equivalent
form, the d-metric (8)) is determined by N-adapted coeffi-
cients g(t) = [gi (1), g4 (), N{ (t)], when such coefficients
do not depend on variable y* = ¢ and can be parameterized
in the form

RACED)

gi(7) , 8a(T) = ha(z, x5, ),
N? = wi(z, x5, y%),
Nt = ni(r, x5, y3).

1

(26)

Let us consider effective sources “'Yup(7) from (19)
which via N-adapted frames can be parameterized in the
form

Yh(7)

/ / 1
e (t)e) (1) [ Iy (T) — > Brgw(r)]

= [0 (@ M8k, (e, b y)sg. (27)
In these formulas, there are considered 7-families of vierbein
transforms e“M,(r) = e’;,(r, u”) and their dual eu"/(r, u?),
when e“:e’;,du“/. The values [/ Y (7, x*), 'Y (7, x*, y3)]
can be fixed as generating functions for (effective) matter
sources imposing nonholonomic frame constraints on quasi-
stationary distributions of (effective) matter fields. In partic-
ular, we can change ‘'Y, (7) — q?aﬂ (t) for modeling
nonholonomic flow evolution of a Q -source (25), when the
generating sources are written in the form
I8 (r) = [ 1. xN)8h, 47, x5, y)sg. (28)
In Appendix A, we show how nonlinear systems of PDEs
(19) can be decoupled in general forms for any quasi-
stationary ansatz (26) and any variant of generating sources
(27) or (28). For certain classes of nonholonomic con-
straints and small parametric deformations, we are able to
change symbolic data [ZT, 9] into some approximations
of (25) and study in explicit form for contributions from any

fTFR, BC]TFT and/or g-term. In general, we can consider that

[y, 'Yor [}, Y] impose certain nonholonomic con-
straints on respective geometric evolution/dynamical field
generating sources which allow to generate solutions with
nontrivial canonical d-torsion '/I‘\J:Xﬂ (r,xk, y3). Such non-
holnomic values can be eliminated by additional nonholo-
nomic constraints ﬁ[g] — V]g] even the d-torsion T, =
Avguo —Ayguy, for Ay = gqu, g = const, can be nonzero
because of nonmetricity.

@ Springer

3 Off-diagonal quasi-stationary solutions encoding
nonmetricity

In this section, we construct and analyze physical properties
of two classes of respective nonholonomic geometric flow
and Ricci soliton equations encoding quasi-stationary non-
metricity effects. First, we consider examples of nonmetric
solitionic hierarchies. Then, we generate wormhole solu-
tions determined by nonmetric fields and study generic off-
diagonal deformations, ellipsoidal deformations and embed-
ding into nonmetric backgrounds determined by solitonic
hierarchies with general or small parametric polarizations. In
Appendix B, we provide necessary formulas for bi-Hamilton
structures and solitonic hierarchies.

3.1 Effective nonmetric and t-running Einstein equations

Let us consider a system of nonlinear PDEs (19), for non-
metric Ricci flows, or (20), for nonmetric Ricci solitons,
with generating sources of nonmetric type [ZT(I), 97 (1)]
(28). Such effective sources can be substituted by formulas
of type [} Y (t), "'Y(r)] (27) involving additional effec-
tive sources %3t g, (7). Such conditions involve a more spe-
cial class of nonholonomic constraints on the geometric evo-
lution and dynamics of effective sources which allows to
decouple the nonlinear systems of PDEs in general form.
For elaborating evolution scenarios in explicit forms, we can
consider product parameterizations of type g, (7, XK,y =
lg,w (t) x Zg,w (xk, y3). In this work, we shall write the gen-
eral form only parametric solutions in terms of generating
functions and generating sources without discussing partic-
ular details on how we may apply methods with separation
of variables. In abstract geometric form, any quasi-stationary
d-metric generated by a 9", (t) and respective generating
functions and nonlinear symmetries to effective cosmolog-
ical constants, see details in Appendix A.2.2, can be trans-
formed by frame and connection deformations into a more
general Y, (7). Different types of nonholonomic deforma-
tions determined by a ¢Y”}, or a general type Y, and their
physical properties and implications in physical theories can
be studied using Perelman thermodynamic variables as we
shall consider in Sect. 4.

With respect to N-adapted frames (4) and (5), we can write
the modified Einstein equations (20) in 7 -parametric form for
r’l\onmetric sources (28) and using the canonical d-connection
D,

R, (1) = 9°0%,(1),
Tyaﬂ(r) =0, for V.

(29)
(30)
Equation (30) do not involve zero conditions for another

types of torsion which may be present in theory, for instance,
of type Tyve = Av8ua — Agguv. Such a torsion is induced
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by a nontrivial nonmetricity d-vector A, for a d-metric g;.o
defined as a solution of (29).

We note that, in general, for above considered systems of
nonmetric gravitational and matter fields,

~pg ~ [~ 1 ~ ~pa
DPE, =D (R"‘ﬁ -5 SRS“ﬁ) #0and DPYX%, #0,

which is typical for nonholonomic systems. In some sim-
ilar forms, such nonholonomic configurations are modeled
in nonholonomic mechanics when the conservation laws are
not formulated in a standard form. For mechanical systems,
there are introduced the so-called Lagrange multiples associ-
ated to certain classes of nonholonomic constraints. Solving
the constraint equations, it is possible to re-define the vari-
ables. Such nonholonomic variables allow us to introduce
new effective Lagrangians and, finally, to define conserva-
tion laws in certain standard form if Qug,, = 0. In explicit
general forms, such constructions can be performed only for
some “toy” models. Using distortions of connections, we can
rewrite (29) in terms of V, when V/# E“ﬂ =Vh T‘)‘/3 = 0 for
Qaﬂy — 0.

In Appendix B, we show how using the AFCDM the
Egs. (29) and (30) can be decoupled and integrated in gen-
eral quasi-stationary forms for certain prescribed nonmetric
effective sources (28).

3.2 Nonmetric solitonic hierarchies

Nonholonomic geometric flow models with solitonic hierar-
chies, in metric compatible form, are studied in Sects. 4 and
5 of [16] for constructing theories of geometric information
flows of nonholonomic Einstein systems. Similar geometric
models can be elaborated for solutions of r-modified Ein-
stein equations (29), when the effective source 7Y¢ ﬁ(r)
is determined by nonmetricity fields as we considered in
previoussubsection. The physical interpretation of such off-
diagonal solutions involving solitonic wave/distributions and
describing geometric evolution flow processes is different. In

this work, the nonmetricity is encoded into effective gener-
ating sources. We present a brief summary on the theory of
quasi-stationary solitonic hierarchies and their nonmetric t-
evolution in Appendix B. The goal of this subsection is to
provide explicit formulas for general off-diagonal solutions
defining nonmetric geometric flow equations determined
by solitonic distributions for generating functions and/or
generating sources written in solitonic functional form, for
instance, as [{ Y[p], 4 Y[p]], see formulas (B.5).

3.2.1 t-running quasi-stationary generating functions with
solitonic hierarchies

We show how 7-evolution of quasi-stationary solitonic con-
figurations can be defined by respective classes of generating
functions when the nonmetricity generating source 4 Y% 5(0)
is an arbitrary one (i.e. it is not obligatory of solitonic nature).
For instance, we consider that ®[g] is any functional on a
solitonic hierarchy @ (7, x, y?) as we stated for d-metrics
g(t) = (gilpl, galp] (B.4). Using nonlinear symmetries
(A.14), we can consider as a generating function any coeffi-
cient

halz, x', pl=h (z, x') — @2[p1/41 A7), for h}(T) 0.
We can also express

WH* = [I7(0)] (h4)* and W2[1, x', p]

197 (1) ha —/dy3 197 ()| ha

and use such a Q-deformed (by a generating source gT(r))
solitonic configuration W(7r) as a new generating func-
tion. For simplicity, the integration function hLO](r, x%) can
be approximated to some t-running values or constants
when the generating functions are some functionals of type
halp], V[p] and O[p].

We can express above quadratic element in three equiva-
lent forms:
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n* 2
Lhs! [dy* +

L dy3EX @) gl ,

T AP EX @hal*] ha

or
[+

—hy [dt + (i () + 2mi (7)) [ dy?

T aG02 R [ ayd e saciT
a5 (1) = e VP(dx' 2 4 (dadyty | OO A )

B2[*?

[dt + (1nk(7) + 2nx(z) [ dy?

() ]
;12
| [dy3[ 0 (x)ha]*

k.
IR } ’

A [T 02| () -

dt + (1ng () + 2mk (1) [ dy? 7

3, %W 0] 3 (W
[y + St | - o) — [ ay* B
[(w)?)" Y. GD
4G X @)2 R~ [ dy3 (W21 /4G ()57 ’
or
3, % [P IT@IOM | (101 @?
O2/45 A(D)] [dy + I (r) [P dx hy 49A (1)

CI)Z[(D*JZ
IAG@) [dy3 X @[02)|[g) (1)~ P2 /4] A(1)]5/2

Ydxk

In these formulas, there are used respective generating
data: {h4[p], 37 (7)), gA(r)} from (A.11); {¥[p], 7 (1)}
from (A.7); and {®[p], 2A('c) T(r)} from (A.10).

The solutions (31) canbe re-deﬁned for n(t) -polarizations
in a form (A.16) (for instance, with functionals n4[g¢]) or con-
sidering k-parametric deformations to t—families of quasi-
stationary d-metrics with x -generating functions for solu-
tions of type (A.18) (with functionals y4[g]). The prime
metrics can be taken of any nature (being or not solutions
of some modified gravitational equations, or some quasi-
periodic/solitonic configurations) and than subjected to non-

3.2.2 Nonmetric quasi-stationary generating sources with
solitonic hierarchies

We can generate a different class of generic off-diagonal
solitonic solutions of nonmetric geometric flow equations
(29) when the generating source is of type aYh(r) =
[ZT[KJ], 9Y[e]] (B.5) but the d-metric coefficients of
g(t) = (gi(1), g4(1)) are computed via corresponding non-
holonomic deformations of nonmetric sources. The respec-

tive quadratic elements are written in the form,

or

—]’l4(f)[dt + (lnk(f) + an(t) fdy |fdy3[ aY][

_ [h; @1 3,0 [/ dy*(“X[p)) h5()]
TH el @ @ Y = ¥ o 4% 1
WP

k7.
Pl hs @ TP 4% 1;

[ (D)]?

_4(qT)2{h4 (T) Syl Wz(f) /44X [p] }
[dy? + 5% dxi] - (h(x) —

3 [\Iﬂ(r)]

[dy

449Y[ p]
[dt + (ni(t) + 2ni(7)
q
ds?(t) = e VLRI (dx")? + (dx?)?] + [ dy? (W) Yk (32)
409 (]2 Y ()~ [ dy3 W2 (D)1 /41X [p] )15/2 ’
or
P2 (D)[P* ()]
A fdv3qu[p] [¢2(r>1*|[g“”(r> ®2(1) /45 A(D)]
% [dy 1Y[p] [ [0]
[d + aY[ o] [ (243)2 d l] (h4 (T)
@ (n)
43A(t))[dt + (ng(t) + 20k (7)
2 *12
fdy3 D7[P7] )dxk].

IIA(D) [dy3 4 p] [D2]*][g)

l(0)—®2/4] A ()P

metric quasi-stationary solitonic deformations via generat-
ing/ gravitational polarization functions. In such cases, the
target solutions will define a mixture of solitonic distribu-
tions under t-evolution and respective prescribed geometric
data for primary d-metrics and effective nonmetric generat-
ing sources.

@ Springer

In d-metrics (32), the corresponding generating data for
(A.11), (A.7), and (A.10) are stated in such forms: {h4(7) =
ha(z, x', y3), 1Y [p] A0} (W(2), 1Y[p]} from (A.7);
and {® (1), A7), 1Y[p]}.
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3.2.3 Interacting t-running solitonic hierarchies for
generating functions with respective solitonic
hierarchies for nonmetric sources

The generic off-diagonal solutions (31) or (32) can be gen-
eralized for r-running configurations when a set of soli-
tionic hierarchies | is prescribed for generating functions
and another set 7 is generated for generating functions of
nonmetric origin. For a prime d-metric g (A.12) of arbitrary
nature, we generate a target quasi-stationary d-metric double
generating function/source solitonic hierarchies,

ds*(t) = Gap (v, %, y%; Gus ¥ (),
nalipl; 1YLpDdu®du? = eV @[dx")? + (dx*)*]
B [33(nal1 0] 80)1°
| [ dy3 X 9193(nal19] 82)] nal1918s
0iL dy*4 X Lap] 33 (nal1 p184)] dx,.r
ITLp193(nal190184)

X {dy3+

+nal190184 {dt + [Mk(f) -l-znk(f)/dy3

2
[03(nal1 0184)17 k
X 3 - 5 dx .

| [dy33X29103(nal19184)| (nal19184)
(33)

In such nonlinear quadratic elements, we can prescribe g to
define, for instance, a black hole, BH, solution in GR or a
MGT like in [11,16]. Nonmetric soltionic deformations of
type (33) do not preserve, in general, the primary BH char-
acter. Nevertheless, for small parametric deformations like
in (A.18), we can generate 7-families of quasi-stationary d-
metrics with x-generating functions for solutions with gen-
erating functionals x4[1 ] and/or gT[z 1. Various variants
with ellipsoid and solitonic deformations, for instance, for
black ellipsoids, BE, with additional solitonic modifications
(of physical constants, or embedding into certain solitonic
gravitational vacuum) can be modelled. We do not study in
this work solutions for BHs, or BEs, solitonic 7-running but
concentrate only on nonmetric wormhole-soliton configura-
tions.

3.3 Nonmetric wormhole solutions and their solitonic
deformations

The goal of this subsection is to construct analyze phys-
ical properties of wormhole solutions and their solitonic
deformations in nonmetric geometric flow and gravity the-
ories with t-modified Einstein equations (29). As prime d-
metric configurations, we shell consider certain curve coordi-
nate transforms of the Morris—Thorne and generalized Ellis—
Bronnikov wormholes to certain trivial off-diagonal config-
urations which allow to apply the AFCDM. We cite [25—

28,31,33] for details and a recent review of results on worm-
hole solutions. Then, we shall construct new classes of quasi-
stationary solutions as target metrics, for certain gravitational
polarizations determined by additional nonmetricity source,
and study their possible traversable nonmetric properties.
Necessary technical results are summarized in Appendix A,
containing a brief summary of the AFCDM adapted to non-
metric gravity, and Appendix B, for necessary formulas on
solitoinic hierarchies.

3.3.1 Prime metrics for 4-d metric compatible wormhole
configurations

Let us consider a prime d-metric

di? = 34,0, 9)[6(1, 0, )17, (34)

where the (tortoise) coordinates u® = (r, 8, ¢, t) are defined
for r(l) = (1% + ob*)1/2k and the cylindrical angular coor-
dinate ¢ € [0, 27) is called parallel. In such coordinates,
—o0 < | < oo which is different from the standard cylin-
drical radial coordinate p, when 0 < p < oo. We can
fix gy = 1,8 = r2(), 83 = r>()sin’6 and g4 = —1
and can consider frame transforms to a parametrization with
trivial N-connection coefficients Nf = ]\Vll-“(u“(l ,0,9,1))
and gg ul (1,0, ), u(l,0, ¢)), when new coordinates are
w' =x'=1u?=0,andu® =3 =9+ 3B(,0),u* =
vt =14 *B(,0), for

& =dp = du® + N3 (1, 0)dx’

= du’ + Ni (1, 0)dl + N3 (1, 6)d6,
& = dr = du* + N}, 0)dx’

= du* + N} (1, 0)dl + N3 (1, 6)d6,

for N> = —3 3B/ax" and N} = —9 *B/dx".

We consider a prime d-metric (34) which is related via
coordinate transforms to the generic Morris-Thorne worm-
hole solution [25],

—1
ds* = <1 - @) dr?

r

+r2d6% + r? sin® 0dp? — *® M dr?,

where ¢2®) is a red-shift function and b(r) as a shape
function defined in spherically polar coordinates u® =
(r,0,¢,t). We can also parameterize this metric to get
usual Ellis—Bronnikov, EB, wormholes which are defined
for ®(r) = 0 and b(r) = ob* /r characterizing a zero tidal
wormhole with ob the throat radius. A generalized EB is char-
acterized additionally by even integers 2k (withk = 1, 2, ...)
This allows us to define a prime metric

d§? = diI* + r2(1)d6* + r*(l) sin® 0d* — di?,
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when

—1
di* = (1 - @> dr? and
r

b(r)=r — r3(l—k)(r2k _ obZk)(z_l/k)).

Generic off-diagonal nonholonomic deformations of prime
metrics (34) can be analyzed for effective sources of type
(25) when the Q-deformations are stated to be zero. For
such quasi-stationary diagonalizable solutions, the effective
sources are of type '’ ?/w (21) when ’”TW in (22) is taken
for a energy-momentum tensor for matter fields. For gener-
ating off-diagonal deformations of wormhole solutions, we
shall consider generating sources of type (27) or (28). Corre-
sponding classes of generating and integration functions are
related via nonlinear symmetries (A.8) or (A.9), when a class
of solutions for (5" Y (r) <> " A(t)) can be distinguished
from another class of solutions for (ZT(T) < ZA(I)). In
general, such 7-running or nonholonomic Ricci flow config-
urations are characterized by different types of thermody-
namic variables as we shall prove in Sect. 4.

3.3.2 Nonholonomic quasi-stationary gravitational
polarizations of wormholes

Nonmetric off-diagonal quasi-stationary deformations of
wormhole d-metrics (34) can be generated by introducing

(g,g, Z\V/t“) instead of primary geometric data § = [g,, Ni“]
(A.12)in (A.16) using some generating sources g Y (7) and/or
gA(r). We generate new classes of a target t-family of d-
metrics g(7) determined by nonmetric geometric flows and
respective n -polarization functions, when ¢ — g(r) =
[8a(T) = na(T)8a, N{'(r) = ni (v)&]']. Corresponding
quadratic linear elements
d5*(v) = Zup (1, 0, @3 ¥, ma; §A(D)

=A@, 5Y (@), fo)du®du”

= "™ Odx"(1,6)) + (x>, 6))°]

B [y (na (v) &)1 { dy>
| [ d3 X (1), (14 (7) ga)| na(T) &a
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0L d§ X (2) By (na(r) §4)] dx,-r
IYX (1), (n4(T) ga)

+14(7) &4 {dt + |:1”lk + 2ng / dy

(3 (na(7) 84)1 2k
| [dod X (1)d,(na(T) ga)| (na(T) 84)3/2 '

(35)

This class of solutions are determined by respective gener-
ating function n4(t) = na(t, !/, 0, ¢) and integration func-
tions ng(z, 1, 0) and 2nk (7, [, 0). The t-family of functions
¥ (t,1,0) are defined as a solution of a respective family of
2-d Poisson equations, 3121@0(t) + 82221p(r) = 2‘11T(r, l,0),

when the horizontal generating effective sources, a (z, 1,
), can be different from the vertical ones which may depend
on a vertical coordinate, 1Y (z, 1, 6, 7).

For families of off-diagonal solutions (35), we can fix
?A(r) = 9A(r) and analyze quasi-stationary configura-
tions with running cosmological constants. We suppose that
such effective t-families of cosmological constants can be
expressed in additive form

IN(T) =PTA () +3A(T) =5 A0 + A @) +5A(0),
(36)

where " A (7) model metric compatible configurations and

éA(r) describe possible additional nonmetric contributions.
The three terms with left labels m, F, e in these formulas cor-
respond to (effective) energy-momentum tensors (22). We
can consider nonlinear symmetries of type (A.14) relating
Yh(r) > [ 'Y, Y] (27) to a t-family [’ A(1), for
s=1,2,and 97" (7) =~ [ZT, 971 (28) to another family
(ZIA(r) = gA[r, o' A(t)] which may be a nonlinear func-
tional on ’2‘” A (7). In this work, we elaborate on models with
nontrivial nonmetricity effective sources and additional type
functionals (36) for cosmological constants.

The class of quasi-stationary nonmetric deformed worm-
holes (35) can be written in terms of generating data
[®(1), Y A(r) + JA(1)] as in (32),
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A2 (1) = ¢ VUTON(dx")? 4 (dx?)?] —

2 (0)[@* ()]

|9 A D) + 3AD] [ do Y (1) [92(D) ][

& [do IY(r) [®]*

@%(r) ]
41 A@+3A[)]

() —

2 (1)

X |:dy3 +

il {00
() (O] dx} [h“ ST

tot
2

O2(1)[P*(1)]?

A(r) + 1A (D)]

:| dt + (1ni (1)

Ydx*

+2nk(f)/d<ﬂ|[

YA (T) + LA (D)1 [ do 9 (x) [92(0)*|[g " (x) —

e (37)

1572
4 [TA(T)+HA(D)]

In such a form, the data for a prime wormhole metric
are “hidden” into generating functions and the equations for
nonlinear symmetries.

The target d-metrics (35) or (37) do not describe worm-
hole configurations for general classes of generating and inte-
grating data. There are necessary additional assumptions on
polarization functions and integration functions which allows
us to provide certain physical interpretation of such generic
off-diagonal solutions. Typically, we can prescribe some
generating data for solitonic waves, or some small defor-
mations of wormhole configurations. For instance, to elab-
orate cosmological scenarios with acceleration and quasi-
periodic structure, or to transform quasi-stationary d-metrics
into locally anisotropic cosmological ones, we have to con-
sider other types of gravitational polarization and generating
data.

3.3.3 Off-diagonal quasi-stationary solitonic deformations
of wormhole d-metrics

We can generate a class of d-metrics (33) when the prime
d-metric g (A.12) changed into a wormhole one (34) with
space coordinates (/, 6, ¢). Such a target d-metric is of type
(35) when off-diagonal deformations are determined by a
generating function n4(t) = n4[p], where p = p (1, x%),
= p(t,xl, y3), or = gp(rt, x2, y3) is any solution for t-
running solitonic configurations ( B.3).” The quadratic linear
element for o (7, x!, y3)—solitonic deformations of worm-
hole metrics is constructed

ds’(z) = 8ap(l, 0, iy e T AT
+HA@) +5AD), I0(T), go)du®du®

7 We can consider g as any solitonic hierarchy considered in
Appendix B.1 and re-defined in coordinates (7, [, 6, ¢).

= V@O ax (1, 0))% + (dx3(, 0))?]
B [33(nalg] §a)1°
| [ dy3 Y () 3(nalp] 84)| nale] 84

ol dy’ §Y(@) d30ulpl &)1 }2
I (1)d3(nalg] 4)
[93(nalp] ga)1> k
X 37 = T dx" ;.
| [dy35X (1)3(nale] g4)| (nale] 84)

Such solutions describe nonmetric nonholonomic dissipa-
tions of a prime wormhole metric into certain 7-running
generic off-diagonal solitonic distributions. Nonlinear sym-
metries of type (A.8) or (A.9) involve additive decomposi-
tions of running cosmological constants, ;' A (7) + 2F A(r)+
5A (1), and a nonmetric source ZT(I) which can be of non-
solitonic character.

x{dy3 +

+7)4[60]§4{dt + [mk + znk/dy3

3.3.4 Small parametric off-diagonal quasi-stationary
deformations of wormhole d-metrics

We can generate new classes of solutions which preserve
wormhole character under nonmetric geometric flow evo-
lution scenarios of a prime d-metric g (34) if we consider
small e -parametric deformations of type (A.18). The gener-
ating functions can be linearized on ¢ as in (A.17) when in
terms of x-polarization functions, the quadratic linear ele-
ments (35) can be expressed
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d52(1) = Bup, 0, 03 ¥, x5 SA(T) = 4N (D), 40 (0), gu, ND)du®du?

= V00O 4 e VED ¥ (1, 0)(dx" (U, 0)) + (dx>(1,0))?]

_{ 40y (1¢s &al']” _£[a¢<><4|;4g4|1/2>_
Bl [l I (00, gl L 48,012 @l 1)

[ Aol (1)3,[(La 84) xal} } } y

[ deldY(1)d,(Ls ga)}

3 [ dpd X (1)d,¢4]

a<p§4

{dw N [al- [de 3 (T) 0,84 +8<a,»[fd¢§1r(r) dp(Gaxa)] 8¢(§4x4))] Ni3dxi}2

(NHIY ()38

+oa(l + ¢ xa) g4 ydi + [(N,?rl[mk + 162nk|:fd

(0,1 307N 0,108 8~V xa)]

(3,1(24 30)~ /%)) }

| [ded 3 (1) (& gl

2

[ dedyl34(Caxs 84

162n fdgp +

| [ ddg[8X () (s g1~ 20,[(Ca g4)~174]

+e&

[ ded,lga(ts ga)

N,fdxk (38)

(9[(a 3)~1/47) 1

i+ 162mil [ doy T d90,134 (s gl

We can model elliptic deformations of the wormhole
throat as a particular case of d-metrics of type (38) if we
chose a generating function of type

xa(t. 1,0, 9) = x(t,1,0) sin(wop + ¢o) (39)

as for cylindric configurations with g-anisotropic deforma-
tions and t-running small deformations. Such classes of
solutions describe nonmetric t-evolution of some ellipsoidal
wormholes.

If in (38) we take a vacuum profile with &4 = [1] i.e.
as a functional of a solitonic distribution 1o = 10, 0, ¢)
as in (B.2) but with correspondingly re-defined coordinates,
the wormhole ellipsoidal configuration is modelled as a t-
evolution in such nonmetric gravitational vacuum. Instead
of ellipsoidal configurations (39), we can consider small
solitonic y-deformations. For such classes of generic off-
diagonal solutions, we can consider any x4(t, I, 6, ¢) defined
as functional x4[gp] of a pp = p(r,xi), = p(t,xl, y3), or
= p (1, x2, y3), of some solitonic v -waves (B.3).

The class of nonmetric locally anisotropic wormhole solu-
tions (38) may possess a multiple solitonic wave or solitionic
distribution character even the generating source ZT(‘L’) can
be non-solitonic. Nonlinear symmetries allow to associate to
such configurations certain effective -running cosmological
constants of type (36). Considering, for instance, zero val-
ues of 5 A(7), we can model some metric compatible locally
anisotropic wormholes and then to extend the constructions
for nonmetric configurations with nontrivial SA(‘L’).

3.3.5 On traversable nonmetric wormholes
Wormbhole solutions in GR and MGTs are considered as

hypothetical geometric structures that link two distinct
regions of the same spacetime. References [25-29] con-
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tain reviews of results and methods of constructing worm-
hole solutions. Standard wormhole solutions in GR are not
traversable because for various classes of such solutions it
is not possible to send causal light signals through it throat
faster than we can send it through outside. The first worm-
hole model of the so-called Einstein-Rosen bridge was elabo-
rated using as a vacuum solution of gravitational field equa-
tions [30]. That solution was derived as a modification of
the Schwarzschild BH when the corresponding wormhole
model is not traversable because of singularity of such solu-
tions. Latter, a static and spherically symmetric wormhole
configuration with a traversable throat at the center was con-
structed in [25]. Various classes of wormhole metrics were
found in the framework of GR and MGTs [27,28,31]. The
existence of such solutions demands the presence of some
exotic matter and additional geometric distortions for which
the null energy condition, NEC, is violated in order to achieve
a stable and traversable structure.

Let us remember in brief how traversable wormholes
require a violation of the so-called average null energy con-
dition, ANEC, and how such conditions are modified in the
framework of MGTs with nonmetricity. The ANEC states
that the energy-momentum tensor for matter fields, 7},
for a local quantum field theory, QFT, along a complete
achronal null geodesic, there are satisfied the conditions
f Tk kVdXh > 0, where k* is a tangent d-vector and A is an
affine parameter. For elaborating quantum gravity, QG, mod-
els, such conditions have to be considered for certain effective
matter field and distortion of geometric objects. Here we note
that in classical theories the violation of the ANEC is pre-
vented by the null energy conditions, NEC, T},,k*k"dA > 0.
It is considered that such conditions must be valid for any
physically reasonable theory at least for classical and semi-
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classical configurations. Additionally, there are considered
other important criteria on causality, topological censorship,
absence of singularities etc.

Due to problems with transversability, many authors
excluded wormholes to be considered as reliable astrophys-
ical objects. In another turn, a number of authors concluded
that there are possibilities to realize wormholes without con-
sidering exotic matter but modifying GR. In various cos-
mological models, there are used solutions with NECs. One
supposes that such theories are not experimentally prohibited
in the condition when MGTs are involved and due to ideas
on existence of particles beyond the standard model.

However, for elaborating explicit physical models and
applications in modern cosmology and astrophysics, it is
admitted that QM and distortions of geometric effects may
induce negative null energy, leading to violations of some
NECs and/or ANECs. For nonholonomic systems, the vari-
ational and conservation laws are different from those stated
for unconstrained ones. For diagonal traversable systems, to
sustain a traversable wormhole there are introduced certain
negative null energy and various nonlocal/nonachronal con-
structions. The matter fields are considered as quantum ones,
but the gravitational field is treated classically. In such mod-
els, there are solved some semi-classical Einstein’s equations
with an effective source < T},, > computed as the expecta-
tion value of the stress-energy tensor in a given quantum state.
For certain classes of wormhole solutions, the 1-loop expec-
tation value of the stress-energy tensor satisfy in some space-
time regions the conditions f < Tyy > k*kVdAr < 0. Such
configurations allows us to construct traversable Einstein-
Rosen bridges with certain interesting physical properties.

Quantum effects and wormhole solutions are studied in
various MGTs and quantum information theories. For elab-
orating quantum computing models, this provides the pos-
sibility to transfer information between the two asymptotic
spacetime boundaries. Such a process can be viewed as a tele-
portation protocol, see details and references in [32]. Here
we note that wormholes seem to be traversable for qubits
[33-35].

In this work, we follow an approach to constructing worm-
hole solutions with off-diagonal deformations of some prime
wormhole metrics in 4-d theories (see also generalizations
for higher dimensions and MGTs [36—41]). Such solutions
can be constructed using the AFCDM and extended to non-
metric geometric flow and gravity theories as we have shown
in previous subsections. The generating sources 4 Y% 8 (1) ~
[Z Y (), 1Y (7)] (28) for Q-modified Einstein equations (29)
can be prescribed in such a form that [ 9, k*k"dx < 0
even using the matter energy-momentum d-tensor from (22),
we have ’"ka“k“dk > 0. This means that certain types
of nonmetric geometric flow and off-diagonal deformations
resulting in certain locally anisotropic wormhole solutions

result in traversable conditions even at the classical level.
Such conditions can be valid even for locally anisotropic
wormbhole solutions in GR because of additional generic off-
diagonal terms. This is also a result of nonholonomic modi-
fications of the spacetime structure.

4 Perelman thermodynamics for nonmetric
quasi-stationary configurations

The parametric solutions constructed in previous section
describe nonmetric geometric flow and solitonic deforma-
tions of wormhole metrics. They are characterized by respec-
tive Perelman statistical/ geometric thermodynamic variables
[15]. The Bekenstein—Hawking thermodynamic paradigm is
not applicable to such solutions because, in general, they
do not involve certain hypersurface configurations. We cite
[16,23] for details on relativistic generalizations and MGTs.
For geometric flows and metric and nonmetric gravity the-
ories, the W-functional (18) can be treated as a “minus”
entropy. The goal of this section is to show how nonmetric
geometric flow thermodynamic variables can be defined and
computed for quasi-stationary off-diagonal solutions of type
37).

4.1 Statistical thermodynamic variables for Q-deformed
relativistic geometric flows

Let us consider nonmetric geometric flow equations (29).
They can be derived in geometric or variational form, fol-
lowing the methods outlined in Sects. 3.1 and 5 of [15],8
from the W-functional,

t —~
W(r) :/2/ Art) 2e 1O J1g(@)[8*ult Rse(r)
1 on
+D@) F(O) > + F(z) —41. (40)

In this formula, the normalizing function f(r, u) and the
parameter T are such way re-defined that corresponding geo-
metric flow equations and normalizing conditions formu-
las contributions from possible matter fields, F- and Q-
distortions of the geometric data (g(tr), V(7)) to canoni-
cal ones, (g(t), N(7), ﬁ(r)). We use different integration
measures and nonlinear symmetries for (40) comparing to
W(t) ( 18). The effects of nonmetricity will be emphasized
below when there will be used solutions of (29) determined

8 In this work, we consider 4-d Lorentz manifols which correspond
to dimension n = 4, which a conventional changing to Riemannian
signature; Perelman’s formulas for deriving geometric flows and ther-
modynamic variables can be used for arbitrary dimension n > 3 and
signature but such formulas can’t be used for formulations/ proofs of
analogs of Poincare-Thorston conjectures in non-Riemannian cases.
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by respective T—running generating sources (28) or effective
cosmological constants (36).

On a metric-affine space M endowed with canonical geo-
metric data and an additional nonholonomic (3+1) splitting,”
we introduce the statistical partition function

1Z(r) = expl | =] +2] (4nr)2e T8 V()] (@)

where the volume element is defined and computed as
89V (1) = /Ig(x)|dx'dx?sy3sy*. (42)

We use a left label g because nonmetric Q-contributions can
be encoded in g(t). Such a label will be omitted in formu-
las below if that will not result in ambiguities. Here we note
that a a statistical thermodynamic model can be constructed
using a partition function Z = fexp(—,BE)da)(E) for a
canonical ensemble at temperature ~! = 7 and when the
measure is stated as the density of states w(E). The ther-
modynamical variables are computed as the average energy,
(E) := —0dlog Z/dp, theentropy S := B (E)+log Z and the
fluctuation parameter o := {(E — (E))?) = 3%log Z/3p>.
Using Z (41) and W(7) (40) and following for canonical
variables a variational procedure on a closed region of M
as in Sect. 5 of [15], we can define and compute respective
thermodynamic variables:
g (1) = —12

(4t) "2 <ﬁsc + | D f|2 - %)
I5(z) = — ﬁ (477) 2 (r(ﬁsc TP+ - 4)

xe~ fS V(1),
15(r) =2 14/ (477) 2| Ryp + Do Dy f

1 —~
— =Bl e 8 V(). 43)

)

We note that such a thermodynamic systems can be associ-
ated to solution of the nonholonomic nonmetric geometric
flow equations (19). In particular, we can fix conventionally
the temperature and consider such data for nonmetric Ricci
solitons characterized by [q§(to), 15(1p), 15 (19)] . Cer-
tain classes of solutions can be not well-defined in the frame-
work of such a statistical and geometric thermodynamic
approach, for instance, if 7 S (t0) < 0. We have torestrict cer-
tain classes of nonholonomic frames/distributions/distortions
in order to generate physically viable solutions. The non-
metric Q-deformations may have different sign contributions
comparing to certain metric compatible classes of solutions
determined by corresponding [£(7), S(z),(1)] .

9 Such a conventional splitting is necessary for introducing thermody-
namic variables, when the nonholonomic 242 decompositions is impor-
tant for generating off-diagonal solutions.
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4.2 Thermodynamic variables for nonmetric deformations
of wormhole solutions

We compute in explicit form the variables 7 (41), and
9& (1), 18(7) from (43) for quasi-stationary off-diagonal
solutions (37).'0 The simplest way is to consider that

Rsc = 2[" A(1) + 1A (D) + ¥ A(T) + JA(0)]

choosing such a normalizing function when D, f = 0 and
approximating f% 0. Such conditions can be considered for
a frame/coordinate system and then the results can be rede-
fined for arbitrary bases and normalizing functions. Corre-
spondingly, we obtain

~ 1
1Z(1) = exp[ﬁ Sore) (S‘IV(T)],

1€ (1) = —1° fA o (7:1_)2 [’f’A(r) +1A@) +5A)

=

+A(D) - ﬂ §1V(1),

15(r) = —1W(r) = —/ I:‘L'(tlmA(‘L’) +1A(0)

2 8(n1)?

O A (D) + S A (D) — 2]5 (7). (44)

To compute the volume form § 9V (t) (42) is better to
consider the equivalent d-metric (35) with n —polarization
functions, or (38) for n—polarization functions, and including
data for nonmetric generating sources. Respectively, we can
write

21 A + A g4(0))
= 2| A + LA@] na(D) G40

=211 A + A1 64(0) Bl = S xa(o.
(45)

2®(7)

For simplicity, we shall elaborate on nonholonomic evolution
models with trivial integration functions 17y = 0 and 2n; =
0. Introducing formulas (45) in (42), then separating terms
with shell T-running cosmological constants, we express:
89V =8V, " A(x) + 1A(1), ¥ A7)

HA@; @), TT@); ¥ (2), g4(D)]

=8V (), 17 (x), [ Ar)
HA@), Y A@) +3A(0), 14(1) )
1

JIEA@ + TA@IE A@) +3A@)])

8,V

where 6,V = 6,1]]/ X 8,2712.

10 We omit more cumbersome calculations for 96 (t).
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In these formulas, we use the functionals:

8,V = 8, VII" A@) +1A@), m (@) &1l = ¢/ Vdx'dx?

= I A@ + I A@IeY Pdx'd?,
for ¥ (7) being a solution of (A.3),
83V = S VLY (1), 14(2) &l

3l na(r) ga’/?

Ty 0T @)10s] na() @l
. 3 . ;
y {dy3+ 0 ([ dy* 1Y @)35] (o) gal) dx }1;,

1Y (1)03] na(7) g4l
(46)

where numeric coefficients were used for re-defining the gen-
erating functions. We note that we can define 1}(1) asart
—family of solutions of 2-d Poisson equations with effective
source tl’”A(t) + %A(r), or use ¥ (t) for a respective source
ZT (7). Integrating on a closed hypersurface Z such products
of h- and v-forms, we obtain a running phase space volume
functional

V() = /55’7"(%””’ I (1), Za)

determined by prescribed classes of generating n-functions,
effective generating sources [ZT(T), qT(r)] , coefficients
of a prime s-metric g, and nonholonomic distributions

-~
—

defining the hyper-surface E. The explicit value of ;7102(r)
depends on the data we prescribe for 2 the type of Q -
deformations (via n- or ¢-polarizations) we use for deform-
ing a prime wormhole d-metric into quasi-stationary ones
as we considered in Sect. 3. We emphasize that it is always
possible to compute ',’lo/(r) for certain nonlinear solitonic
waves/distributions and some general Q-deformations. The
thermodynamic variables depend on the 7-running effective

cosmological constants.
5 Conclusions and open questions

In this work we elaborated on the nonmetric geometric flow
theory of metric-affine spaces and applied it to modified
gravity theories, MGT, as in [5-8,10]. The approach was
generalized in nonholonomic form [11,13,16] with the aim
to apply the anholonomic frame and connection deforma-
tion method, AFCDM, for constructing physically important
exact and parametric solutions in geometric flow and grav-
ity theories with nonmetricity. Such solutions are defined
by generic off-diagonal metrics and generalized (non) lin-
ear connections and, in general, do not possess hypersur-
face/duality/holographic configurations which would allow
to treat them in the framework of Bekenstein—Hawking
paradigm [42-45]. In another turn, as we have shown in this
paper, the G. Perelman statistical and geometric thermody-

namic paradigm [15] can be applied for all types of solutions
in MGTs including nonmetric geometric flow evolution mod-
els as we considered in the previous section. In addition to
gaining a more complete understanding of gravity theories
with nonmetricity, we also studied in this article certain new
classes of wormhole and solitonic solutions encoding non-
metric data. This included such new and original results:

1. In Sect. 2.1, the metric-affine geometry was formu-
lated in nonholonomic dyadic variables for nonmetric
Q-deformed 4-d Lorentz manifolds. Such a formulation
allows us to prove general decoupling and integration
properties of nonmetric geometric flow equations and
modified Einstein equations in MGTs as we outlined in
Appendix A.

2. The Obj1 of this work was completed in Sect. 2.2 where
Lyapunov type F- and W-functionals are defined for
nonholonomic variables encoding Q-deformations. This
allowed us to formulate nonmetric geometric flow mod-
els, which for self-similar configurations define non-
metric Ricci solitons containing as particular cases, for
instance, nonmetric gravitational equations studied in
[6,7,10].

3. In Sect. 3, we solved the goals of Obj2 by constructing in
explicit form two classes of physically important quasi-
stationary solutions of nonmetric geometric flow equa-
tions which for fixed flow parameters define Q-deformed
Einstein spaces. We proved that such generic off-diagonal
solutions can be described in general form by respec-
tive solitonic hierarchies and solitonic distributions (see
Sect. 3.2, when the necessary concepts and formulas are
outlined in Appendix B).

4. Wormbhole solutions present an important tool for testing
MGTs and applications in modern quantum computer
science as we show by constructing and analyzing pos-
sible nonmetric effects in Sect. 3.3. Such configurations
can be with nonholonomic solitonic Q-deformations and
gravitational polarizations, locally anisotropic, in partic-
ular, ellipsoid deformations of throats, when nonmetric-
ity makes such configurations to be transversable.

5. In general, the quasi-stationary solutions encoding non-
metricity do not involve hypersurface/holographic con-
figurations or certain duality conditions when the con-
cept of Bekenstein—Hawking entropy could be appli-
cable. As in GR and other MGTs, general classes of
exact/parametric solutions can be characterized thermo-
dynamically in the framework of corresponding general-
ization of G. Perelman paradigm with W-entropy. In Sect.
4, we show how such constructions can be performed for
Q-deformations, which presents a solution of Obj3.

The quasi-stationary solutions constructed in this work are
characterized by a r-family of Weyl d-vectors q(7) sub-
jected to conditions of type (23). For such nonholonomic
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configurations, we can computed respectively induced t-
families of nonmetricity d-tensors, Qqgy (7) = o (7)ggy (7),
and d-torsion, T 04 (T) = A, (7)o (T) — A (T)g)00 (T), for
A, (t) = qqu (), when g = const or depend on . Such a
g can be chosen as a small parameter (like € in (A.17)) for
Q-deformations which allow to construct parametric defor-
mations of physically important solutions in GR.

Let us discuss the legacy of using Q-deformed Perel-
man’s F- and W-functionals to formulate and prove analogues
of Poincaré-Thorston conjecture [15,20-22] for nonmetric
geometric flows. For general Q-deformations this is an un-
defined mathematical problem similar to those for an infi-
nite number of noncommutative/nonassociative differential
and integral calculuses and geometric theories, see discus-
sions and respective variants of solutions in [13,16,23]. For
metric-affine spaces, an infinite number of topological and
nonmetric geometric models can be formulated because of
an infinite number of nonlinear and linear connection struc-
tures that can be used. So, it is not possible to formulate a
general mathematical framework involving only some funda-
mental topological theories and nonmetric geometric analy-
sis. Nevertheless, self-consistent generalizations of the statis-
tic and nonmetric geometric thermodynamics are possible
if there are used Q-deformations as in Sects. 2.2.1 and 4.
They encode nonmetric geometric data and result in nonholo-
nomic Ricci soliton configurations and Q-modified Einstein
equations. Such systems of nonlinear PDEs can be solved
in some general forms as we show in Appendix A and
provide explicit examples in Sect. 3. For instance, we can
associate and compute for such generic off-diagonal solu-
tions respective Perelman-like nonmetric geometric thermo-
dynamic variables, see respective formulas (43), (44) and
(??). Thus, such nonmetric geometric flow and MGTs and
their associated thermodynamic theories can be formulated
in a self-consistent form as t-parametric Q-deformations of
Lorentz manifolds geometries, and this is possible even if we
are not able to formulate in general form a rigorous version of
metric-affine Poincare hypothesis. Here we also note that the
concept of Bekenstein—-Hawking entropy is not applicable
for the classes of nonmetric solitonic and wormholes solu-
tions considered in Sect. 3. However, the concepts of Perel-
man’s W-entropy and related statistical thermodynamics can
be generalized for various classes of nonmetric theories and
their solutions.

The results of this work support the Hypothesis from the
Introduction section in such senses:

1. We constructed in explicit form certain models of
metric-affine geometric flow and MGTs which are
exactly/parametric solvable in certain general off-diagonal
forms in nonholonomic dyadic variables.

2. The solutions with t-running effective cosmological con-
stants can be used for modelling DE physical effects

@ Springer

and other type configurations with generating sources for
effective matter (all such solutions encoding nonmetric-
ity data) for modelling DM physics.

3. In this paper, we elaborated only on nonmetric quasi-
stationary configurations which can be described as soli-
tonic hierarchies or nonmetric wormhole solutions and
certain nonlinear Q-deformations of such generic off-
diagonal solutions subjected to respective nonlinear sym-
metries.

4. Perelman type nonmetric geometric thermodynamic vari-
ables were defined and computed in explicit form for the
mentioned classes of quasi-stationary solutions.

Nevertheless, there is a series of important fundamental prob-
lems that should be investigated and solved in future works.
Here we outline four of the most important open questions
on nonmetric geometric and information flow theories and
gravity (QNGIFG) and cite some relevant previous works:

e QNGIFGI: To elaborate full and viable classical and
quantum theories on metric-affine spacetimes we have
to formulate a theory of spinors and Q-deformed Dirac
operators, which is not possible in general form for arbi-
trary nonmetric structures. This problem is discussed
in more general forms in [9,12] for phase or Finsler-
Lagrange-Hamilton theories on (co) tangent Lorentz bun-
dles. Corresponding conceptual and technical difficulties
exist for metric-affine generalizations of Lorentz man-
ifolds. Certain solutions can be found as Q-deformed
off-diagonal Einstein-Dirac systems, see previous results
[14].

e QNGIFG2: One of the next steps is to study models
of Q-deformed Einstein-Yang-Mills-Higgs systems. If
such systems are derived as star-product R-flux deforma-
tions in string theory, the obtain nonholonomic geometric
structures with nonsymmetric metrics and Q-deformed
Einstein-Eisenhart-Moffat theories, see details and refer-
ences to [10,13].

e QNGIFG3: Q-deformed off-diagonal cosmological sys-
tems can be considered as certain dual ones to quasi-
stationary configurations as stated in [11]. Such solutions
involve, for instance, various quasi-periodic (cosmolog-
ical time quasi-crystals etc.) and time-solitonic hierar-
chies which can be exploited for modelling DE and DM
effects.

e QNGIFG4: Finally, we point to the possibility to extend
the geometric and quantum information flow theory
[16,23] to certain Q-deformed versions with nonmetric
qubits, nonmetric entanglement and respective general-
izations of conditional entropies with Q-modified Perel-
man’s functionals.

We shall report on progress to answers for above questions
in future works.



Eur. Phys. J. C (2024) 84:211

Page 21 of 28 211

Acknowledgements SV activity on nonmetric geometry and con-
structing off-diagonal solutions in MGTs was inspired by many discus-
sions during 1986-1988 with Ascar Aringazin, Sergei Ponomarenko
and Anatolii Mikhailov who were postgraduate students of Prof. G.
A. Asanov at the department of theoretical physics of M. Lomonosov
Moscow State University. Those ideas and nonholonomic geometric for-
malism resulted in elaborating the AFCDM in a series of works by SV
and his students from R. Moldova, for metric affine Finsler-Lagrange-
Hamilton geometry and nonmetric locally anisotropic gravity theories
[10], see Introduction, Conclusion and Appendix B to [12] for histor-
ical remarks, main references and reviews of results. This research on
nonmetric geometric flows and applications extends SV and AZ visit
programs, supported respectively by Fulbright USA-Romania and the
Ministry of Education and Science of the Republic of Kazakhstan, at the
physics department at California State University at Fresno, USA. The
program on the AFCDM for theories with effective sources encoding
nonmetricity consists also a generalization of some objectives fora SV’s
visiting program at CAS LMU in Munich, Germany. Co-affiliations for
the universities in Germany, Ukraine and USA are motivated by the
mentioned fellowships. Authors are grateful to Prof. D. Liist, Prof. D.
Singleton and Dr. Lena Bouman for respective support of their research
activity.

Data Availability Statements This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Data sharing does
not apply to this article as no datasets were generated or analysed during
the current study.].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

A Decoupling and integrability of nonmetric
quasi-stationary geometric flow equations

In this appendix, we summarize necessary formulas which
allow us to prove some general decoupling and integra-
tion properties of nonmetric geometric flow equations (19)
with generating sources (28). There are studied generic off-
diagonal solutions parameterized by a quasi-stationary ansatz
(26). Details on nonholonomic geometric methods can be
found in generalized Finsler-Lagrange-Hamilton and metric—
affine forms in [10-12].

A.1 Decoupling of nonlinear PDEs with nonmetricity fields

We provide formulas for t-depending coefficients of fun-
damental geometric objects describing nonmetric geometric
flows in such a form that for any fixed 79 we shall generate
solutions for nonmetric Ricci solitons.

A.1.1 The coefficients of quasi-stationary ansatz and
canonical Ricci d-tensor

To generate quasi-stationary t-evolving solutions of the sys-
tem of nonlinear PDEs (29) we consider a generic off-
diagonal ansatz with N-adapted coefficients of type (26),
when the nonlinear quadratic element is

8(1) = gi(t, x5dx’ @ dx' + ha(z, x*, y*)e* (1) @ € (1)
+ha(z, 2 yHet () @ et (o),
e}(v) = dy* + wi(zr, x5, ydx', e*(r)
= dy4 + n;(t, xk, y3)dxi. (A.1)
This d-metric possess a Killing symmetry on the time like
coordinate d4 = d;. Such d-metric and N-connection coeffi-
cients are functions of necessary smooth class on respec-
tive coordinates. We put a “hat” label for a family of d-
metrics g(t) in order to emphasize that such d-metrics are
with Killing symmetry on 9;. It is supposed that such a
parametrization can be obtained for corresponding classes
of frame/coordinate transforms for a general family g(z, u)
depending on all spacetime coordinates for other systems of
references.
Tedious computations of N-adapted coefficients of the
canonical d-connection and respective Ricci d-tensors for

(A.1) result in such formulas for the system of nonlinear
PDEs (29):

ﬁl(t) _ 1’3\2(1_) _ gfgi (85)2
! 2 2g182| 281 28>
2
., 818 (s1) } g
—g3* + —gl | =-1rw®,
&7 28 2¢1 81 1
2
. . 5 hEh®
R@ =@ =5 [(z/ﬂ T hz*]
=-I7(1),
2
= Wy (h3)" By
R = S| p - -
(") 2h4|: 4T Dy 23
ﬁ oxhs  Orha B o (h3) -0
Ahy \ I3 ha 2hy
~ hy 3 hy n;
R = Lo (Zpr - ZEpr) Kk —o. A2
4 (T) 23 n; + (2 4 hs 3) 25 0 ( )

For simplicity, we use brief notations of partial deriva-
tives when, for instance, d;q(u%) := ¢°, dqgu®) =
q’, 93g(u®) := g* for an arbitrary function g (u*). In abstract
geometric form, such formulas are written in similar forms
as in various MGTs but in this work the generating sources
encode nonmetricity terms as we explained for (28).
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A.1.2 Decoupling of nonmetric geometric flow equations

Let us express g; (1) = ¥ @) and introduce the coefficients
o (1) =hydi[w (1)], B(r) =hy (D)@ ()], y(r)=(In
lha(0)PP?/1h3(0))*, for @ (1) = In |15 (0)//Th3 (@) ha(D);
and considering W (t) = exp[ew (7)] as a family of gener-
ating functions. Equation (A.2) transform into:

v +y =207, (A.3)

(@) h} = 2h3had Y (1), (A.4)
pw; —a; =0, (A.5)
ni* +ynp =0, (A.6)

where the explicit dependence of coefficients on respective
(7, x%) or (z, x*, y?) is omitted. This system of equations
together with the previous one possess an explicit decou-
pling property. In brief, this means that g; () are related to
a t-family of 2-d Poisson equations (A.3); then h3(tr) and
h4(t) are related via nontrivial e (7) and gT(‘L’) asin (A.4).
Finding any solution for 4,(t), we can compute the fami-
lies of coefficients B () and ¢; (t) and solve respective linear
equations for w;(t) from (A.5). To find solutions for ny (1)
we have to integrate two times on y3 in (A.6) when y (1) is
determined by /3(7) and h4(7).

A.2 Off-diagonal solutions for nonmetric quasi-stationary
configurations

We can generate 7-families of solutions of nonmetric geo-
metric flow equations by integrating recurrently the decou-
pled system of nonlinear PDEs (A.3)-(A.6). Any generic
off-diagonal metric (A.1) (if the N-coefficients vanish for
certain coordinate transforms, we generate diagonal met-
rics) is determined by respective families of generating func-
tion @ (7) (equivalently, W (7)) and two generating sources
Y (r) and 97 (r). The explicit form of such solutions
depends on the type of parameterizations of generating func-
tions and generating sources and how such values are related
to some integration functions.

A.2.1 Generating functions and sources for nonmetric
quasi-stationary off-diagonal solutions

By straightforward computations, we can check that exact
solutions are defined by such generic off-diagonal quasi-
stationary t-families of d-metrics,

ds (1) = eV (dx")? + (dx)?]
[w*]?
+ g\ 21,101 3ru21% /44
460 g, — [dy3[W2]*/4G )}

Hv  \?
X (dy3 + ﬁdxl) + {gﬁo] —/dy

3 [\1’2]* }
4
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X{dt + |:1nk +2nk/dy3

5 L)1 } dxk}
4000218 — [ dy3[w2F /40|52 '
(A7)

If for such d-metrics there are considered parametric decom-
positions as in (25), we generate recurrently certain classes
of parametric solutions.

Withrespect to coordinate dual frames, the d-metrics (A.7)
can be represented in the form

8 =8,,(r.du” @ du,
when the off-diagonal metrics are parameterized in the form

8T 1) =

eV + w2hs + (1)%hs  wiwohs +ninohs  wihs nihy

wiwah3 + ninyhy eV + (w2)2h3 + (n2)2h4 wah3 nohy
wih3 wah3 h3 0
nihgy nohy 0 hy

where we omit respective dependencies of coefficients on
(t, xk, y3) are omitted.

Finally, we note that t-families of quasi-stationary solu-
tions (A.7) are general in the sense that they are determined
by some general generating function W(z, x*, y3), two gen-
erating effective sources ‘fT(r, xk) (encoded as a solution
¥ (1, x*) of 2-d Poisson equation (A.3)) and gT(r, XK, v3),
and integration functions 1 n; (7, x5y, om(r, x*) and hao](t, x5y,

A.2.2 Nonlinear symmetries of nonmetric quasi-stationary
off-diagonal solutions

The t-family of solutions (A.7) posses important nonlinear
shell symmetries which allow us to define in explicit form cer-
tain transforms of generating functions and effective sources
into other types of generating functions and effective cosmo-
logical constants. Such formulas allow to change the gener-
ating data, (¥(1),5Y (1)) < (®(v),JA(r) = const # 0,
for 7¢), using the formulas

(w2 [@*(n)]*

ZT(T) = ZA(T) , which can be integrated as (A.8)
D% (1) = qA(r)/dy%;’T)*‘[\pz(r)]* and/or
wi(r) = GA@)! / dy* 0)[@*()]*. (A.9)

Such nonlinear symmetries can be defined for other types
of effective sources. For instance, we can consider effec-
tive matter sources me\;w (22), for (27) as in (20), when
T-running effective cosmological constants are parameter-
ized in the form ' A(t) + £ A(7) + $A (7). Corresponding
nonlinear symmetries can be considered for generating new



Eur. Phys. J. C (2024) 84:211

Page 23 of 28 211

classes of off-diagonal solutions and in order to compare
their physical implications defined by different types of effec-
tive cosmological constants. For nonmetric effective sources
and running cosmological constants, we use the left label ¢
when gA(r) = 0 is taken for metric compatible configura-
tions.

We conclude that any quasi-stationary solution (A.7)
possess important nonlinear symmetries of type (A.8) and
(A.9). As aresult, the nonlinear quadratic element for quasi-
stationary solutions (A.7) can be written in the form

We construct a t-family of solutions of type (A.11) deter-
mined by some generating data (h4(1); 9A(7), 1Y ()).

A.2.4 Gravitational nonmetric polarizations

We can consider deformations of a prime d-metric on a met-
ric affine manifold

g =g, NI (A.12)

ds2(1) = guyp (7. 25, y3, ®(1),1 A(D)duduf = ¥ T [(dx")? + (dxH)]

B O (0)[@* (1) 5
1A (D) [ dy3I0 (@) [D2(0)1*|[g (1) — d2(2) /49 A(7)]

. 39 207 2 2
0 ,idy 2 Y () [P Z(T)] il _ ggo](r) B ((I; (7)
2 Y (@) [P ()] 41 A(7)

(A.10)

x {dt-i— |:1nk(r) +2nk(f)/dy3

®2(1)[D* (1)1 } }
IIA () [dy? I @021l (1) — d2(1)/45A ()12 | )

for indices: i, j,k,... = 1,2;a,b,c,... = 3,4; gen-
erating functions v (t, xk) and ®(r, xk1y3); generating
sources gT(r, x¥) and ZT(‘(, XK1 y3); effective cosmolog-
ical constants ‘fA(t) and gA(t); and integration functions
1 (T, x4 ), ang (T, 17y and gl (z, xK).

A.2.3 Using some d-metric coefficients as generating
functions and nonmetricity

Formulas (A.10) allow us to write h3(t) = _[\[12(1)]*/4‘21
Y(r) and to compute up to certain integration functions
a value of W(r). We have to integrate [\Dz(r)]* =
[ dy¥ (v)h} () for any prescribed h4(7) and Y (7). So,
considering generating data (h4(t), ZT(I)), we can write the
T -families of quasi-stationary d-metric (A.7) in such equiv-
alent forms,

d5* (1) = Zup(r. x5,y ha(r). 40 (1) dudu?
= e/ [ax")? + (@)’
B (W@
| [ dy3[3Y (2)ha(D)]*| ha(o)
L[S ar @) rm ]

d dx! 2
xart+ TY(0) (0) <

+h4(r){dt + [1nk(r) + 2ni (1)

[h} (D)1
dy? 4 :|d k}.
X/ YT dy LI Oha (1] Tha(@12 )"
(A11)

In a similar form using the nonlinear symmetries (A.8) and
(A.9) and expressing ®2(1) = —4; A(t)h4(T), we can elim-
inate ®(t) from the nonlinear quadratic element in (A.10).

Such a g can be an arbitrary one, a solution of some equations
in GR or a MGTs, or defined as a -family. In this subsection,
we study transforms of a (family) primary d-metric into a a
family of target d-metrics g(7) defined a quasi-stationary
solutions of type (A.1), when

g — 2(1) = [g (1) = Na(T)&e, N () = n? (r)N].
(A.13)

Such transforms are defined by some values ny (7, xk, y3)
and nf (t, x¥, y3) called 7 -running gravitational polarization
(n-polarization) functions.

Target d-metrics g(r) can be constructed as quasi-
stationary solutions of type (A.7), or (A.10), when the non-
holonomic deformations are determined by respective gener-
ating functions, generating sources and effective cosmolog-
ical constants,

(W(1), 57X (1)) < (g(1), 30 (1))
< (Na(7) o ~ (Ca(D) (1 + £ Xa (1) a3 X (7))
< (P(1), TA(0) < (8(1), A(1))
< (1a(7) o ~ Ca(T)(1 + X6 (1) a5 A(T)),
where gA(r) is an effective cosmological constant in the v-

subspace, ¢ is a small parameter 0 < ¢ < 1, with some
Ca(t, x5, y?) and xo (7, x*, y3).

For families of n- and/or x-polarizations, the nonlinear
symmetries (A.9) are defined in the form:

L R R STLTNE

[

—~ / dy*3 (0)d3(na(t) ga)

[

—/dy3ZT(t)83[§4(r)(l + & xa(1)) 841,

@ Springer



211 Page 24 of 28

Eur. Phys. J. C (2024) 84:211

% (1) = 45 A(D)ha(v) = =4 A(T)n4(7) 4
~ 45 A(7) La(D)(1 + £xa (D)) da.
Generating functions for families of off-diagonal n-
transforms of type (A.13) can be parameterized for n-
polarizations,
V(@) = YT me (0 = na(z, 2k 7).
Such generating functions can be used for defining t-families
of quasi-stationary nonlinear quadratic elements of type
(A.11),
d52(1) = Zap(r. 2%, 331 got ¥ (1), na(0); 4 () duduP
= eV O[dx")? + (@x*)?]
B [93(na (x) &)1
| [ dy35X(@)33(14(0) g0l na(1)éa
o) dy¥§ X (@) 33 (na()84)] dxf}2
IX(©)33(n4(v) )

(A.14)

(A.15)

x{dy3 +

+n4(f)§4{dt + [Mk(f) +2ni(7)

3 [83(n4(0)84)1?
x | dy 3q . 552
| [dy35 0 (0)03(na(1)84)| (n4(7)84)°/

2
dxk} .

For ®2(1) = —43Ah4(r), we can transform (A.10) in a
variant of (A.16) with n -polarizations determined by the
generating data (h4(7); 2A, (t)). For general n- and Q-
deformations, it is difficult to understand if such off-diagonal
metrics have certain physically important interpretation even
the primary data possess certain important physical mean-

(A.16)

ing. Nevertheless, even in such cases certain quasi-periodic,
solitonic, or another type structures can be generated. It is
possible always to compute respective Perelman thermody-
namic variables and solve the issue if certain configurations
with a prescribed ZT(‘L’), or gA(r), can be thermodynam-
ically more optimal than other ones with some prescribed
effective 7' A(1) + 51\(1’) +5A(7), see formulas (36).

A.2.5 Generating solutions with small parametric
decompositions encoding nonmetricity

For a small parameter ¢, we can construct e-linear func-
tions for n-polarizations in (A.16) and study small nonholo-
nomic deformations of a prime d-metric g into so-called &-
parametric T-families of solutions with ¢ - and x -coefficients.
Corresponding parametric decompositions are of type

¥ (7)) = ¢ (z, x5) = Yo(r, ¥ (1 + ey x (z, x5)), for
m(t) = ma(t, XK = &, x) (1 + e xa(z, x5)),
we can consider 12(t) = n1(7);

na(t) = na(r, x5, y3) 2= ca(r, x5, yH A +exa(z, x5, ¥,
(A.17)

where ¥ (tr) and n(r) = ni(r) are such way chosen
to be determined by solutions of the 2-d Poisson equation
32y (1) + 83,9 () = 21 (z, x¥), see (A.3). For other type
signatures of d-metrics, it can be a 2-d wave equation with
respective source and certain t-evolving scenarios.

Parameterizations of type (A.17) allow to compute &-
parametric deformations to 7-families of quasi-stationary d-
metrics with x-generating functions,

d52(1) = Gup(t, x5, ¥ ¥ (0), ga(0); X () du®duf = V(1 + & ¥ x (0)[(dx")? + (dx*)?]

- { 4193 (12a(x) gal /A2 . [83(X4(f)|§4(f)§4|1/2) -/ dy3{gT33[(§4(f)§4))<4(t)]}}} ,

81 [ dy3 I (0)03(a(0g)}

493 (1¢a()84'?)

Jdy3 30 (0)83(Ca(r)8a))

0384(7)

% [dy*iY (1) d384(r) [ dy3 i (v) B3(Ca(xa(tN] 34 xa@) \ | <3, ; ?
X{dy3—|—|:l - 8<l z A >j|Ni3dx’}

(NHIY(0)d384(7)

+ &a(0)(1 + & xa(7)) ga { dt + [(N;‘rl[]nk(r) + 162m4(7) [ / dy?

(B31(2a(0)g)"*)°

3 [[ dy33(1)0384(7)]

Blca(@gn) "4yl

(33124 (1) g0)"1/41)
| [ dy3as147 () (2a(r) 8a)]]

2
[ ay} B () (Ga() xa(0)é4)]

1 3
e 6o () [ Ay’ 7 Ay 03100 () (G ()gn)]]

203[(Za(1)ga) /4]

Jdy3 310 (1) (8a(1)84)]

]Kf,fdxk (A.18)

11k(t) + 1620 (1) [ [dy?

(331(a(x)80)~1741)*
| [dy3a30 I (D) (Ga(D)éa)]]
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Such off-diagonal parametric solutions allow us to define,
for instance, ellipsoidal deformations of BH metrics into
BE ones and to provide realistic interpretation of nonmetric
deformations under geometric flows or for off-diagonal mod-
ifications. Quasi-stationary d-metrics of type (A.18) can be
generated for by certain small parametric deformations with
generating data (® (1), 1A (1)).

di*(r) = Sap (T, x*, yHdu®du? = ew(r’xk)[(d)cl)2 + dx»H?]

[V (1)]?

The equations for n-functions in (A.19) are solved for any
ni(t) = o[ *n(z, x)).

Putting together above formulas for respective classes of
generating functions, we construct a nonlinear quadratic ele-
ment for quasi-stationary solutions with zero canonical d-
torsions, (A.7),

+ < v v
40PN DAY (1) — [dy3 1 (@) /457 () [P ()]}

[W2(1)]*

+ 10 @) —fdy3—v} {dr + 8: 2n(z, X))dx )2,
{ ! 4@ (@O (D)

{dy’ + [0: (A(7))1dx')?

(A.20)

A.2.6 Extracting Levi-Civita configurations

The generic off-diagonal quasi-stationary solutions consid-
ered in previous subsections were constructed for canon-
ical d—connections ﬁ(r). In general, such solutions are
characterized by nonholonomically induced d—torsion coef-
ficients Tyaﬂ (7) (such values are completely defined by
the N—connection and d-metric structures) and contain Q-
deformations related to nontrivial d-torsions Tyue(7) =
Ay (T)8ua(T) — Ay (T)guy (1), see formulas (25). We can
extract zero torsion LC-configurations for g-distortions of
V(r) if we impose additionally the conditions (30). By
straightforward computations for quasi-stationary configura-
tions, we can verify that all canonical d-torsion coefficients
Tyaﬁ (7) vanish if the coefficients of N—-adapted frames and
v —components of t-families of d—metrics are subjected to
respective conditions,

w](7) = e;(v)Iny/| h3(1)], ¢;(7) In\/| ha(r)| =0,
diw;(t) = djw;(r) and n;k(t) =0;

ng(t, x") = 0 and d;n;(z, x*) = 8;n; (z, x%). (A.19)

The solutions for necessary type of w- and n-functions
depend on the class of vacuum, non—-vacuum, Q-deformed
and other type metrics which we attempt to generate. We
may follow such steps for finding solutions subjected to con-
ditions (A.19):

Prescribing a generating function W(t) = \il(r, X, y3),
for which [9; (2\11)]* = 0; (2\11)*, we solve the equations
for w; from (A.19) in explicit form if gT = const, or if
such an effective source can be expressed as a functional
(2l y?) = gT[zliJ(t)]. The conditions d;w;(t) =
djw;(tr), are solved by any generating function A =
A(t, x¥, y3) for which

w;i (1) = Wi (v) = & W(r)/(W(2)* = §A(r).

Finally, we note that d-metrics (A.20) define LC-configurations
for V(7) thatinvolve also nonmetricity contributions encoded
into gT(r). This is an example when using nonlinear sym-
metries we encode nonmetricity data into, in general, generic
off-diagonal pseudo-Riemannian metric for an effective
Einstein gravity with “exotic” effective energy-momentum
sources.

B Generating nonmetric solitonic hierarchies via
solitonic metrics and effective sources

Let us consider the formulas for nonmetric geometric evo-
lution of a d-metric g(7) constructed as a solution of (29):
We associate a non—stretching curve y (7, 1) on a nonholo-
nomic Lorentz manifold V and use t both as a curve running
real parameter and a geometric flow parameter. The value 1
is the arclength of a curve on V which is defined by an evo-
lution d—vector Y = ¢; and tangent d—vector X = ¢ that
g(X, X) =1. Any curve ¢(r,]) defines a two—dimensional
surface in T¢(;,)V C T'V. In [24], there are given details on
metric compatible curve flows. In this work, the approach is
generalized for nonmetric deformations. To any dual basis
(5) acoframe e € Tg*VN ® (hp®vp) can be associated. It is
a N-adapted (SO (n)®S O (m))—parallel basis along ¢.

B.1 Preliminaries on geometric models and solitons

We can associate a canonical d-connection D (13) with a
linear connection 1-form parameterized as T ¢ T; VN ®
(so(n)®so(m)). The frame bases are 1-forms ex = epx +
e,x defined by N-adapted frames (4), which (for (1, 0) €
R". 0 e R*'and (1,0) € R", 0 e R"!), can be
parameterized by respective matrices,

0 (1,_0’)]

enx = sixlhe = |:_(1’ T o
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0 (1,?7)]

ex = quxjve = [_(1, DT o

Such d-operators act on the spaces of curves on V.

For a N-connection (3), we can construct a corresponding
h- and v-splitting of canonical d-connections 1-forms, T =
[fhx, f,,x] , parameterizing

_ - -
=~ -~ 0 0, 0)
I'ix = L= Y € so(n + 1), where
hX = Six| . T L | ( )
T 0 _U) - n—1
L= _3T 1o eso(n), v e R" ", h0 eso(n — 1), and
_ - -
= = 0 0, 0)
'x = ¢ax]C= __(0’ <0_)T ¢ € so(m + 1), where

& 0 v < _mm—l
C= _$T 40 eso(m), v e R"", v0 eso(m — 1).

Using the canonical d—connection ﬁ, we can define some
d-matrices being decomposed with respect to the flow direc-
tion: in the h—direction,

—
ey = ¢r|he = |: ( 0 (heu,h ¢ J'):| , when

hey, h_e)L)T ho
eny € hp, (hey,h € ) eR"and € | e R"" !,
and

0 (0.0)

Ty = L=
Y = Snyl |:—(0,T)))T hw

i| € so(n + 1), where

[OE?

"o = _BT e

} cso(n), @ e R", h® eso(n—1).
Then, we introduce similar parameterizations for the v—
direction,

<
0 (UeH, ve J_):| ’ when

ey = Grlve = «— \T
— (vey,ve ) v0

esy € vp, (vey, v<e_l) eR"andve | e R
and

0 0 0)

T,y = C=
vY ngJ |:—(O, <0—)T var

i| e so(m+ 1),

0 & A
Ve, = [_gr v@] cso(m), o e R"! vO e so(m — 1).

We summarize and adapt for nonmetric geometric flows
and gravity three important results proven in [24] for param-
eterizations related to nonholonomic canonical geometric
flows of 4-d Lorentzian metrics:

For any solution of N-adapted Hamilton-Friedan equa-
tions in canonical variables (19), or for relativistic nonholo-
nomic Ricci soliton equations (29), there is a canonical hier-
archy of N-adapted flows of curves ¢(r,1) = hg(zr,1) +
vs(t,1) described by nonholonomic geometric map equa-
tions encoding nonmetric sources:

@ Springer

e The 0 flows are convective (travelling wave) maps ¢; =
¢ distinguished as (hg), = (h¢),x and (vg), =
(vs),x. The classification of such maps depend on the
type of d-connection structure.

e There are +1 flows defined as non-stretching mKdV
maps

~ 3
—(hg), = Dix (he)nx + §|th (h)nx |ig (hS)nx »

—~ RPN
— WS)r = Dix W&)ux + S IDux (v6)ux o (¥S)ux
(B.1)

and the +2,... flows as higher order analogs.
e Finally, the -1 flows are defined by the kernels of the
canonical recursion h—operator,

h{ﬁ:ﬁhx <ﬁhx+ﬁ;§ (_U)) _v)>+_v)Jﬁ;)1( (_U) A ﬁhX) s
and of the canonical recursion v—operator,
v = Dux (Dux + Dl (T) 7) + TID (T A D).

inducing non-stretching maps Diy (hg)px = 0 and
Dyy (ve)yx = 0.

The canonical recursion d-operator R = (hﬁ\‘{, viﬁ) is
related to respective bi-Hamiltonian structures for curve
flows (in our case, determined by geometric flows and respec-
tive solitonic models).

B.2 Examples of solitonic space like stationary
distributions and nonlinear waves

To generate quasi-stationary solutions of nonmetric geomet-
ric flow and gravity equations we can consider t-running of
fixed 7 space distributions which can anisotropic on certain
angular type coordinates (3, ¢).

B.2.1 Quasi-stationary solitonic distributions

We shall use distributions g = g (r, ¥, ¢) as solutions of a
respective six classes of solitonic 3-d equations

0 + €0y (D9 + 69y + 0,,,0) = 0,
320 + €y (Vo + Py + 33 959) = 0,
0358 + €0y (09 + 690y + 03,,6) = 0.
3398 + €0, (9o + 693, + 05 ) = 0,
00,6 + €3, Dy + 690 + 0;,.) = 0,

02,6 + €0y (D9 + 69ds + 03 558) = 0, (B.2)
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for ¢ = £1. To construct in explicit form solutions of such
nonlinear PDE:s is a very difficult task. Nevertheless, their
physical properties are well known from the theory of soli-
tonic hierarchies. We can take any g (u) as a parametric, or
exact solution of an equation (B.2) and consider as a generat-
ing function and/or generating source which does not depend
on the time coordinate. These equations and their solutions
can be redefined via frame/coordinate transforms for sta-
tionary generating functions parameterized in non-spherical
coordinates and labeled in the form p = g (x’, y*). We can
use such functions as generating functions and/or generating
sources for nonmetric Ricci solitons (20) when the construc-
tions can be extended for quasi-stationary geometric flows.

B.2.2 Generating nonlinear solitonic waves on temperature
like parameter

Stationary geometric flow evolution on a Lorentz manifold
can be characterized by 3-d solitonic waves with explicit
dependence flow parameter t defined by functions g (z, u)
as solutions of such nonlinear PDEs:

ni(z, Xk, yby = n[#]. In general, a functional dependence
[g] can be defined by a superpositions of some solitonic
hierarchies of type (B.1) (we can mix also configurations of
type (B.3) and/or (B.2)). This can be written, for instance,
in the form [gp] = [1 0, 26, ...] where the left label is for
numbering the solitonic hierarchies.

Solitonic hierarchies can be used for modeling nonholo-
nomic flow evolution of a Q-source (25), when the generating
sources (28) are determined by some functionals

IYE (o (t,u) = [ Y[p18, 1T[p18L]. (B.5)

The 7-modified Einstein equations (29) with such nonmetric-
ity sources and written in canonical nonholonomic variables
transform into functional equations R“ P (r) = 9Y“* ﬁ(p).
We can extract LC-configurations by imposing conditions
(30), when Tyaﬁ = 0,for V. For such nonmetric geometric
flow configurations, the nonmetricity field Qqg, (#) and d-
torsion Tve () = Avgua(9) — Aggv () are determined
by solitonic hierarchies.

)

’

(B.3)

@ (T, 9, ¢) asasolution of 8&5@ + e%[aﬂp + 650%50 + %5@] =0
© (0, T, ) asasolution of al%ﬁga + e%[atp + 65@%5@ + %KJ] =0;
o= @ (t,r, @) asasolution of 83,5@ +e%[8r50 +6p§%g) + (;’?p] =0
©(r, T,9) asasolution of Brzrp + 6%[8,5@ + 6@%@ + (ad?@] =0;
@ (T, @, ) as asolution of 3&5@ + e%[a(pp + 650%5@ + (;7)350] =0;
@ (p, 7,0) asasolution of Béwga + ea%[arp + 6(%@ + % ©]=0.

Applying general frame/coordinate transforms on respec-
tive solutions (B.3), we construct solitonic waves parame-
terized by functions labeled in the form o = p(r, X! ),
=g, x', ¥}, or=p(r,x%, y%).

B.2.3 Ansatz for quasi-stationary geometric flows and
solitonic hierarchies

We can consider different types of solitonic stationary con-
figurations determined, for instance, by sine-Gordon (using
t-derivatives) and various types of nonlinear temperature like
wave configurations characterized by nonholonomic geomet-
ric curve flows. Any such solitonic hierarchy configuration,
nonlinear wave and solitonic distribution of type ¢ (t, u)
(B.3) or (B.2) can be can be used as generating functions for
quasi-stationary d-metrics of type (A.1),

g(t) = glp (v, w)] = glpl =(gile]. gale))- (B.4)

In terms of polarization functions (A.16) determined by
solitonic hierarchies, we write n;(r) = ni(r,xk) =
nilPlna(t) = na(r, x5 y") = nalpl and ' (x) =
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