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Abstract

We investigate classical and quantum geometric information flow theories (GIFs and QGIFs) when the
geometric flow evolution and field equations for nonholonomic Einstein systems, NES, are derived from
Perelman-Lyapunov type entropic type functionals. The term NES encodes models when the fundamental
physical equations are subjected to nonholonomic (equivalently, non-integrable, anholonomic) constraints.
There are used canonical geometric variables that allow a general decoupling and integration of systems of
nonlinear partial differential equations describing GIFs and QGIFs and Ricci soliton type configurations.
Our approach is different from the constructions elaborated for special classes of solutions characterized
by area-hypersurface entropy, related holographic, and dual gauge-gravity models involving generalizations
of the Bekenstein-Hawking entropy. We formulate the theory of QGIFs which in certain quasi-classical
limits encodes GIFs and models with flow evolution of NES. There are computed respectively the von
Neumann, relative and conditional entropy; mutual information, entanglement, and Rényi entropy. We
construct explicit examples of generic off-diagonal exact and parametric solutions describing stationary
solitonic gravitational hierarchies and deformations of black hole configurations. Finally, we show how
Perelman’s thermodynamic values and extensions to QGIF models can be computed for various new classes
of exact solutions which can not be described following the Bekenstein-Hawking approach.
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1 Introduction

This work provides an exposition of the subject of modelling modified gravity theories, MGTSs, and general
relativity, GR, in the framework of classical and quantum geometric information flow (respectively, GIF and
QGIF) theories. Although a great amount of research has been devoted recently to quantum information
theory, gravity and entanglement (for reviews of results and some important directions of research, see [I} 2]
3, [, 151 6l 17, [8 @ 10 11} 12 13]), almost all constructions and applications related to gravity theories involve
area—hypersurface, holography and dual gauge-gravity models for various types of entropic and thermodynamic
type MGTs. Such approaches are elaborated with respective generalizations of the concepts and formulas for
the Bekenstein—-Hawking entropy and black hole, BH, thermodynamics [14) [15] [16] [17].

In a series of papers [18] 19, 20, 21], 24] 25, 26], we deal with the following question: Does a more general
concept of gravitational entropy can be elaborated in such a form that would allow us to characterize more
general classes of generic off-diagonal solutions (not only for BHs and cosmological solutions with horizons and
holographic configurations) depending on all spacetime/ phase space coordinates in various types of MGTs, GR
and Finsler like generalizations ? The answer was found positive for relativistic and various type generaliza-
tions of the geometric flow theorye and by constructing in explicit form and providing corresponding physical
interpretations of a series of new classes of exact and parametric solutions in GR and MGTs (supersymmetric/
noncommutative string and brane gravity models, entropic gravity...) and nonholonome geometric flow models.
The main idea exploited and developed in our works was to characterize and derive such gravity theories and
their solutions using the concepts of F- and W-functional due to G. Perelman [27] used in order to prove the
Thurston-Poincaré conjecture in the theory of Ricci flows of Riemannian metrics. In this article, we do not
address issues on modifications of the theory of Ricci flows from the viewpoint of formulating (and possible
proofs) of a generalized geometric conjectures for pseudo-Riemannian (or non-commutative/supersymmetric
etc.) metrics or/and non-Riemannian connections, which is a very difficult mathematical task requesting
studies on thousands of pages with rigorous topological and geometric analysis methods as in monographs
[28] 29] [30 3T] and related applications in physics [32, [18] [19] 20, 2T]. We develop corresponding geometric
methods and find new classes of exact solutions when the W-functional (it is also called the W-entropy because
it is like a "minus-entropy") allows us to elaborate on associated geometric and quantum thermodynamic and
information models which are more general than those involving the Bekenstein—-Hawking entropy and allow
to characterize general classes of solutions in geometric flow and MGTs.

The G. Perelman functionals and related geometric evolution and thermodynamic models can not be applied
directly for deriving and investigating realistic classical and quantum gravity and mater field theories. To ensure
the relativistic invariance and compatibility with GR and/or other MGTs is necessary to consider certain types
of nonholonomic deformations of the F- and W-functionals. Here we note that in literature on mathematics,
mechanics and physics the term "anholonomic", i.e. with non-integrable distributions/ structures is used
equivalently with "nonholonomic", see [22] 23 24} 25| 26] and references therein for reviews and applications of
such methods in modern gravity theories. Respective geometric flow theories can be elaborated with different



types of evolution parameter. Nevertheless, Ricci soliton configurations (determined by self-similar geometric
flows) can be defined for all types of such models which are described equivalently by certain types of (modified)
Einstein equations. Such equations can be solved in very general forms using geometric and analytic methods
elaborated in our works, see details and reviews in [24] 25 26|, 33] [34] 35] 201 21].

Even it is not clear at present if relativistic/ noncommutative / supersymmetric analogues of the Poincaré
hypothesis can be formulated and proven, we can always construct various classes of exact and parametric
solutions for systems of nonlinear partial differential equations, PDEs, describing a diversity of evolution/
dynamical/ diffusion/ kinetic / thermodynamic / information classical and quantum systems. Such physically
important nonlinear PDEs can be decoupled and integrated in general forms using the so-called anholonomic
frame deformation method, AFDM (reviews of results and applications to modern gravity and geometric flow
theories can be found in [33] B4, [35] 24 26] and references therein). To generate exact generic off-diagonal
solutions is important to write down the equations in so-called canonical nonholonomic geometric variables (in
our works, we use "hats" on symbols in order to emphasize that respective geometric objects are constructed
in canonical forms adapted to a respective nonlinear connection structure, see definition in next section).

In this article, we perform all classical and quantum models constructions using canonical geometric data
for conventional nonholonomic Einstein systems, NES, which can be under (quantum) geometric flow evolution
on a temperature like parameter, or described by certain self-similar Ricci type soliton configurations (with
a fixed value of such a parameter). Here we note that only certain classes of black hole and cosmological
solutions in MGTs and GR (for very special cases with respective conditions on higher symmetry, hypersurface
horizons and asymptotic/ initial behaviour) are characterized by Bekenstein-Hawing type entropies. In another
turn, generalized G. Perelman entropic/ thermodynamic values can be defined and computed in all cases at
least for any finite spacetime region with well-defined causality and regularizing singularities conditions. It
is possible to write equivalently such geometric (flow) and statistical thermodynamic like values in canonical
nonholonomic variables, or in certain analogous Finsler-Lagrange-Hamilton, or almost Kahler, variables. This
is very important for elaborating analogous, entropic, deformation quantization and brane/ gauge like gravity
models (see, for instance, [36] 37 18 24, 25| 26]). To apply such methods to GR and standard particle physics
we have to impose at the end (when corresponding classes of exact solutions were found in exact form) certain
additional nonholonomic constraints in order to extract Levi-Civita (torsionless), LC, configurations. If we
work from the very beginning only with the LC-connection, it is not possible to decouple/ integrate in general
forms nonlinear classical and quantum fundamental evolution/ dynamical equations. This is a general property
of the systems of nonlinear PDEs on curved spacetimes.

The formalism developed in this and partner works [38, [39, 40] allows us to address issues related to
various types of quasi-classical and quantum equations (nonlinear Schrodinger, Liouville, and Dirac ones,
and noncommutative quantum deformations of the Einstein equations). We are able to deal with the basic
elements fundamental concepts of quantum information theory such as entanglement and multipartite states,
teleportation, and quantum interference for NES under geometric flow evolution. There are three main goals
in this article: 1) To prove a general decoupling and integrability of stationary (on spacetime coordinates)
of geometric flow equations with a temperature like evolution parameter. 2) To provide an introduction to
the theory of GIFs and QGIFs of NES and show how generalized Perelman entropies and associated quantum
mechanical, statistical and thermodynamic geometric theories are used for elaborating such theories. 3) To
consider possible applications of the AFDM and study properties of stationary solutions (in particular, of BHs
and their solitonic off-diagonal deformations) under nonlinear geometric flows, interactions and for solitonic
gravitational and matter field configurations when the W-entropy can be defined and computed but the concept
of Bekenstein-Hawking entropy is not applicable, or not enough, for characterizing such classes of exact solutions
and QGIFs. In this paper, we use canonical nonholonomic variables which allow us to provide analogous
thermodynamic and GIF and QGIF descriptions of any solution found following the AFDM, or other type
methods, for MGTs and GR, and/or can be derived as some emergent,/ entropic gravity models.

Hor a temperature like one, which is used in this work, or as a time like parameter treated as a "complex temperature"; such
theories have, for instance, very different topological and global classical and quantum properties but, for additional assumptions,
preserve much similarities which are exploited for local and perturbative models, for instance, in quantum statistics, particle and
condensed matter physics etc.



Here we consider also this important issue: One of the basic concepts in quantum information theory is
that of qubit. Given a Hilbert space associated to a physical system is possible to realize a qubit as any
two-dimensional subspace of that Hilbert space. Such a physical realization is not, in general, localized in a
physical space. In [38, [39], we study the concept of quibit for QGIFs when certain analogous Hamilton and/or
thermodynamic models are determined by W-entropy. For such theories, we can formulate physical realizations
that are well-localized in certain effective phase spaces and associate a qubit as a two-dimensional quantum state
attached to a point in a base space. In a curved spacetime context, we can represent a qubit as a sequence of
two-dimensional quantum states evolving along a spacetime trajectory and/or with sets of world lines of qubits
covering a spacetime region. Other type ambiguities are related to the fact that there are no finite-dimensional
(in particular, two dimensional ones) faithful unitary representations of the Lorentz group. Naively, it would
appear that it is impossible to elaborate a mathematical formalism which would describe localized qubits in a
unique both relativistic and unitary form. The problem (and an explicit method how to solve it using WKB
approximations) is analyzed in [4I]. Here we note that for QGIF theories there are used analogous statistical
thermodynamic models and respective quantum generalizations of GIF entropies. Such constructions are well-
defined for geometric flows in spacetimes and phase spaces with conventional 3-+1 splitting of dimensions [19]
and there are rigorous proofs for noncommutative geometric models (in the A. Connes approach and for theories
with almost Kéhler structures and/or Siberg-Witten transforms) and deformation quantization [36] 37, [18].

Let us explain the structure of our work: This paper aims to be self-contained and that why we include in
section [2] (and some footnotes in other sections) a necessary background material on the geometry of nonholo-
nomic Lorentz manifolds, their relativistic geometric flow evolution equations and nonholonomic Ricci solitons
described by modified Einstein equations. The geometric constructions are performed in canonical nonholo-
nomic variables which allow a straightforward decoupling and integration of geometric flow and gravitational
field equations. We define the nonholonomic canonical version of G. Perelman F-functional and W-functional
(equivalently, W-entropy) and show how associated thermodynamic models can be elaborated.

Section [Blis devoted to the theory of (classical) geometric information flows, GIFs, and quantum information
geometric flows, QGIFs, and respective entanglement of nonholonomic Einstein systems, NES. Using statistical
distribution functions determined by the W-entropy and thermodynamic values constructed for GIFs, we define
and show how to compute the Shanon, conditional and relative entropy of such systems. Quantum mechanical
models, QMs, are elaborated for the canonical density matrix and von Neumann entropy as respective quantum
analogues of the statistical density matrix for NES GIFs. We investigate properties of entanglement and gravity
for QGIFs using (and showing how to compute) respective inequalities for relative entropy, mutual information
and the Rényi entropy for classical and quantum geometric thermodynamics and information flows.

In section [ we apply the AFDM and prove the existence of an important decoupling properties and explicit
integrability of nonholonomic geometric flows and Ricci soliton equations for stationary (i.e. depending on
certain space coordinates) NES determined by solitonic configurations of gravitational and matter fields. Such
new classes of solutions are described by generic off-diagonal metrics and generalized connections depending
on all spacetime coordinates and temperature like parameters via general classes of generating functions and
(effective) sources of solitonic configurations of gravity and matter fields. Possible stationary parameterizations
of main geometric objects and matter sources are stated in Table 1.

In section B, we show how exact and parametric solutions can be constructed for flow evolution of stationary
configurations and NES. There are reviewed and cited [19] 20} 21} 25] [33], [34], 135, 24] 26] for details, methods
and examples of other type solutions. We provide Table 2 summarizing the AFDM for generating stationary
solutions for geometric flows of NES and nonholonomic Ricci solitons and off-diagonal solitonic configurations.
The formulas are re-defined for new classes of solutions describing for instance, black hole (BH) nonholonomic/
ellipsoid deformations of horizons by a nontrivial vacuum with a solitonic configuration, or embedding of BH
in Ricci solitonic vacuum and nonvacuum backgrounds with encoding solitonic gravitational and matter field
structures. In explicit form, the AFDM formalism is considered for computing small parametric and generic off—
diagonal deformations of the Kerr solution under solitonic geometric flows and nontrivial solitonic gravitational
and matter field configurations. We emphasize that the thermodynamic properties of such generalized classes
of stationary solitonic solutions can not be described by a Bekenstein-Hawking entropy and respective classical
or quantum generalizations.



G. Perelman W-entropy and main geometric thermodynamic values can be always defined and computed
in explicit form for various classes of solutions in geometric low, MGTs and GR. In section [0l we consider
key steps and provide explicit examples how to compute such values for three classes of generic off-diagonal
solutions stationary solitonic configurations and respective models GIF and QGIF theories. To avoid cum-
bersome formulas we consider special classes of normalization, generating and integration functions. The fist
example is for stationary solitonic generating functions which can be of solitonic or non-solitonic character.
Then, in the second example, we compute G. Perelman’s thermodynamic values for BHs deformed by general
(not introducing small parameters) stationary solitonic generating functions and sources. Finally, the formulas
for such values are considered for small parametric stationary deformations of BH solutions and respective GIF
and QGIF models.

An outlook, conclusions and discussions are presented in section [7

2 Geometric flow equations for nonholonomic Einstein systems

In this section, we provide an introduction to the theory relativistic geometric evolution flows and nonholo-
nomic Einstein systems, NES. The constructions are performed in canonical nonholonomic variables with the
so-called "hat" connections (all correspondingly adapted to non—integrable distributions of geometric/physical
objects) which will allow us to decouple and integrate physically important systems of nonlinear PDEs, see
section @ For geometric details, proofs, examples and constructions with other type variables for geometric
flows and MGTs, we cite [19] 20} 211, 35, 24] and references therein.

2.1 Preliminaries: nonholonomic Lorentz manifolds with 2 + 2 splitting

We consider a pseudo-Riemannian manifold V determined by a metric field g = {gas(u)} with local pseudo-
Euclidean signature (+ + +—) and enabled with a conventional 242 splitting into horizontal (h) and vertical
(v) components defined by a Whitney sum

N: TV = hVauV, (1)

where TV is the tangent bundle A N-—connection structure (I]) is determined locally by a corresponding set
of coefficients N2, when N = N&(u)dz' ® 9,. For any h-v-splitting, we can define N-adapted local bases,

1) A
e, = (e;,€e,), and cobases, e/ = (e',e%), when

e, = (e =0/0x"— NPFOJOY®, eq = 0y = 0/Oy"), (2)
e = (¢ =da' e =dy* + Nfdax'). (3)

In general, such N-adapted bases are nonholonomic because there are satisfied relations of type

[eas 5] = eaes — egeq = W e, (4)
with nontrivial anholonomy coefficients W2, = 8aNZ-b,W]?;- = Qf = e; (N/) — e;(N}). There are encoded
holonomic (integrable) bases if and only if W], = 0. We can elaborate on V and respective (co) tangent

bundles a N—adapted differential and integral calculus and a corresponding variational formalism there are used
N-elongated operators (2) and (@) and introduced additionally a covariant derivative D defined as a metric-
affine connection. All geometric constructions and physical models can be re-defined in terms of distinguished

20n abstract and coordinate indices (we shall underline such indices if order to emphasize that they are for a coordinate base)
we adopt such conventions: The local coordinates are labelled u* = (z*,y®), (in brief, we shall write u = (z,v)), where i, j, ... = 1,2
and a,b,... = 3,4. Cumulative small Greek indices run values «, 3,... = 1,2,3,4, where u* = y* = ¢ is a time like coordinate.
An arbitrary local basis is denoted e® = (e,e®) and the corresponding dual one, co-basis, is written in the form es = (ej, ep).
There are always some nontrivial frame transforms to corresponding coordinate bases, 9, = (9, 9,/) [for instance, 8;; = §/ acci/]7
and cobasis, when eg = Af’(u)aﬂ, and e* = A“O/(u)du“l7 for du®’ = (d:tci,7 dyal)7 are considered as frame (vierbein) transforms.
There are used primed, underlined indices etc. for other type frame/coordinate systems related via respective classes of nonlinear
transforms. It is applied the Einstein summation rule on repeating up—low indices if the contrary will be not stated.



objects (in brief, d—objects) when the coefficients are determined with respect to N-adapted (co) frames and
their tensor productsEf

A manifold (V,N) endowed with a nontrivial structure Wojﬁ @) is called nonholonomic (equivalently,
anholonomic) if it is defined as a union of non-integrable distributions in any point v € V. We call it as a
nonholonomic Lorentz manifold if at least locally such a curved spacetime possess a causal structure like
that for the special relativity theory determined by a local Minkowski metric.

For nonholonomic manifolds, there is a subclass of linear connections which are adapted to the N—connection
structure and called distinguished connections (in brief, d—connections). Such a d-connection D =
(hD,vD) on V preserves under parallel transport the N—connection splitting (II). A general linear connection
D is not adapted to a chosen h-v—decomposition, i.e. it is not a d—connection!q For instance, the Levi-Civita,
LC, connection in GR is not a d—connection. To a d—connection D, we can associate an operator of covariant
derivative, DxY (for a d—vector Y in the direction of a d—vector X). We can compute N—-adapted coefficients
for D = {17 of = (L;k, Ly, C’;C, )} defined with respect to tensor products of N-adapted frames (2) and (3.

For any d—connection D and d-vectors X,Y €TV, the d—torsion, T, the nonmetricity, Q, and the d-—
curvature, R, tensors (in N-adapted forms, they are d—tensors) are defined and computed in standard form,

T(X,Y):=DxY - DyX - [X,Y], Q(X) :=Dxg,R(X,Y := DxDy - DyDx — Dix v}
Such values are defined locally by N—adapted coefficients are correspondingly labeled using h- and v—indices,

T = {Tﬁfaﬁ = (T]valjavT(;zv %iv %c)LQ {Q ﬁ}
R = {R%;= (R R% R hje B B b Bea) b (5)

see explicit formulas in [19] 20, 211, 35 24].
With respect to a dual local coordinate basis du®, any metric tensor g on (V,N) can be parameterized in
a (general) off-diagonal form,

9ij + NZ’GN;’)gab Njegae

— a B —
g= gaﬁ(u)du ® du”, where gaﬁ(u) = Negye o | (6)

with 6 independent coefﬁcientsﬁ Any metric g can be written equivalently as a d-tensor (d—metric)
g = ga(u)e® @ e’ = g;(x)d’ @ da’ + go(z,y)e" @ €, (7)

or, in brief, g = (hg,vg). A metric g (@) with N—coefficients N § 1s generic off-diagonal if the anholonomy
coefficients W(;YB () are not zero.

For any metric field / d—metric g, we can define two important linear connection structures following such
geometric conditions:

o : Vg=0; VT =0, the Levi—Civita connection; (8)
& D: Dg=0; A T=0, vT =0, the canonical d—connection.

The LC—connection V can be introduced without any N—connection structure but the canonical d—connection D
(in a series of our works, it is called also the "hat"- Connectlon) depends generically on a prescribed nonholonomic
h- and v-splitting. In above formulas, AT and oT are respective torsion components of D which vanish on

3For instance, any vector Y (u) € TV can be parameterized as a d-vector, Y = Y%, = Y'e; + Y%,, or Y = (hY,vY), with
RY = {Y'} and vY = {Y“}. Similarly, we can determine and compute the coefficients of d-tensors, N-adapted differential forms,
d—connections, d—spinors etc.

“We do not use boldface symbols for not N-adapted geometric objects.

5 Any symmetric second rank tensor on a 4-d 'V has, in general, 10 independent coefficients but 4 components of a metric tensor
can be always transformed into zero by locall coordinate transform. We can not transform arbitrary geometric data (g, N) into a
diagonal metric in a finite region U C V even a Minkowski metric can be assigned (using frame/coordinate transforms) in a point
u € V.



conventional h- and v—subspaces. Nevertheless, there are nonzero torsion components, hoT. Here we note
that T is defined completely by the coefficients of a d-metric and N-connection (i.e. of respective off-diagonal
metric) structures which is different from the well-known Cartan connection in Riemann-Cartan geometry.

It should be emphasized that all geometric constructions on a V can be performed equivalently with V
and /or D and related via a canonical distorting relation

~

D(g, N| = Vlg] + Z[g, N]. 9)

In this formula, both linear connections and the distorting tensor Z are uniquely determined by data (g,N) as
an algebraic combination of coefficients of T'Yaﬁ. The N-adapted coefficients for D and corresponding torsion,

’f‘wa & Ricci d-tensor, R 8, and Einstein d-tensor, E 8, can be computed in standard form as in the case of LC-
connection V, or any metric-affine connection D (abstract formulas are similar, but the N-adapted coefficients
are different and can be defined only for d-connections). The canonical distortion relation (@) defines respective
distortion relations of the Riemannian, Ricci and Einstein tensors and respective curvature scalars which are
uniquely determined by data (g, N). Any (pseudo) Riemannian geometry can be equivalently formulated using
(g, V) or (g, D). In our partner works [38, 39| (see references therein), we use also generalized Finsler-Lagrange-
Hamilton variables with respective canonical d-connection structures (they can be introduced even in GR but
also in other type MGTs) which is important for elaborating QGIF theories of Lagrange-Hamilton nonlinear
mechanical systems and analogous/ emergent gravity theories.

The canonical d—connection D has a very important role in elaborating the AFDM for constructing exact
and parametric solutions in geometric flow and MGTs. It allows us to decouple the geometric flow evolution
and gravitational and matter field equations with respect to N-adapted frames of reference. This is not possible
if we work only with V and there are very limited possibilities for "pure" Finsler connections (like the Cartan,
Chern, or Berwald d-connections). Constructing certain general classes of solutions for D, we can impose at
the end the condition T = 0 and extract LC—configurations

D~

or to re-define the solutions and respective physical models in certain Lagrange-Hamilton, or almost symplectic,
variables which are more convenient for elaborating and study quantum field theories, quantum mechanical
models and related quantum information theories.

2.2 Hypersurface and (non) relativistic nonholonomic geometric flows

In this work, we consider families of 4-d Lorentz nonholonomic manifolds V(7) determined by metrics
g(7) = g(7,u) of signature (+++—) and N—connections N(7) parameterized by a positive parameter 7,0 < 7 <
To. Any V C V(7) can be enabled with a double nonholonomic 2+2 and 3-+1 splitting, see [19] 20} 211 35 24] for
details on the geometry of spacetimes enabled with such double distributions. The local coordinates are labeled
as on nonholonomic Lorentz manifold when u® = (2%,y%) = (a',u* = t) for i,4,k,... = 1,2; a,b,c,... = 3,4;
and ‘z,j,l\c = 1,2, 3, but dependencies on a temperature like parameter 7 will be emphasized for geometric flow
evolution models. The 341 splitting can be chosen in such a form that any open region U C V is covered by
a family of 3-d spacelike hypersurfaces ét parameterized by a time like parameter ¢

The (non-relativistic) Ricci flow evolution equations were postulated heuristically by R. Hamilton [28] (in
physics, similar equations had been considered by D. Friedan [32] a few years earlier). We write such equations
in the form

99,5
56 = 2 Ry (11)

SThere are two generic different types of geometric flow theories when 1) 7(x) is a re-parametrization of a temperature like
parameter used for labeling 4-d Lorentz spacetime configurations and 2) £(t) is a time like parameter when 3-d spacelike configu-
rations evolve relativistically on a "redefined" time like coordinate. In next sections, we shall study in details only theories of type
1 even a number of formulas and geometric constructions will be presented with a relativistic time/ parameters which can be used
for theories of type 2.



The equations (1)) describe a nonlinear diffusion process for geometric flow evolution of 3-d Riemannian met-
rics!l In modified and normalized forms (see below some more details related to nonholonomic generalizations
and formulas (I7) and (I8))), the Hamilton equations (1) and various nonholonomic deformations can be proven
following a corresponding variational calculus for Perelman’s W- and F—functionals [29, [30] 31].

For self-similar configurations in fixed points, the geometric flows (IIl) are described by the so-called Ricci
soliton equations

R” — )\gij = ij- + V}-Uz, (12)

for A = £1,0 and a vector field v;. The formulas ([I2) consist a variant of Einstein equations with cosmological
constant and a special source determined by vy if the 3-d Riemannian metrics are transformed into pseudo-
Riemannian ones.

2.2.1 Geometric evolution of d-metrics and the Laplace d-operator for 341 splitting

For a region U C V with 242 splitting defined by data (N, g), we consider an additional structure of 3-d
hypersurfaces Z; parameterized by time like coordinate y* = t for coordinates u® = (z%,y*) = (2%,t). The
metric structure can be represented in a d-metric form and/or with 341 splitting,

g = Buop (7—7 u)d eal(T) ® deBI(T) (13)
= ¢(r,2")de’ @ dz' + qs(r, 2", y)e3 (1) @ e3(1) — | GV (7, 2% y9))2et (1) ® e* (7).

In (I3]), there are considered "shift" coeflicients q; = (¢;,q3) related to a 3-d metric q;; = diag(q;) = (¢, q3)
on a hypersurface Z; if q3 = g3 and [ (N ]2 = —g4, where ¢V is the lapse function (our notations are different
from those in [42] when we use a left label ¢ in order to avoid ambiguities with the coefficients N for the
N-connection). The parameter 7 can be of temperature type like in thermodynamic theories or considered as
a time like one when 7 is identified with y* = ct (depending on the type of geometric evolution flow model we
study).

To elaborate on relativistic geometric flows and thermodynamical models we can use a N—adapted 3+1
decomposition for the canonical d—connection, D = (D, !D) and d-metric g := (q, ¢IN) of a 4-d nonholo-
nomic Lorentz manifold V. On closed 3-d spacelike hypersurfaces, both the geometric flow and MGTs can
be formulated in two equivalent forms using the connections |V and/or D when the evolution of geometric
objects are determined by the evolution of the hypersurface metric q and an extension to g. We introduce
the canonical Laplacian d-operator, ‘3 := D D and consider the canonical distortion tensor ,Z. Using
distortions |V = D — Z (which is a 3-d version of the canonical distortion relation (@), we compute

\AZ \Doz |Da: |A+ |Z£

where A = |V, V= V, V< (14)
\Zﬁ = |Zi ‘Zi - [ wDi( wzi) + |Zi( |Di)] = lZa \Za - [ \Da( \Za) + lza( lDa)]§
R = |Ry— Zicy, R, = Rp, — Zicg,
R = R-g" Zicg,= R—q’ Zicy= R- Z,
zZ = gBV Zicg, = qﬁ |Zz’cij. = hZ—i— UZ, h2 =g¥ Zic;j;, UZ = pob Zicyy;
R = wR+ ,R, wR:=g" Ry, ,R="0" Ry

Such values can be computed in explicit form for any class of exact solutions of modified Einstein equations
when a double 2+2 and 3+1 splitting is prescribed and the LC—conditions can be imposed additionally. The
3-d distortion formulas (I4]) are important for defining and computing gravitational thermodynamic values on
space like hypersurfaces.

"This can be found for small deformations of a 3-d Euclidean metric G; = &5+ hyy, with 0,5 = diag[l,1,1] and hy;| < 1,
when the Ricci tensor approximates the Laplace operator A = 33)2 + 1 6?;)2 + ¢ aii)Q and we obtain a linear diffusion equation

if Ry; ~ Ahs.

@



2.2.2 Nonholonomc 3—d hypersurface Perelman’s functionals

C

On a normalized 3-d spacelike closed hypersurface = c V, the normalized version of R. Hamilton equations

can be written in a coordinate basis,
R 2r (O], .2
aﬁqii =-2 | zg + = 5 2]7 q”‘g =0 q [x ] (15)

For these formulas, the left label "c" is used for "compact and closed" regions. We shall prefer to write explicitly
only the dependence on parameter variable ¢ (writing in brief ¢;5(£) = qﬁ(azi,f)) if that will do not result in
ambiguities. The Ricci tensor \sz is computed for the Levi—Civita connection |V of qii(f ) parameterized by a
real variable &, 0 < £ < &, for a differentiable function £(¢) and can be distorted to 3-d nonholonomic canonical
variables. In the standard Riemannian approach, the boundary conditions in (IH) are stated for £ = 0 when a

normalizing factor 7 = f o8 dx3 / f o8 \q da; is introduced in order to preserve the volume of CH,

%
Le. [z /|qi§.|d:i:3.
To generate solutions of (IZ]) for ¢;; C gap with gag considered as a solution of the 4-d (modified) Einstein

equations we have to relate a nontrivial normalizing factor 7 and a respective cosmological constant. The
equation (II]) can be written in any nonholonomlc basis using respective formulas for hypersurface geometric

evolution of frame fields, 856 T = qJ R]k , > when ¢;3(€) = qij(f)eii(f)e} (§) for e;(§) = ¢, (f)(‘}g and €/ (&) =

eji(f)dxi. As in standard Hamilton—Perelman theory, there is a unique solution for such systems of linear

ordinary differential equations, ODEs, for any ¢ € [0,&) and such a solution can be extended for a family of
3-d hypersurfaces.

In nonholonomic variables and for the hypersurface canonical d—connection |f), the Perelman’s functionals
can be written in terms of integrals on families of 3-d hypersurfaces

F= [ e\ Jla;|da’(;R+| Df?), and W= / M, [lg;|da*[€( SR +| !'Df|+]| 'Df)*+ f —6], (16)
= =

where the scaling function f satisfies fgt M |qij|d:273 =1 for M = (47¢) e~/ . The functionals . F and W

transform into standard Perelman functionals on a hypersurface ét if |f) — V. The W-entropy ‘17\/\ is a
Lyapunov type non—decreasing functional and can be considered as an alternative to the Hawking-Bekenstein
entropy for the case of hypersufaces for BHs and various holographic generalizations. Such entropy type func-
tionals can be used for elaborating hypersurface thermodynamic models and computing respective statistical
distribution and energy functionals (we shall consider this in next sections for 4-d configurations).

2.2.3 Nonholonomic Ricci flow equations for 3—d hypersurface metrics

We can consider another type dependencies of geometric objects in formulas (I6) on a smooth parameter
v(§) for which dv/9¢ = —1. For simplicity, we can omit the normalization terms. Elaborating on a variational
N-adapted calculus or using geometric abstract symbolic methods for global constructions on manifolds, we
prove the nonholonomic geometric evolution (modified by nonholonomic distortion) Hamilton equations for any
induced 3—-d metric q and canonical d—connection ‘]/j. We obtain a flow evolution system of PDEs,

aquj = =2 ‘ﬁl} + liicij)’ (17)
Iﬁid = - |2iciizy (18)
df = —(A=7A)f+|(D- Z)f - R- Z

The distortion tensors in these equations are completely determined by Q;;, see formulas (I4]), when

9, Flg, D, f) :2/ o Jlagldi®l| By, + Zie + ( Dy — Z)( D — Z) /P2
CEt
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when the normalizing function f is subjected to the condition that [ = et |q25|d3‘:3 is constant for a fixed &

and f(v(§)) = f($).
The system of nonlinear PDEs (I7) and (18]) is equivalent to (I5) (for self-similar conditions when 9,q,; = 0,

we obtain 3-d Ricci soliton equations) up to certain re—definition of nonholonomic frames and variables. We
have to consider (I8) as additional constraints because in nonholonomic variables the Ricci d-tensor is (in
general) nonsymmetric.

2.2.4 Geometric evolution to nonholonomic 4-d Lorentz configurations

The geometric evolution of 3-d d-metrics embedded into 4-d d-metrics q(£(t)) C g(£(t)) ==
(a(&(t)), ¢N(&(t))) is described by respective generalizations of functionals (I6) resulting in nonholonomic
deformations of the Hamilton equations.

For foliations ét adapted to a N-connection structures and parameterized by a spacetime coordinate t, we
can introduce such 4—d functionals

t2

t2 —~ A~

dt ,N(€) F(a, D, f), and W(q, D, f)= / dt N(€) W(a, D.f(©).

t1

Fla, f),f)Z/

t1
In these relativistic flow formulas, the parameter £ for 3-d Ricci flows is extended as a time like coordinate on
a open region in a 4-d 'V determined by a Lorentzian d-metric g(&), For elaborating alternative models (which
consists the main goals of this work), we can consider additional dependencies on a temperature parameter 7

both for the 3-d and 4-d configurations. Using frame transforms on 4-d nonholonomic Lorentz manifolds, such
values can be re—defined respectively in terms of data (g(7), D(7)). We obtain

£ - t
Fr) = / /A e \/gasldu( *R+ |DF2), Wir) = / /A A/ |gasld ulr(*R+| "DJ] + | D)2 + F -8,
t JE t1 JE
1 ¢ 1 ) (19)
where the scaling function f satisfies fttf Iz, M V/8agldtu =1 for M = (477) "2 eI, In these formulas 7 is a
temperature like parameter describing relativistic evolution of geometric objects and associated thermodynamic
values.

The functionals F (1) and 17\/\(7') for 4-d pseudo-Riemannian metrics are not just static thermodynamic
entropies like in the 3—d Riemannian case. They determine certain relativistic thermo field models with flows
of entropic values on respective temperature like parameter 7 and a time like coordinate £. Nevertheless, they
describe nonlinear general relativistic diffusion type processes if  C g and ‘f) C D are determined by certain
lapse and shift functions as certain solutions of 4-d gravitational equations. The canonical values (I9]) can be
geometrically and physically motivated for any exact/parametric solution in GR or MGT, when the AFDM is
applicable. It is not clear if such functionals are well defined for arbitrary geometric flows of pseudo-Riemannian
metrics.

The systems of nonliner PDEs (I7)) and (I8]) can be generalized to 4-d configurations when the coefficients
are determined by the Ricci d—tensors and distortions contain the left label "1 . Using the hypersurface d-metric
o = 8ag T NaNg, We write

8Ugaﬁ = _2( |ﬁaﬁ + \iicaﬁ) - 8U(nanﬁ)7 (20)
‘f{ia = - |2icm, for fiag with « # .

The term 9, (nanﬁé can be computed in explicit form using formulas for the geometric relativistic evolution of
N-adapted frames

8There are some important formulas on flow evolution on a parameter v € [0,v0) of N-adapted frames in a 4-d nonholonomic
Lorentz manifold computed as e, (v) = ea*(v,u)ds. For N-adapted frame/coordinate transforms, the frame coefficients are

i b a @

- — N (v,u) ey (v,u) e'; =

e o v.u) = €; ('U,U) i ’ b ) ea v.u) = i

a ( bl ) 0 6ag(’U7’U1) bl g( I ) e’L —

ebi = N};(uu) 5f

eag — 6; )

(e} |s93.

a

11



For 4-d configurations with a corresponding re—definition of the scaling function, f — f, and using necessary
type N—adapted distributions, we can construct models of geometric evolution of vacuum gravitational fields
with h— and v—splitting for D,

Ovgij = _2ﬁij7 Ou8ab = —2Roap, (21)
~ ~ o~ ~ ~2 ~
o.f = -Of+Df| - *R

Proofs are possible if we follow a similar calculus to that presented in the proof of Proposition 1.5.3 of [29] but
in N—adapted form.

2.3 Nonholonomic geometric flows and Ricci solitons in canonical variables

We consider a family of Riemannian metrics, 925(7') = 923(7', z*) parameterized by a temperature like
parameter 7 and defined on a 3-d spacelike hypersurface = C V. The Ricci flows of such metrics are described

by standard Hamilton equations
% 5 ) (22)
or AR
where the Ricci tensor Rﬁ is determined by geometric data (gij., V). Rigorous mathematical results on such
systems of PDEs and related applications for the proof of the Thurston-Poincaré conjecture can be found in
[28] 27, 29, [30], 31].
The normalizing function in (25) can be chosen in such a form that for self-similar configurations with a
fixed evolution parameter 7y such PDEs transform into modified Einstein equations (24)) for NES. In h- and
v—split components, such equations are written

Rij = Yij; Ry = Yap; Ris = Rai = 0; R = Rji; Rop = Ryg.

In geometric flow theory, such equations are called as (nonholonomic) Ricci solitons if they are of type (I2]) but
for the canonical d-connection and another type fixing of the evolution parameter,

f{aﬁ —Agupg = f)aVB + f)gva. (23)

Such systems of nonlinear PDEs are determined by some geometric data (g, N,f)) and a cosmological constant
A and d-vector field v, (u).

The gravitational field equations for nonholonomic Einstein systems, NES, can be written in similar forms
to the nonholonomic Ricci soliton equations in canonical variables,

~ ~

Rog = Yop. (24)

Such equations transform into the standard Einstein equation in GR if there are imposed additional nonholo-
nomic constraints, or found some smooth limits, for extracting LC—configurations, D|7A_:0 =V, when Tyaﬁ =0

and the sources '/I\‘ag are constructed as in standard particle physics but with distortions of linear connections
[@). Here we note that a nonholonomic vacuum Einstein space is characterized by a more rich geometric struc-
ture which can be with generic off-diagonal and locally anisotropic interactions, encoding nonlinear evolution
scenarios etc.

In ([24)), there are considered effective and matter fields sources of type '/I\‘W = e'/I\“W + m'/I\‘H,,, where
e'/f‘“,, are effective sources determined by distortions of the linear connections and effective Lagrangians for
gravitational fields in MGTs [43] 22], 20} 211, 35 24]. Such a source is not zero even in GR if there are nonzero

when the h- and v- components of a d-metric evolve as g;;(v) = e,%(v,u) ejl(v7 u)nij and gap(v) = ea (v, u) ebb(v7 ) Nqp. For local
parameterizations of Minkowski type with n;; = diag[+,+] and na = diag[+, —] corresponding to the chosen signature of gf};(u)7

we have the evolution equations %eag = gof ﬁ,gw e,

12



distortions (@) from D to V. The source for matter field, m'f,w, can be constructed using a N-adapted
variational calculus for ™L(g,D, Acp), when

< -~ 1 -~ 1
"X =2 "Ty — 58w "T) = (" T — 8 T

for [coefficients of D] — [coefficients of V] even, in general, D # V. In such formulas, we consider ™T =

gh” m’/I\‘W for m’fag = _\/|2 |5(” |§g;|ﬁ "5 n this work, we shall consider only ™L = ¢£(g,f), ®)
Suv
determined by a scalar field ¢(x,u) and/or geometric evolution of scalar fields ¢(7) = ¢(7,2,u), when ™Tyg =
ST,
B.

The geometric flow equations (22)) can be generalized for 4-d Lorentzian metrics describing modified Ricci
flows of NES. In N-adapted from and for the canonical d-connection, such equations are written in the form

0gi; . = O8ab D - .

a = -2 (Rm - Tz]) 87_ =2 (Rab - Tab) ) (25)
R, = Rm- =0; R R i Rap = Ry

o, f = R+, (26)

where [/j(T) = f)O‘(T) ﬁa(T) is used for the geometric flows of the d’Alambert operator and sources 'fag (r) =
[Y‘ij(T), Yo (7)] are constructed as for (24]) but for d-metrics and respective geometric objects with 7-parameter
dependence. A normalization function f(T, u) has to be introduced for proofs of such systems of nonlinear PDEs
from certain nonholonomically generalized F- and W-functionals (see next section and [I8] 19, 20| 21]). Various
classes of exact and parametric solutions describing geometric flow evolution of off-diagonal stationary and
cosmological configurations can be described using the AFDM [33] [34], [35] 24], 26].

We emphasize that all systems of PDEs for geometric and physical models on V can be expressed in dif-
ferent equivalent forms using different geometric data (g,N,V) < (g, N,f)) < (g,N, D), involving respective
distortion relations. Certain classes of nonholonomic variables (geometric data) are convenient, for instance,
for elaborating canonical methods of quantization, other type ones can be useful for finding exact solutions.
In this work, we shall give priority to D because such a formalism allows us to encode directly into geometric
flow and information theories various classes of generic off-diagonal solutions.

2.4 G. Perelman functionals and geometric thermodynamic models for gravity

The aim of this subsection is to define nonholonomic canonical modifications of the F- and W-functionals
[27] which allow us to prove the nonholonomic geometric flow equations (25]). The W-entropy will be used for
constructing an associated statistical thermodynamic model for geometric flows of NES.

2.4.1 F- and W-functionals for nonholonomic Einstein systems

G. Perelman entropic like functionals can be postulated using different types of nonholonomic variables
with conventional 2+2 and 341 decomposition of dimensions or double fibration splitting [19] 20, 21].
In nonholonomic canonical variables, the relativistic versions of G. Perelman functionals are postulated

F = / (4rr)"2eL\/|gldu( ;R + |DFP?) and (27)
W = /u\/lg dhulr( B+ | i DF|+| DI+ T4 (28)
where the normalizing function f (T u) is subJected to the conditions [ fi/|g| |d*u = =, i+/|gld*u = 1, for

a classical integration measure i = (4777') e=7 and the Ricci scalar 4R is taken for the Ricci d-tensor Rag of
a d-connection D.

13



Applying a N-adapted variational calculus on g,g (27) or ([28) (see similar details in [19] 20} 21] and, for
Riemannian configurations, in [29, [30 31]), we can prove the geometric flow evolution equations (23] for NES.
Here we note that the functional W ([28) defines a nonholonomic canonical and relativistic generalizations of
so-called W-entropy introduced in [27]. Various types of 4-d - 10-d W—-entropies and associated statistical and
quantum thermodynamics values are used for elaborating models of classical and (commutative and noncommu-
tative/ supersymmetric) quantum geometric flows and geometric information flows, see [36] 37 18| 19, 20, 21]
and our partner works [38] [39] 40].

2.4.2 Thermodynamic models for (modified) Einstein geometric flows

A geometric flow evolution of NES can be characterized by analogous thermodynamic models. Respective
geometric and statistical thermodynamic values can be defined in nonholonomic canonical variables (with hats,
which is different from tilde, underlined and other type variables used for GIF and QGIF theories in partner
works [24, [38, 39]) B

We associate to (28]) a respective thermodynamic generating functions defined in canonical variables

Zlg(r)] = / (4rr)2e T /Tgld u(—F + 2), for V. (29)

Such values are with functional dependence on g(7) (we shall not write this in explicit forms if it do not result
in ambiguities). A density state defined as in footnote @is a functional 7[g(7)] = Z Le~PE. We can consider
also the geometric evolution densities p[ 1g| and p'[ 1g], where the left label 1 is used in order to distinguish
two d-metrics g and 1g.

Using (29) and (28)) and respective 341 parameterizations of d-metrics (see formulas in the last footnote
and ([3) with a time like coordinate y* = t and temperature like evolution parameter 7), we define and compute
analogous thermodynamic values for geometric evolution flows of NES,

~ " IO

E = —1? /(4777)_2€_f 1g2a3(¢N)[6"u( SR+ DS — =) (30)
S = — /(471"7’)_26_f |q1q2q3(qN)|54u [7’ ( R+ |f)/\|2> + ]?— 4} )

R P ~ ~ o~ o~ 1

7= —27’4/(47T7') ‘el /lngaas(yN)[0"ul| Rag + Do Dsf — —gasl’]

where 6%u contains N-elongated differentials in order to compute such integrals in N-adapted forms. Using such
values, we can compute in canonical variables the respective free energy and relative entropy,

F(18)=8(18) — 57'S(1g) and S(1g 1 g) = BIF(18) — F(g)], where

~ n ~ ~ 2
2 -2 - 4 2
£(1g8) = —7 /(4777) e\ lana2as(oN)[6*ul JR(18) + [D(18)f(7,0)]” — pt (31)
Stig) = - [T flngas N)is'u 7 (LBCig) + DOm0 + fir) - 4].
9 Let us remember some most important concepts and formulas from statistical thermodynamics. A partition function Z =
J exp(—BE)dw(E) is considered for a canonical ensemble at temperature 7' = T and a measure w(E) as density of states.
In standard form, there are computed such canonical values: average flow energy, & = (FE) := —0dlogZ/98; flow entropy,

S := B(E) +log Z; flow fluctuation, n := ((E — (E))2> = 0%log Z/0p3.

A partition function (equivalently, thermodynamic generating function) Z allows us to define a conventional state density
(for quantum models, a density matriz) o(B,E) = Z7'e PP The relative entropy between two state densities p and o is
defined /computed

S(pio) = —S(p)+ / (BE+1og Z)pdw(E) = BIE(p) — TS(p)] + log Z.

In this formula, the average energy is computed for the density matrix p, £(p) = [ Epdw(E), and the formula log o = —BE—log Z
is used. We define the free energy using formula F(p) := E(p) — TS(p). If log Z is independent on p, we get S(o 11 o) = 0 and
S(pno) = B[F(p) — F(o)]. Elaborating geometric flow evolution and analogous thermodynamics systems, we consider that under
evolution it is preserved the thermal equilibrium at temperature 8 with maps of density states p — p’ keeping the same density
state 0. Such systems are characterized by inequalities S(p 11 ) > S(p’' 11 o), and F(p) > F(p').
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Finally, we conclude that generating functions (29) and respective thermodynamical values ([B0) can be
written equivalently in terms of the canonical d—connections D and/or for an another type D if we consider
nonholonomic deformations to certain systems of nonlinear PDEs on V.

3 Classical and quantum geometric information flows and gravity

We formulate the theory of (quantum) geometric information flows (respectively, GIFs and QGIFs) and
nonholonomic Einstein systems, NES.

3.1 The geometric information flow theory of nonholonomic Einstein systems

We consider for QGIGs and NES the basic aspects of classical information theory with fundamental concepts
of Shannon@, conditional and relative entropies and applications in modern physics, see [1I, 2 44], [45] [46] and
references therein. There are used the W-entropy functional (28)) and the associated thermodynamical models
elaborated in section and partner works [38] 39].

For classical GIFs and NES, the canonical thermodynamic values are determined by data [)7\/\, z , 3 , S , 77]

see ([28) and ([B0). We can introduce probabilities on a discrete network with random variables, for instance,

~

Pn = 27 E(bn) | Continuous GIF models encoding geometric evolution of NES in canonical covariant variables

are characterized by the thermodynamic entropy S|g(7)] and/or the W-entropy W\[g(T)] [28) and certain
constructions without statistical thermodynamics values. NES under canonical geometric evolution flows are
denoted in general form as B=28 [g(7)]; such systems are determined by flows of corresponding canonical
d-metrics on nonholonomic Lorentz spacetimes.

Now, let us consider how to construct models of information thermodynamics determined by geometric
flows of NES[H] Conventionally, we work with two such GIFs and NES, A = A[g(7)] and B = B[ 1g(7)].
To study conditional GIFs of gravitational systems we shall use geometric flow models on V ® V when the
local coordinates are (u, ju) and the normalizing functions are of type Agf(u, 1u). A d-metric structure
on such tensor products of nonholonomic Lorentz manifolds can be parameterized in the form spg = {g =
[q1,92,93,¢ N, 18 = [ 1¢1, 192, 193,14 N]}. Respectively, we can define, for instance, a canonical d-connection

4D = 4D+ gD and corresponding scalar curvature sapR = Sﬁ + s1R.

OLet B is a random variable taking certain values by, b, ..., bk, for instance, as a long message of symbols /N > 1 containing

different k letters. The respective probabilities to observe such values are denoted pi,ps, ..., pr. The Shannon entropy is defined
E k

Sp:=—> pjlogp; >0 for > p; =1, when NSp is the number of bits of information which can be extracted from a message
Jj=1 - - j=1 -

with IV symbols. One could be correlations between letters for a more complex random process. In the "ideal gaze" limit (ignoring
correlations), we approximate the entropy of a long message to be N.S with the entropy S for a message consisting of only one
letter. For a statistical thermodynamical model and a classical Hamiltonian H, we determin the probability of a i-th symbol b;
via formula p; = 27H®2),

HTet us remember some basic concepts from the classical information theory. We consider a message with many letters when
any letter is a random variable X taking possible values x1, ..., ;. A receiver get a random variable Y defined by letters yi, ..., yr.
The goal is to compute how many bits of information a receiver will obtain form a message with N letters (with random variables
X,Y,Z,...). For one variable, the probability to observe X = x; is denoted Px(x;) for >, Px(x;) = 1. A sender and a receiver
communicate via a random process of two variables defined by a joint distribution Px,y (x;,y;) as the probabilities, respectively,
to send is X = x; and to hear is Y = y;. Py (y;) =3, Px,v(s,;) is the probability to receive Y = y; when summation is taken
Px y (z4,95)

over all choices that could be send. By definition, the conditional probability Px |y (xily;) := y2ven
== fl

is a value characterizing
receiving Y = y;. We estimate the probability that it was sent x;. For receiver’s messages,
Px(zi) = >_; Px,y(wi,y;) or we can consider Px (i) as an independent probability density.

There are defined such important values: Sx|y=y, = = >_; Px|v(xily;) log Px|y (zi|y;) is the Shanon entropy of the conditional
probability; Sxy := =37, ; Px,v (@i, y;)log Px v (i, y;) is the entropy of the joint distribution;
Sy = — ZLZ Px v (x4, yi)iog Py (y;) is the total received information content; Sx = — ZLZ Px v (wi,y;) log Px(x;) is the total
sent information content. Using such formulas, the conditional entropy is by definition Sxy = 3, Py (y;)Sx|v=y; = S(X[Y) =

Sxy — Sy > 0. The mutual information between X and Y is defined I(X;Y):= Sx — Sxy + Sy > 0 which is a measure of how
much we learn about X observing Y.
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The canonical thermodynamic GIF and NES entropies for respective systems are S[A] and S[B] being
respectively defined by g(7) and 1g(7) as in ([B0). They can be considered as analogs of Sx and Sy used in
the last footnote. As an analog of Sxy for GIFs, we introduce the thermodynamic generating function (as a
generalization of (29)]))

ABZ[g(1), 18(1)] = / 1/(4777)_46_ ABJ?\/E\/’ 1g|d*u d* yu(— apf +8), for Ve V. (32)

This results in a GIF NES canonical thermodynamic entropy function

~

asS=8[A,B] = — / 1/(47TT)_4€_ ABf\/!qumg(qN)\\/! 11 102 193(1N)|6%u 6* qu
[T ( 5§+ slﬁ-l-’ f) ABf—i— 1f) ABﬂ2> + AB]?_ 8] . (33)

Using these values, we claim (proofs can be performed in any point of respective causal curves on Lorentz
manifolds) that the formulas for the conditional entropy and mutual information are respectively generalized

for GIFs of NES,

~ ~

S [A|B]:= 4pS— S[B]>0and J [A;B]:= S[A] — 4pS + S[B] > 0.

Similar claims can be formulated for the W-entropy W\[g(T)] 28)),
W [A|B] = apW — W[B] >0and J [A;B] = W[A] — 4pW + W[B] > 0.

These formulas can be are computed respectively for the W—entropy instead of the S-entropy used in the
standard probability theory and generalizations in information theory.

We can define and calculate the relative entropy S and mutual information I between two distributions
following definitions of the standard probability and information theor,

S(Px||Qx) =" Pxy(wi,y;)[log Pxy (s, y;) — log(Px () Py (y5))] = Sx — Sxy + Sy = I(X;Y);

i7j

S(Pxyl|l@xy) :=Sx —Sxy + Sy =I(X;Y);
S(Pxyz||Q@xy,z) = Sxy —Sxvz —Syz =1(X;YZ).

Such values are subjected to important inequalities

I(X;Y):=Sx + Sy — Sxy > 0, subadditivity of entropy ;
S(Pxyl||@Q@xy) > S(Px||Qx),S(Pxyz||Q@xy.z) > S(Px,y||@x,y), monotonicity of relative entropy.

2For convenience, we remember some basic formulas on relative entropy and mutual information which are necessary for
considerations in this paper. In this paragraph, we do not use "hats" on respective symbols because such values can be defined
in general form not obligatory encoding canonical nonholonomic variables. The relative entropy is introduced for two probability
distributions Px and @Qx. Considering X = z;, with i= {1, 2,...s}, we state p; = Px(z;) and ¢; = @x (x;) for some long messages
with N letters. Our goal is to decide which distribution describes a random process more realistically. Let us define the relative
entropy per observation S(Px||Qx) := >, pi(logp; —logq:) > 1 under the assumption that NS(Px||Qx) > 1. This value is
asymmetric both on Px and @Qx and measures the difference between these two probability distributions (it is considered that Px
is for the correct answer and @ x is taken as an initial hypothesis).

At the next step, we can consider a pair of random variables X and Y and respective two probability distributions. The fist
one is taken as a possible correlated joint distribution Px,y(zs,y;) and Px () == 32, Px,v (21, ¥5), Py (y;) == 22, Px,v (1, 5)-

We also use a second probability distribution Qx,v(zs,y;) = Px(z:) Py (y;) defined in a form ignoring correlations be-
tween X and Y. In general, Qx,y(zs;,y;) can be with correlations of type Qx(z:) := Zj Qx,y(zi,y5). We can intro-
duce three random variables X,Y,Z described by a joint probability distribution and related values, Px,y,z(xi,y;,2x) and
Px(xi) == 32,  Px.viz(%i, Y5, %), Pr.z(y;, 2) = >, Px,v,z(2i,Y;,2k). Ignoring the correlations between X and YZ, we de-
fine Qx,v,z(%:,yj,2x) = Px(%:)Py,z(yj,2x). Other type values can be defined for observation of the subsystem XY, when
Px v (i, 95) = 324 Pxv,z(2i, Y5, 26), Qx,v (24, Y5) = 2 Qx,v,2(%i, Y5, 26) = Px (2:) Py (y;)-
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For three random variables, we can introduce also the concepts and condition of strong subadditivity
Sx —Sxvz —Svz 2 Sx — Sxy + Sy, or Sxy + Syz > Sy + Sxvz,

which is equivalent for the condition of monotonity of mutual information I(X;Y Z) > I(X;Y).
Above definitions and formulas for S and I can be generalized respectively for the relative entropy and
mutual information of GIFs and NES. Proofs can be performed for causal lines and nonholonomic variables

generated by some thermodynamic generating functions 4Z := Z[ g(7)] and pZ = 1Z[ 1g(7)], see 29),
as analogs of certain values p; = Px(x;) and ¢; = Qx(z;). We can consider GIFs of three NES A, B and
C and prove using standard methods in any point of causal curves and applying explicit integral N-adapted

calculations on V ® V ® V that
[A] — ABS + S| [E] > 0, subadditivity of entropy;
[AZ|| 4Z2],8 [ aBcZ|| acZ] > 8 | aZ|| apZ], monotonicity of relative entropy.

The conditions of strong subadditivity for GIFs and NES entropies are stated by formulas
A8 — aBcS — BeS = AS — apS+ BS, or apS+ pcS > BS+ apcS.
In equivalent form, these formulas can be written as the condition of monotonicity of GIFs and NES mutual
information, J [A; BC] > J [A; B].
The inequalities claimed above can be proven for any point along causal curves on V. For three systems,
there are involved thermodynamic generating functions generalizing (29)) in the form,

AscZlg(r), 18(7), 2g(r)] = / 1 / ) / (4rr) S a5ef Mgl Tiglv] agld e d* 1u d* pu
(— apcf+6), fr VaVaV, (34)

with a normalizing function ABcf( u, 1u, 2u). On such tensor products of nonholonomic Lorentz manifolds,
the d—metric structure is ABCS — {g = [ql,QQ,q3,q N], 18 = [ 1491, 1492, 1Q3,1q N], 28 = [ 241, 292, 2q372q N]}
We can define a canonical d—connection 4 Bcf) =D + Bf) + cf) and respective scalar curvature ¢4 Bcé =
8§ + Slﬁ + SQR The resulting entropy function

ABC§ = §[2 l§ C’ / / / (4mT)™ e ABCf\/|g V] 18V 28] d4u d* qu d* qu
[T ( R+ aR+ oR+|D apcf+ 1D apcf+ oD ascfl ) + apcf - 12] . (35)

Similar formulas are considered for relativistic mechanical QGIFs in our partner works [38] 39).

3.2 Density matrix for quantum geometric information and gravitational flows

The goal of this subsection is to study how GIFs of NES can be generalized using basic concepts of QM and
information theory. We shall elaborate on QGIFs described in terms of density matrices defined as quantum
analogs of state densities of type o[g(7)] = Z~ e PF with Z[g(7)] E9).

Let us consider a thermodynamical model A= [17\/\7 zZ , g , S, , ﬁ] @B0). In any point u € V along a causal

curve covering an open region with such points, we associate a typical Hilbert space H A- A state vector
Yu € H A is an infinite dimensional complex vector function. In quantum information theory, such a value is
approximated to a vector in complex spaces of finite dimension. A vector 94 is a solution of the Schréodinger
equation with as a well-defined quantum version of a canonical Hamiltonian H A, see details in [1, 2] and, for
nonholonomic systems, [38 [39].

For QGIFs of NES, the combined Hilbert space is defined as a tensor product, HAB = HA ® ’HB, with an
associate Hilbert space H A considered for a complementary system A. The state vectors for a combined system
are written Yug = Y4 QY € ’HAB for ¢ 4 = 14 taken as the unity. A pure state ¢ 453 € HAB may be not only
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a tensor product of complex vectors. A quantum system under geometric flow evolution can be also entangled
and represented by a matrix of dimension N x M if dim H 4 =N and dim 7/-[\3 = M (we underline symbols for
dimensions in order to avoid ambiguities with the N-connection symbol N). A Schmidt decomposition can be
performed for a pure state function,

YA = Z VP ® v, (36)

for any index ¢ = 1,2, ....(up to a finite value). We can consider that a state vector 1/)%4 which is orthonormal if
< ¢f4, Qﬁf—A >=< 1/)%, ¢% >= 0%, where 6% is the Kronecker symbol. Considering pi >0and ), p; =1, we treat
p; as probabilities. In general, such ¢f4 and /or 1/)%3 do not define bases of 7 4 and/or 7/-[\5.

We define the quantum density matrix for a QGIF of NES A as 4 := > Palty >< ®95| as a Hermitian
and positive semi-definite operator with trace Try ,p.4 = 1. The hat symbol is used in order to emphasize that
the constructions are associated to canonical nonholonomic variables and respective gravitational systems.

This allows us to compute the expectation value of any operator O 4 characterizing additionally such a
system,

< O>as = <vasl O®lslvas >= 3 b0 <valOWy >< vhllalvy >=

)

<O>4 = > pi<vy| Oaltty >=Try, paOa. (37)

i

Here we note that for arbitrary nonholonomic frame transforms and deformations of d-connection, we can
consider a general covariant form when < O > 4= Try , pAO 4, or other type nonholonomic variables with tilde
(for mechanical like variables) are considered, see [38] [39].

To model both quantum information and geometric flow evolution of bipartite systems we consider GIF
and NES of type le\ l§ and A B. Such quantum systems are with both quantum and geometric entanglement
defined by density matrices. In general form, bipartite QGIFs and NES are described by quantum density
matrices of type p AB. Considering ABasa bipartite quantum system with Hilbert space H AB, We can
define and parameterize a QGIF NES density matrix:

pas= > Pawla>a®b>p a<d|® g<l|
a,a’ b)Y

where |a >4, a = 1,2,...,n is an orthonormal basis of H4 and |b >, b = 1,2,...,m is an orthonormal basis of
Hp. R
A measurement of the QGIFs and NES 7 is characterized by a reduced density matriz

pa=Trus pas= > Paawla>a a<d| for|b>p g<b =1
a,a’,bb

In a similar form, we can define and compute pg = Ty, p.as. Using above introduced concepts and formulas,
we can elaborate on QGIF models formulated in canonical variables or in a general covariant form.

Let us analyze the properties of quantum density matrix and von Neumann entropy for QGIFs and NES.
For such systems, the quantum density matrix o 45 for a state density o[g(7)] = Z-1¢7PE can be defined and
computed using formulas ([37). We obtain

<TG >aB=< $aB[0 ® 1plthas >= Y pi < YL[510% >< villsliy >=

i

TAB

Ga = <O>a= > pi <Pyl >=Tru,pac. (38)

)

13n classical theory of probability, a bipartite system XY by a joint probability distribution Px .y (z, yj), where Px(x;) 1=
> Pxy (@i, ).
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The density matrix p4 is taken for computing the density matrix 4. The values (38) are determined by
a state density of the thermodynamical model for GIFs of a classical NES determined by . We can work
with quantum density matrices 045, 04 = Try, 048 and o = Try ,045. Such formulas can be written in
respective coefficient forms

OAB = Z 3%/@1’Q>A®’b>3 A<Q”® B<b/’ and o4 = Z 8%/@‘Q>A A<Q,‘.

a,a’ b a,a’,bb

We conclude that QGIFs of NES can be characterized by quantum analogs of entropy values used for
classical geometric flows. Such values can be computed using formulas of type (B8] for classical conditional and
mutual entropy, see details for GIFs and in information theory [I}, 2, [38]. For instance,

—

Was = Traul( Ga8)(asW)] and Wa = Trag, [(54)( aWV)], Wi = Tragsl( 55)( 5W)];
oSas = Triuul(5a8)( aS)] and (S =Try,[(54)( 4S)), ¢Sp = Trasl( 55)( 8S))-

Such values describe additional entropic properties of quantum NES with rich geometric structure under QGIFs.
Let us consider quantum generalizations of the concept of W- and thermodynamic entropy of GIFs of NES.
We describe such systems in standard QM form for the von Neumann entropy determined by o4 (38) as a

probability distribution,
¢S(T4):=Tr oalog G4. (39)

We can consider generalizations of this concept of quantum entropy for ABand C systems, respectively,
S(Gas) :=Tr Gaglog Gap and ,S(G4) :=Tr G4log o4, S(05) :=Tr Gglog 5p.

The von Neumann entropy for QGIFs of NES, q§ ( G.4), has a purifying property not existing for classical
analogs. For instance, considering bipartite systems Y45 =), \/Ezﬁil @iy and 54 1=, p£|¢f4 >R < ¢f4|,
we compute

Ga= DY Gagmpr A<l ><@llla>a Fa= Y D Guwwpn 5 < |V >< @b >5 .
a,a’bb k a,a’,bb k
R (40)
Using ,S( d4) B9) and respective formulas ([B8) and ([@0) for classical conditional and mutual entropy
considered for GIFs and NES and in information theory, there are defined and computed respectively

—~

Nas = Triul(6a5)( asW)] and Wi = Try [(5.4)( V)], V5 = Tragl( 58)( 5W));
|

~

Sas = Trisl(548)( aS)] and (Sa=Try,[(54)( aS)], ¢Ss = Trysl( 58)( 5S)

Such values describe complimentary entropic properties of quantum NES systems with rich geometric structure
under quantum GIF evolution.

3.3 Geometric flows of nonholonomic Einstein systems with entanglement

We study entanglement of QGIFs and NES using the notion of bipartite entanglement introduced for pure
states and density matrices in description of finite-dimensional QM systems [1} 2 12} [13]. For thermodynamic
and QM analogs of gravitational GIFs, we consider a series of relevant entropic values related to G. Perelman’s
W-entropy. A set of inequalities involving GIFs, NES, and entanglement entropies playing a crucial role in
definition and description of such systems will be formulated.

19



3.3.1 Bipartite entanglement for quantum geometric information flows and gravity

For a NES and various type MGTs, we can consider various canonical, (relativistic) mechanic, continuous
or lattice models of QFT, thermofield theory, QGIF models etc. A QM model can be characterized by a pure
ground state \\II > for a total Hilbert space t’H In this section, "hat" variables are used for all types of classical
and quantum thermodynamic systems described in canonical nonholonomic variables. The density matrix

=0 >< ¥ (41)
can be normalized following the conditions < \II\\II >=1 and total trace ¢tr( ¢p) = 1. We suppose that such a
total quantum system is divided into a two subsystems A and B associated to some analogous GIF and NES
thermodynamic models. For instance, A(g) = [W(g), g(g),g(g),g(g),ﬁ(g)} (30) is determined by canonical
functionals on a d-metric g. Similarly, a second subsystem is generated by a d-metric ;g and respective
B(.g) = W\( 18): Z(18),E( 18),S( 18), 7( 1g)] . We can elaborate on models with the same g but with A

and ZE associated to different causal regions of a nonholonomic Lorentz spacetime V. Two subsystems A and
B = A are complimentary to each other if there is a common boundary A = 0B of codimension 2 and when

the non-singular flow evolution A transforms into a necessary analytic class of flows on A. For such bipartite
NES and QGIFs, we define t’H HAB = HA ® 7—[3

We introduce the measure of entanglement of a QGIF and NES as the von Neumann entropy q§ B9)
but defined for the above considered total reduced density matrix p4 = Try,( ¢p). For such canonical
nonholonomic systems, it is possible to define and compute the entanglement entropy of A as

4S(pa) :=Tr( pa logpa), (42)

when  p4 is associated to a state density of type p(8, £.,g) = plg(r)] = Z e PE with Z[g(r)] @J). We
note that the total entropy ;S = 0 for a pure grand state (41]) associated to V.

3.3.2 Separable and entangled gravitational and quantum geometric information flows

We can extend for NES in canonical nonholonomic variables the concepts were introduced for QGIFs in our
partner works [38] [39] (those papers are based on analogous thermodynamic models standard constructions
in quantum information theory [Il 2, 12 [I3]). Let us consider {|a >4;a = 1,2,..k,} € ﬁA and {|b >p;b =
1,2, .. .kp} € 7/-[\3 as orthonormal bases when a pure total ground state is parameterized in the form

@ >=> " Cula >4 &[b>s, (43)
ab
where éa_b is a complex matrix of dimension dim H A X dim 7/-\[3. If such coefficients factorize, Aab = AE AQ, there

are defined separable ground states (equivalently, pure product states), when

U >=|U4 > ®|Ug >, for [Ty >= Zaglg >4 and [Up >= Z@IQ >5.
a

The entanglement entropy vanishes, q§ ( pa) = 0, if and only if the pure ground state is separable (we omit
the label t as total considering that such quantum systems may involve bi- or multi-partition and respective
total spaces). For NES and QGIFs, such definitions are motivated because all sub-systems are described by an
effective thermodynamlcs energy, A(S' and 55 as in (30). Similar values can be defined and computed for a

W-entropy Wig(r)] E5). X o
We say that a ground state |¥ > (@3] is entangled (inseparable ) if Cq # CoCp. For such a state, the

entanglement entropy is positive, q§ ( pa) :> 0. Contrary, certain QGIF and NES are considered un-physical.
Using quantum Schmidt decompositions (B6l), we can prove for any point along a causal curve on V that

min(a,b)
Z palogpg and ¢8| ax = logmin(a, b) for Zpg =1 and p, = 1/min(a,b),Va.  (44)
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It should be noted that such quantum entropy is associated to a thermodynamic model for geometric/ infor-
mation flows and not directly for a curved spacetime and possible geometric evolution. Nevertheless, d-metrics
can be used for elaborating on causal physical states defined along timelike curves and respective 3+1 splitting.

An entangled state of NES and QGIFs is a superposition of several quantum states associated to respective
GIFs of gravitational systems. This means that an observer having access only to a quantum subsystem A will
find him/ herself in a mixed state when the total ground state |\/I} > is entangled following such conditions:
\\Tl >: separable <— p4 : pure state, or ]\T/ >: entangled <— p4 : mixed state.

We conclude that the von Neumann entanglement entropy for QGIF and NES qt§ ( pa) @2) encodes four
types of information data: 1) how the geometric evolution in canonical nonholonomic variables is quantum
flow correlated; 2) how much a given QGIF canonical nonholonomic state differs from a separable associated
QM state; 3) how NES, or other type MGT models, are subjected to quantum flow evolution; and 4) in which
forms such GIFs and NES are modelled in canonical nonholonomic variables. A maximum value of quantum
correlations is reached when a given QGIF NES state is a superposition of all possible quantum states with an
equal weight. Such constructions are derived for associated thermodynamic models. There are also additional
GIF and NES properties which are characterized by the W-entropy, w ([28)), and thermodynamic entropy, S
B0), which can be computed in certain quasi-classical QM limits for a 3+1 splitting and along a time like
curve, see similar constructions in [41].

3.3.3 Thermofield double states for gravity and geometric information flows

In our works [24 38, [39], we consider an evolution parameter 3 = T~! is treated as temperature similarly
to G. Perelman’s approach [27]. This allows us to elaborate on GIF and NES theories as relativistic classical
and /or quantum thermofield models. A nontrivial example with entanglement and a thermofield double state
is defined by a ground state (43]) parameterized in the form

U >=Z72% e PPk > 4 wlk >5, (45)
k

for a partition function Z = > e PEr/2 Such values are associated to the thermodynamic generating function
k

Z [g(7)] @9) and state density matrix p(3,€ ,g) = plg(r)] = Z e PE. Values of energy &4 = {EL} is con-
sidered quantized with a discrete spectrum for a QGIF and NES A= [17\/\7 zZ , ) , S ,n] B0). The thermodynamic
values are computed via integrals and measures determine by g(7) and canonical nonholonomic variables. We
compute the density matrix for such a thermofield subsystem determining a Gibbs state,

pa=2" DN e PP s 0 <kl =271 e Pea.
k

In above formulas, we consider & as a (modular) Hamiltonian &4 such that &4|k > 4= Eplk >4 .
Thermoﬁeld double states are certain entanglement purifications of thermal states with Boltzmann weight

pe = Z71 3] e PBe. Transferring state vectors {|k >z} from H 4 to Hp, we can purify A in the extended Hilbert
k

space H A® ’HB So, every expectation of local operators in A can be represented using the thermofield double

state |\I’ > (43) of the total system AUB. The entanglement entropy can be treated as a measure of the thermal

entropy of the subsystem _A
S(pa) = —tralpa(—BEa —log Z)] = B(< Ea > — Fa).

In this formula, F 1= —log Z is the thermal free energy. R
For thermofield values, we omit the label "q" considered, for instance, for »S( pa) [@2). Here it should be

noted that thermofield GIF and NES configurations are also characterized by W-entropy w ([28]), see examples
how to compute such values for the gravitational configurations generated by the AFDM in [19].
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3.4 Inequalities for entropies of NES QGIFs

We study certain important inequalities and properties of the entanglement entropy (42) using the density
matrix pag = Try,( ¢+p). Proofs with entanglement entropy are similar to those presented in [47]. Concerning
geometric analysis technique [27) 29] [30, B1], we refer readers to generalizations for nonholonomic manifolds
and applications in modern in modern gravity and particle physics theories in [19, 20} 24].

3.4.1 (Strong) subadditivity of entangled NES systems

There are three important properties of QGIFs and NES related to strong subadditivity property of entan-
glement and Perelman’s entropies.

Entanglement entropy for complementary QGIF and gravitational subsystems:  If B= .%T, we have such
a condition for entropies ¢S4 = ¢Sz, which can be proven using formulas (4] for a pure ground state

wave function. Similar equalities for the W-entropy w [28)) and/or thermodynamic entropy S B0) can be
proven if we use the same d-metric g and respective normalization on A and A. For quantum models of GIF

thermodynamic systems, q§ A F qgg if AUB is a mixed state. In result, we have general inequalities,
Sa# ¢Spand  Wa# W,

which can be also proven in any quasi-classical limit, for instance, in the WKB approximation as in [41].
For some special subclasses of nonholonomic deformations and certain classes of normalizing functions such
conditions may transform in equalities.

Subadditivity conditions are satisfied for disjoint subsystems A and g,

¢SAauB < ¢Sa+ ¢Sp and | gSA — qSB’ < ¢Saus- (46)
Similar conditions hold for the W-entropy w ([28) and respective quantum versions,
WNaus < WNVa+ Wgand | Wa— Wl < Waus.

Such NES flow evolution and QM scenarios are elaborated for mixed geometric, gravitational and quantum
probabilistic information flows.

Strong subadditivity is considered for three disjointed QGIF gravitational subsystems j, B and C and con-
ditions of convexity of a function built from respective density matrices and unitarity of systems [51], 52) 2] [13].
One follow such inequalities:

¢SauBuc + ¢S < ¢Saus + ¢Spuc and  (Sa+ (S < (Saus + ¢SBuc-

The conditions of subadditivity (46) consist certain particular cases defined by strong subadditivity. Similar
formulas can be proven for the W-entropy and small quantum perturbations,

Wausue + W < Waus + Waue and Wa+ We < Waus + (Whauc-

3.4.2 Relative entropy and mutual information of NES and QGIFs

The concept of relative entropy is defined in canonical nonholonomic variables as in geometric information
theories,

-~

S(panoa) =Truglpa(log pa —logoa)], (47)
where S| (pa 1 pa) = 0. This value allow us to define a measure of "distance" between two QGIFs and NES

with a norm ||pal| = tr( (ﬁA)(ﬁL)), see details in reviews [1I, 2| [13].
Two QGIFs and NES are characterized by some important formulas and conditions for relative entropy:
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e tensor products of density matrices,

~ ~ ~

S(1PA®@ 2pa 1 104® 204) = S(1pan 104) + S(2p4 11 204);

o positivity, S(pan54) > 1| pa— a4l ie. S(panda) > 0;
e monotonicity, §( PANTA) > §(t7‘s pAltrs 04), where trg denotes the trace for a subsystem of A.

The positivity formula and (Schwarz) inequality || X|| > tr(XY)/||X]|| result in 2 S( pa 1 54) > ((0), —
(0)5)?/]|O|]?, for any expectation value (O), of an operator O computed ([B7) with the density matrix pa.
The relative entropy S(pa 1 04) [@7) is related to the entanglement entropy , S(pa) (@2) using formula

-~

S(panla/ka) =logks— 4 S(pa), where 14 is the k4 x k4 unit matrix for a k4-dimensional Hilbert space
associated to the region A

Let us denote by pausuc the density matrix of AUBUC when pAuB is written for its restriction on AUB
and pg is stated for its restriction on B. Using  trausue| pauBuc(Oaus @ 1¢/ke)] = traus( pausOaun), we
prove such identities

~

S (ﬁAUBUC 1 1AUBUC/ k’AUBuc) =

~

S(pBuc 1 1suc/kBuc)

S(paus 1 1aus/kaus) + S(Pavsuc 11 paus @ le/ke),
S(ﬁg I 15/k‘3) + S(ﬁguc I ﬁlg ® 1c/k‘c);

and inequalities S(Pausuc 11 paus © le/ke) > S(Psuc 1 ps @ 1e/ke),
S(pausue 1 lavsue/kauvsue) + S(ps 1 1p/ks) > S(paus 1 Laus/kaus) + S(psuc 1 1suc/ksuc)-

The correlation between two QGIFs and NES A and B (it can be involved also a third system CA) is
characterized by mutual information

j(./zt\,g) = §A+ §B— §AU320and j(./zt\,gUQ) Sj(./zt\,g)

-~ -~

Using formula J (.Z, B) = S(paus 1 pa ® pB), we can prove important inequalities for the entanglement of
QGIFs and NES,

T (AB) = (Sa+ ¢S5— ¢ Saus > 0and (J(A BUC) < T (A B), for J(A,B)= ,8(Paus 1 pa®s)-

The mutual information between two QGIFs and NES is a measure how much the density matrix paus
differs from a separable state p4 ® pp. Quantum correlations entangle even spacetime disconnected regions of
the phase spacetime under geometric flow evolution. For GIF and NES flows in respective regions, 27 (.%T, E) >
((OA08) — (04(08))?/|0.4]?||O5]|?, for bounded operators O 4 and Op.

3.4.3 The Rényi entropy for NES QGIFs

The concept of Rényi entropy [53] is used for computing the entanglement entropy of QFTs by developing
the replica method (see section IV of [I3] and further generalizations in [54]). Similar constructions are possible
for QGIF and NES because the thermodynamic generating function Z[g(r)] @3) with 5[g(r)] = Z e PF as
statistical density ﬁ(ﬁ,g ,g) used for defining 4 (38) as a probability distribution. We extend the replica
method to G. Perelman’s thermodynamical model and related classical and quantum information theories for
NES. Considering an integer r (replica parameter), the Rényi entropy is

» 8(A) i= 1 ogtra(pa)] (48)

-T

for a QGIF and NES determined by a density matrix p4. A replica computational formalism is elaborated for
an analytic continuation of r to a real number with a defined limit ,S(p4) = lim,,1 , S(A) and normalization
tra(pa) for r — 1, when (48] reduces to the entanglement entropy (E2]).
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Considering similar formulas proven in [55], there are introduced such important inequalities for the deriva-
tive on the replica parameter, 9,. We have

-~

-1, §) >0, 9, [(r— 1), 8 > 0, R[r—D)(, §) <0. (19)

2., 8) <0, 8, <T

A usual thermodynamlcal 1nterpretat10n of such formulas is possible for GIF and NES with a conventional
modular Hamiltonian H A= & and effective statistical density py :=e —27H4_ The value B = 2mr is considered
as the inverse temperature and the effective "thermal" statistical generation (partition) function is defined
+Z(Br) = tra(pa)” = tra(e Prila) similarly to Z [g(7)] @9). We compute using canonical relations such
statistical mechanics values

modular energy : rg(ﬁr) = —0p, log|[ » (5r)] >0
modular entropy : 7«Su'(ﬁ,«) = (1 — B,0g,) log[ 2( )] 0;
modular capacity : .C| (B,) == B2 5%7, log| » ( )] >0

These inequalities are equivalent to the conditions stated in the second line in ([9) and characterize the stability
of GIFs and NES considered as a thermal system with replica parameter regarded as the inverse temperature
for a respective modular Hamiltonian. Such replica criteria of stability define a new direction for the theory of
geometric flows, QGIFs, and applications in modern physics and cosmology, see [18] 211 [19] 20, 25| 26, [38], 35]
and references therein.

The constructions with the modular entropy can be transformed into models derived for GIFs and associated
thermodynamic models and with the Rényi entropy and inversely. Such transforms in canonical nonholonomic

can be performed using formulas S =120, ( S) and, inversely, T‘SA’:& flr dr’ ﬁ The implications

of the inequalities for the Rényi entropy were analyzed for the quantum information and gravitational systems
with holographic description, see reviews [5] [I, [13]. In this work, the approach is generalized for G. Perelman
entropies, QGIFs and NES.

The concept of relative entropy S ( panoy) @D introduced for nonholonomic geometric information flows
can be extended to that of relative Rényi entropy (for a review, see section II.E.3b in [13]). For a system QGIFs
with two density matrices p4 and 74, we compute

-~

S(Panda) = — log[tr(( I/ 5 (G )2 } for r € (0,1) U (1,00);  (50)

or 1S(pan 64) = S(pan 6a)and S(pan 5.a) =log||(5.4) 7 pa(a)" |

In any point of causal curves, one prove monotonic properties, T‘SA‘(,Z)\A N o4) > T,g(trs paltrs 4) and
Or| .S (P4 1G4)] =2 0, and to reduce the relative Rényi entropy to the Rényi entropy using formula .S (Pa
1a/ka) =logka— S(A).

The values (50) do not allow a naive extension of the concept of mutual information and interpretation as an
entanglement measure of quantum information for QGIF systems and possible applications in gravity theory.
There are possible negative values of relative Rényi entropy for r ## 1 even for standard quantum information
models [56]. This problem can be solved for various classes of solutions and MGTs if it is introduced the concept
of the -Rényi mutual information [57],

~ A~

rj(Av B) = H'lailrgl rS( /Z)\AUB I /Z)\.A ® /U\B) >0,
for a minimum taken over all 3. Such conditions can be satisfied for corresponding nonholonomic distributions
with causality and respective subclasses of generating functions. We obtain the standard definition of mutual
information for r = 1. In result, we can elaborate a self-consistent geometric-information thermodynamic
theory for QGIFs and NES which consists a more general approach than the constructions with area horizon,
holographic and conformal field entropic models.
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4 Decoupling and integrability of geometric flow equations for NES

The goal of this section is to prove that the system of nonlinear PDEs (23] describing nonholonomic geo-
metric evolution of NES can be decoupled and integrated in very general forms when the generating functions
and (effective and/or matter field) sources are determined by geometric data for nonlinear waves, solitonic
hierarchies and black hole, BH, configurations. For corresponding parameterizations, the coefficients of such
generic off-diagonal metrics and canonical d-connections (in particular, for LC—configurations) may depend on
all space like coordinates and run on a temperature like parameter 7. The geometric / physical objects for
such effective statistical thermodynamical systems and models of GIFs and QGIFs corresponding to such solu-
tions are determined by generating and integration functions and (effective) matter sources encoding solitonic
configurations, see details and examples in [58] 59, [60, [6I]. In this work, we restrict our considerations only to
stationary configurations or families of such generic off-diagonal solutions which in certain canonical systems
of reference do not depend on time like coordinate but may run on a geometric flow parameter 7 used also for
parametrization of curve flows and related solitonic hierarchies. Various types of locally anisotropic cosmolog-
ical solutions in MGTs and GR and related inflation and dark matter and dark energy models were studied
in [34] 35, [40]. More general GIFs and QGIFs constructions and applications to cosmological thermodynamic
models will be elaborated in our further works.

4.1 Why and how GIFs can be encoded into solitonic hierarchies?

Geometric flow and dynamical field equations in MGTs and GR are described by systems of nonlinear
PDEs. In general, the solutions of such systems do not possess any geometric/ physical symmetries but we
have to prescribe certain symmetries in order to select and study some classes of solutions in explicit form. For
nonlinear systems, it is not satisfy a principle of superposition and the solutions can not be expressed as Fourier
series on certain finite regions of V, TV and T*V. Nevertheless, any pseudo-Riemannian metric and mentioned
type physically important solutions can be encoded into certain classes of solitonic hierarchies with associated
bi-Hamilton structures if there are satisfied some very general assumptions on the smooth classes of metrics and
connections under consideration, see details in [59] [60] 61] and references therein. On some different solitonic
models and alternative approaches see [62] [63]. The constructions can be generalized for MGTs (Einstein-Dirac
structures, Finsler like commutative and noncommutative or fractional derivative models,nonsymmetric metrics,
string gravity, black hole and black ring deformations etc.) [64] 65 [66] 67, 68 [69, [70 [71]. Recent results on
soliton, quasiperiodic and pattern structures and ellipsoid—solitonic deformations in string and modified massive
gravity and quantum anomalies can be found in [72] [73] [74].

We model geometric evolution of a a ’prime’ metric, g, into a family 'target’ d-metrics g(7) (@), with
transforms § — g(7), using so-called n-polarization functions when

9(r) = nalr,a¥ 1) gae®n] ® e [n] = ni(1, 2%)gida’ @ da’ + na (1, 2%,y hae® ] © (),
e®[n] = (dz',e* =dy" +nlNfdz'), (51)

where the target N-connection coefficients are parameterized N (7, u) = n¢(r, z¥, yb)]\?{’(ﬂ a*, yb) The values
ni(1) = (T, 2%),na (1) = na(r, 2%, y*) and n¢(r) = n¢(r,2*,y") are called respectively geometric flow, or
gravitational, polarization functions, or n-polarizations. Any g(7) is subjected to the condition that it defines
a solution of the N-adapted Hamilton equations in canonical variables (25, or for relativistic nonholonomic
Ricci soliton equations (24]) with 7 = 7y as modified Einstein equations for NES.

A prime metric § = gos(2", y*)du®®du® can be parameterized in a general coordinate form with off-diagonal
N-coefficients (@) and represented equivalently in N-adapted form

o

B = 9a(u)8® ©8" = gi(x)dr’ © da’ + gu(z,y)8" © &, (52)
for 8% = (da',e® = dy® + N (u)dz'), and &, = (& = 0/dy® — N?(u)d/dy’, e, = 8/0y").

Qo

Hwe do not consider summation on repeating indices if they are not written as a contraction of "up-low" ones
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We consider that such a d-metric §(7,) =ga(u) can be, or not, a solution of some gravitational field equations
in a MGT or GR but under geometric evolution it transform into a target metric (GI)) subjected to the
condition to define an exact or parametric solution of certain geometric flow evolution equations of NES, or
some nonholonomic Ricci soliton / (modified) Einstein equations.

4.1.1 Generating Solitonic Hierarchies

To geometric evolution of a d-metric g(7) we can associate a non—stretching curve (7,1) on a (modified)
Einstein manifold V, where 7 is a real parameter (it can be identified with the geometric flow parameter. The
value 1 is the arclength of the curve on V which is defined by such evolution d—vector Y = =, and tangent
d-vector X = 71 that g(X, X) =1. Such a curve (7,1) swept out a two-dimensional surface in T.yV C TV,
see details in [59, 60, [61]. We consider a coframe e € T5VN® (hpdup), which is a N-adapted (SO(n)®SO(m))-
parallel basis along v. We use a label N in order to emphasize that the geometric constructions are performed
for nontrivial N-connection structures. In this work, we consider that n = m = 4 and model the evolution of
4-d Lorentzian d-metrics. The symbols n and m will be kept in order to distinguish N-adapted decompositions
into h- and v-, or cv-components.

We can associate a canonical d-connection D with a linear connection 1-form is T' € T3 VN®(so(n)Dso(m)).
Similar 1-forms can be associated to other types of d—connect@)ns or to a LC—congection. V\Le parameterize frame
bases by 1-forms ex = ejx + €,x, where (for (1, 0) € R?, 0 ¢ R" ! and (1, 0) € R™, 0 € R™™1), for

— —
0 (1, 0) 0 (1,0)
epx = he = ,€yX = YoX |ve =
=~ ~ = =~ = 0 (0 ﬁ) =
For a n + m splitting, T’ = [I‘hx,I‘vx], with T'px = yax ] L= [ (0 ﬁ)T ’E ] € so(n+ 1), where L =
F
[ _%T ]z) ] cso(n), ¥ € R"1, ho €so(n —1); and Tyx = 7,x|C = _(Ooﬁ)T (0’60) ] €so(m+1),
~ 0 <U < m—1
where C = _&T 0 | € so(m), v € R™ ' 00 €so(m — 1).
Using the canonical d—connection f), we can define some d-matrices being decomposed with respect to the
flow direction: in the h-directi 1h 0 (heyh€0) |
ow direction: in the h—direction, epy = v, |he = , when
) hY & — (he||,hE>J_)T hO
eny € hp, (he,h € ) € R and h'€ | € R""!, and
_)
=~ = 0 (0, 0)
Tyy= L= ’ €so(n—+1),
hY =YhY | 0.0 e, ] ( )

0 ~
where hw,= [ _2T 1® ] € so(n), @ € R"!, hO®eso(n —1). Similar parameterizations can be performed

0 (Ue”,’U%J_)

L \T , when e,y € vp, (ve”,v%l) € R™ and
— (ve”,v e J_) v0

in the v—direction, e,y = 7, |ve = [

vie | € R™ 1 and

~

%
~ 0 0,0
I‘UY:’.Y’UYJC: ( —~ )

—(0,0)"  wv@,

] € so(m+1),

where v, = { _%T v% ] €so(m), & € R™~1, v@eso(m — 1).

Summarizing the results proven in [59] [60, 61] for parameterizations related to geometric flows of 4-d
Lorentzian metrics, we formulate such
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Main Results: For any solution of N-adapted Hamilton equations in canonical variables (23]), or for
relativistic nonholonomic Ricci soliton equations (24)), there is a canonical hierarchy of N-adapted flows of
curves v(7,1) = hy(7,1) + vy(7,1) described by geometric nonholonomic map equations:

e The 0 flows are convective (travelling wave) maps v, = 7 distinguished as (hy). = (hy),x and (vy)_ =
(vY),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 (see details and examples in [59] 60, [61])

— (), = D%X (hy)px + §‘th (hY)nx ’%Lg (M) px = (v7),; = D%X (07),x + §’DvX (v7).x ’%}g (v7)x »
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% = Dix (Dix + Dk (7)) + 71Dk (¥ A Dix)

and of the canonical recursion v—operator, WR = f)vx (f)vx + f);)l( (T) ?) + %Jf);;( (? A f)ux),
inducing non-stretching maps Dyy (hy),x =0 and D,y (vy),x = 0.

The canonical recursion d-operator R = (hf)?i, Uﬁ}) is related to respective bi-Hamiltonian structures in our
case determined by geometric flows and respective GIF models.

4.1.2 Examples of solitonic space like stationary distributions and nonlinear waves

Using the Main Results from previous section, we conclude that the geometric flow evolution of any d-
metric on a Lorentz manifold and related models on (co) tangent Lorentz bundles can be encoded into solitonic
hierarchies. In this work, we shall study stationary exact and parametric solutions g(7) = g(r,2%,y%) =
[hg(T,2"), vg(r,x¢,y?)], with Killing symmetry on d; = d; when in adapted coordinates the coefficients of
d-metrics do not depend on the time like coordinate y* = t.

Stationary solitonic distributions:
We shall use distributions ¢ = ¢(r,9, ) as solutions of a respective class of solitonic 3-d equations

0204 €0,(Dgt + 6101 + O pt) = 0, Oyt + €09(Dpt + 61991 + Dgggt) = O, (53)
3ot + €0y (Opt + 610 L+8@W 1) = 0,039t + €0r(Opt + 610pL + I2t) = 0,
82¢L + €0, (gt + 61Dpt 4+ 93 .1) = 0, 82¢L + €09 (Ort 4 6191 + gggt) = 0,

for ¢ = £1. The label "v" states that such a function is defined as a "solitonic distribution" when in N-
adapted frames a function ¢(u) is a solution of an equation (53]) and does not depend on the time coordinate.
These equations and their solutions can be redefined via frame/coordinate transforms for stationary generating
functions parameterized in non-spherical coordinates and labeled in the form ¢ = ¢(z, y3).

Generating nonlinear solitonic waves:
Stationary geometric flow evolution on a Lorentz manifold can be characterized by 3-d solitonic waves with
explicit dependence flow parameter 7 defined by functions ¢(7, u) as solutions of such nonlinear PDEs:

u(1,9,p)  as a solution of 92 L—i—eai[&g L+ 6 L% L—l—% ]:O;

t(9,7,) as a solution of 93y L—i—eaw[(‘)t L+6 Laap L+ 8S03 | =

. 2 .

. ur,ryp)  asa Solut?on of 0z, 2L + eago [0 t+ 6 Laso L+ (3s0 = (54)
u(r,7,)  as a solution of 07+ 6880 (070 + 6L8@L + (a st] = 0;
(1, 0,9) as a solution of 02 1+ 6819 [Opt + GLML + (619)3 ] = 0;

e, 7,79) as asolution of 82, L—i—eaﬁ[@ L+6L80L+qu] 0.

27



Applying general frame/coordinate transforms on respective solutions (54]), we construct solitonic waves pa-
rameterized by functions labled in the form ¢ = «(7,z%), = o(7, 2!, 9?), or = o(7, 22, 9?).

In a similar form, we can consider other types of solitonic stationary configurations determined, for instance,
by sine-Gordon and various types of nonlinear wave configurations characterized by geometric curve flows as the
equations outlined in Main Results. Any such solitonic hierarchy configuration, nonlinear wave and solitonic
distribution of type ¢(7,u) (54) or ¢ = (2%, %>) (B3)) can be can be used as generating functions for certain classes
of nonholonomic deformations of stationary, or cosmological metrics, and as generating sources. for geometric
flow and MGT generic off-diagonal solutions, see details in [59, [60} [61], 64] 651 66, 67, [68], (69, [70] [7T], [72, [73] [74].
In this work, we denote such d-metrics of type g(7) (@) or (5Il) as d-tensor functionals of type

g(1) = glu(r,u)] = g[t] =(gi[], galt]) (55)

with polarization functions n;(7) = ni(7, 2%) = mi[t],7a(7) = 1a(7, 2%, 9°) = na[t] and n¢ (1) = n¢(r, 2%, y°) =
n?[e]. In general, a functional dependence [¢] may be on multiple types of solitonic hierarchies (for instance,
on some different solutions of equations of type (54)), (53)) which can be written conventionally in the form
[t] =[ 1ty 2t,...] where the left label is use for numbering the type of solitonic hierarchies. We shall construct
in explicit form such stationary solutions for geometric flows of NES in next section.

4.1.3 Table 1 with ansatz for stationary geometric flows and solitonic hierarchies

In this work, we use brief notations of partial derivatives 0,q = dq/0u® when a function q(z*,y?),

g = ¢°=0q/0z',00q = q = 0q/02”,03q = Dq/0y* = Dq/Dp = ¢°,04q = Dq/Ot = Diq = ¢,
03, = 0%q/0p* = Qi(pq = ¢*°,0%, = 9%q)ot* = D2q = ¢**.

Partial derivatives on a flow parameter will be written in the form 9, = 9/07.

Ansatz for geometric and curve flows of d-metrics with stationary solitonic hierarchies:

Using frame transforms, the 7-evolution of any d—metric g(7) of type (@), (5I)) and (B5) can be parameterized
for respective spherical symmetric coordinates u® = (r,6,y* = ,t) or some general local coordinates (z*,y* =
t) and a common geometric flow evolution and/or curve flows parameter T,

gilr) = !0 =Vl g (1) = w(r,r,0,9")ha (7,7, 0, 0) = w] 3t]hal 21],
NZ3(T) = 'LUi(T, T, 97 QO) = wl[ 2L]7 NZ4(T) - TLi(T, T, 97 (10) = nl[ 4L, 2L]7 (56)

taking w = 1 for a large class of stationary configurations. The AFDM results in more simple and explicit (still
very general classes) of solutions if we work with nonholonomic configurations possessing at least one Killing
symmetry, for instance, on 04 = d, for stationary solutions.

We can construct for physically important systems on nonlinear PDEs (25]) or (24]) various classes of exact
and parametric off-diagonal solutions generically depending on 7 and all spacetime coordinates (z*,y?) but
that would result in hundreds of pages with a cumbersome formulas for respective geometric techniques, see
details and examples in [59] [60] [61], 641 65 66 (67, 68|, 69] (70, [71) [72] [73], [74] and references therein.

Ansatz for flow evolution of (effective) sources with stationary solitonic hierarchies:
Using nonholonomic frame transforms and tetradic (vierbein) fields, we can introduce effective sources for
geometric flows of NES (25) or (24) which in N—adapted form are parameterized in the form

/ ~

eff~f v - 1 i A ¢\ sa
ffTW(T) =e (1)e,” (T)[ Ly (1) + 3 Orgu (7)) = nX(7, xk)dj,T(T, .y )op]-

I

1. . . . / /
Such families of vielbein transforms e’ ,(7) = e . (T,u7) and their dual e,” (7,u”), when e/ = e o du can

be chosen in the form (3) and/or any frame transforms of a N-connection structure (). The values h?(T, x)
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and ?(T,a:,y) can be taken as functionals of certain solutions of solitonic equations and then considered as
generating data for (effective) matter sources and certain forms compatible with solitonic hierarchies for d-
metrics (B6). Prescribing geometric and physically motivated data, we impose certain nonholonomic frame
constraints on geometric evolution and self-similar configurations of stationary NES. In such cases, we write

Sl = MY (r) =] 1S[1d = WX(7,7,0)8, oS]2] =X (7,0, 0)5]. (57)

There are used "hat" symbols in order to emphasize that such values are considered systems on nonlinear PDEs
involving a canonical d-connection.

In canonical nonholonomic variables with functional dependence of d-metrics and effective sources on some
prescribed classes of solitonic hierarchie, the system of nonholonomic entropic R. Hamilton equations (25]) can
be written in the form (24)) but with geometric objects depending additionally on a temperature like parameter
7 and for effective source (B7]),

Raplt] = Saplt]- (58)
We note that such geometric evolution equations are for an undetermined normalization function f(7) =
f(r,uY) which can be defined explicitly for respective classes of exact or parametric solutions for prescribed
solitonic hierarchies. For self-similar point 7 = 79 configurations with 0,g,,(70) = 0, this system of nonlinear
PDEs transforms into the canonical nonholonomic Ricci soliton equations (23).

Let us summarize in Table 1 below the data on nonholonomic 242 variables and corresponding ansatz which
allow us to transform relativistic geometric flow equations and/or nonholonomic Ricci solitons (and equiva-
lent gravitational field equations in MGTs and GR) into respective systems of nonlinear ordinary differential
equations, ODEs, and partial differential equations, PDEs, determined by respective solitonic hierarchies. All
formulas will be proven in next sections, see details in [59] (68| [69, [70, [71) [72] [73] [74]. Our goal is to show
that such systems of nonlinear PDEs can be decoupled in general forms for generating functions and effective
sources determined by solitonic hierarchies.

Table 1: Geometric flows and solitonic modified Einstein eqs as systems of nonlinear PDEs
and the Anholonomic Frame Deformation Method, AFDM,
for constructing generic off-diagonal exact, parametric, and stationary solutions

diagonal ansatz: PDEs — ODEs AFDM: PDEs with decoupling; generating functions
radial coordinates u® = (r, 6, p,t) u=(z,y) : 242 splitting, u® = (a!, 22, y3,y* = t); flow parameter 7
N:TV =hTV @vTV, locally N = {N{(z,y)}

LC-connection V connections . . ) .
[ | canonical connection distortion D =V + Z

diagonal ansatz g,g(u) 9as (T, x',y*) general frames / coordinates
° b b
a1 9ap(T) = gij"'quNjhab Nyhey 1
_ g o g(n) |: Nthay e , 2 x 2 blocks
gaﬁ( 7) = [gi5(7), ab(T)}
g(r) =gi(r,x )dw ® da’ + ga (7, 2", y?)e® @ e?
Jap = ga(r) for BHS [coord.frames|  gog(T) = gap(T,T,0 ,y> = () stationary configurations
coord.tranfsorms e, = ea;aa/,
8 _ B8 B/ o e o B/ . — _ .
er = elé.} du y9ap = Ya'B’€ 0 € B [N—adapt. fI'] gZ(T T 6) gl[ 1[’}7g(l(1—7 T 07 SD) ga[ 2L]7 d metrl(?s
&o(z Y )_, Ga(r), or dal(t), N3 (1) = w; 2t], N} = ng[ a¢, 21, N-connections
N“( y*) — 0.
V, Ric = {R B'V} Ricci tensors D, Ric={R g}
— 'rH — 'rH
mLld] — 7”Taﬁ[¢] sources [L] (r)=e p/e
= h\s[ 1¢]0% jv [ 2¢)67], stationary conf.
trivial equations for V-torsion LC-conditions ]5‘71%0 = V extracting new classes of solutions in GR

In this paper, we consider a physically important cases when g (52)) defines a BH solution (for instance,
a vacuum Kerr, or Schwarzschild, Kerr-(anti) de Sitter metric). For diagonalizable via coordinate transforms
prime metrics, we can always find a coordinate system when N b — 0. To study non-singular noholonomic
deformamons is convenient to construct exact solutions with nontr1v1al functions 7o, = (i, 74), i, and nonzero
coefficients N, b(u). For a d-metric (5I)), we can analyze the conditions of existence and geometric/ physical
properties of some target and/or prime solutions, for instance, when 1, — 1 and N — N @ The values no, =1
and /or N % = 0 can be imposed as some special nonholonomic constraints.
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4.2 Decoupling of GIF flow equations into stationary solitonic hierarchies

In this subsection, we prove that the system of nonlinear PDEs (58] describing geometric flow evolution of
stationary NES encoding solitonic hierarchies can be decoupled in general form. Such geometric and information
flow systems possess an important type of nonlinear symmetries relating generating functions and effective
generating source which will be applied for computing effective thermodynamic values.

4.2.1 Canonical Ricci d-tensors for geometric flows of NES encoding solitonic hierarchies

We can chose certain systems of reference/ coordinates when coefficients of the d-metrics (B6) and derived
geometric objects do not depend on y* = 't with respect to a class of N-adapted frames. Using parameterizations
for a d-metric with w = 1 and a source S[t] = [ »S[ 1¢], +S[ 2¢]] (B7) , we obtain such nontrivial N-adapted
coefficients of the Ricci d-tensor, which allow to write the geometric flow modified Einstein equations (58]) in
the form

° o o\2 ! 7\2
R! — R2J=_.G& o 9192 (93) _ ee | 9192 (91) _ = _9 ™ 59
1l 2l 4] nS[ 1 ie 20 T og 9T, Ty 9192 1'S; (59)
- - ~ h)?  hS hS ~
R[] = Ri[J=— ,3[2]1ie a)” | hs b — h$® = —2hshy S (60)
2hy | 2hs
. RS\? RS RS R hS Ophs  Ophs.  ORhS
R _ N L B0 TENO S B0 _ Okl _ 61
(") e [<2h4> T Shaoh  2ha| T 2ha 2hg T o) T 2m 0 (61)
Eay h4 3 h4 ns
R = 4+ (ShS — —hY) =k =0. 62
ak(T) 2h4”k ‘1‘(2 17 I 3)2h3 (62)

This system of nonlinear PDEs has a very important decoupling property: Using (59]), we can find g1 (or,
inversely, go) for any prescribed functional of solitonic hierarchies encoded into a h-source h@[ 1¢] and any
given coefficient go(7,7,0) = gof ¢| (or, inversely, g1(7,7,0) = gi1[ ¢|) when the solitonic hierarchies for the
coefficients of a h-metric can be different from the geometric/ solitonic data for effective sources. Then we can
integrate on y3 in (60) and define h3(7, 7,8, ¢) as a solution of first order PDE for any prescribed v-source U@[ at]
and given coefficient hy (7,7, 6, @) = hyg] 2¢]. Inversely, we can define hy(7, 7,0, ¢) if hs(7, 7,0, @) = hs[ 2¢] is given
but in such cases we have to solve a second order PDE. The coefficients of v-metrics involve, in general, different
types of solitonic hierarchies comparing to those prescribed for the effective v-source. If the values of hy and hy
are defined, the equations (6I) transform into a system of algebraic linear equations for wg(7, 7,0, @) = wg| ¢].
We have to integrate two times on 3 in (62)) in order to compute ny(7,7,0,¢) = ny[ ] for any defined h3 and
hy. The solitonic hierarchies encoded in the coefficients of a N-connection are different (in general) from those
encoded in the coefficients of d-metric and nontrivial effective sources.

Using the decoupling property of nonlinear systems of type (59)—(62]), we can integrate such PDEs step by
step by prescribing respectively the effective sources, the h-coefficients, g;, and v—coefficients, h,, for geometric
flowd of d-metrics [gi(7) = ¢i(7),84(T) = ga(7)] and for the N-connection coefficients, N{(7) = [w;(7), ni(7)],
see formulas in (5I]) and/or (B56]). The geometric evolution of such solutions involves a prescribed nonholonomic
constraint on 0-g,,/(7) included in 3.

4.2.2 Nonlinear symmetries for solitonic generating functions and sources
Introducing the coefficients a; = (O, ha) (9;), B = (Ophs) (Opw), v = O, (In|ha|3/?/|h3]) , where
w=n[03ha//|h3h4l| (63)
for nonsingular values for dsh, # 0 and Oy # 0 we obtain

P+’ =2 ,8[ 14, @ hS =2hshs S| 2, fwi—a; =0, n®+yng =0. (64)

15we can construct nontrivial solutions if such conditions are not satisfied; we omit in this work considerations for more special

geometric evolution models; it is possible to introduce such frame/coorinate transforms when necessary type conditions are satisfied
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Such a system can be integrated in explicit form (see details in [59] [68] 69, [70l [71] [72] (73 [74] and a series of
examples will be provided in next sections) if there are prescribed a generating function ¥(7) = ¥(7, 2%, y3) =
W[ 1] := @ and generating sources ,3 and .S R

We have a system of two equations for w in (63]) and (64) involving four functions (hg, hy, .S, and W).
By straightforward computation we can check that there an important nonlinear symmetry which allows to
redefine the generating function and effective source (in particular, to introduce a family of effective cosmological
constants A(7) # 0, A(10) = const, not depending on spacetime coordinates u®). We can consider nonlinear
transforms (¥ (7), ,S(7)) < (®(7),A(7)) defined by formulas

ACT?[1d])° =1 WS 22|(@[2])°, or A U2[ 4] = %[ 4]] 3] 24| — / dy® 2] d]| ,S[ 24)]°, (65)

which allow us to introduce families of new generating functions ®(7, z%,3%) = ®[ ¢] and families of (effective)
cosmological constants. The values A(7) can be chosen from certain physical considerations when the geomet-
ric/physical data for ® encode nonlinear symmetries and solitonic hierarchies for , <, and W. Solutions with
A = 0 have to be studied by applying special methods, see details and examples in [73} [35, 34]. Using nonlin-
ear symmetries, we can describe nonlinear systems of PDEs by two equivalent sets of generating data (¥, T)
or (®,A) but in all cases the symmetries of solitonic hierarchies are encoded into functionals with respective
partial derivations on 93 and/or integration on dy3. To generate certain classes of solutions, we can work with
effective cosmological constants but for other ones we have to consider generating sources. Such alternatives
are convenient for constructing more general classes of exact solutions, prescribe necessary types of solitonic
symmetries, and to elaborate on realistic physical models. Modules in formulas (65]) should be taken in certain
forms resulting in physically motivated nonlinear symmetries, relativistic causal models which are compatible
with observational data.

4.3 Integrability of geometric flow equations with solitonic hierarchies

We integrate in explicit form and study properties of some classes of generic off-diagonal stationary solutions
of (B8) determined by generated functions and sources with solitonic hierarchies.

4.3.1 Stationary solutions for off-diagonal metrics and N—coefficients

By straightforward computations we can prove that integrating "step by step" the system (E9)—(G2) rep-
resented in the form (64) (see similar details and rigorous proofs in [73], B5]) one generates exact stationary
solutions of geometric flow and/or modified Einstein equations if the d—metric and respective N—connection
coeflicients are computed

gi(t) = e “(m.7") a5 a solution of 2-d Poisson egs. °® + 1" = 2 RS 14
PO 2 O 2
ols] = mrrbg)=-——— W () . (66)
A0S 2)?hal 4] 4(,S)2 (h4 (r,ak) — [ dy3(W2)° /4 s)
(®%)(®%)° _ [03(22)]?
halA(7) [dy? (@] A (r,2k) — 92 /4A(7)]| [ dy? S0 @2]|
\112 o
silal = M 0g) =t - [ap L < ety - 02ancr)
oS
v 00 [ dy ,S(D?)°]
3 o ] _ Y _ G _ Y v .
Ni [L] - w’L(T7 T797<p) a3qj a3qj2 v§(¢2)0 )

16 The LC-conditions (I0) for stationary configurations transform into a system of 1st order PDEs,
&pwi = (81 — wi&p) In \/ |h3|7 (81 — wlaw) In \ |h4| = 07 8kwl = iwk78¢ni = 07 é)mk = 81&%7

imposing additional constraints on off-diagonal coefficients of metrics of type (G6]).
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. . \110)2
Nilsd] = ng(r,r,0,0) = 1ng(r,2%) + 2”k(ﬂ$1)/dy3 — ( —
* 2 (7, a) — [ dyB(W2)° /4 S

( i)+ ( z)/d 3 ((1)0)2
= ne(7, 2 ng(7, 2
1Mk 2Nk Y AA(r fdy |h4|5/2

In these formulas, there are stated different sets of solitonic hlerarchles which is motivated by the facts that

there are integration functions hgo} (1,2%), 1ni(r,2"), and 9ng(7, %) encoding (non) commutative parameters
and integration constants but also nonlinear evolution scenarios on 7. Such values, together with symmetries
of solitonic hierarchies generating geometric evolution data (¥, T), or (®,A), related by nonlinear differential
/ integral transforms (G5]) can be stated in explicit form following certain topology/ symmetry / asymptotic
conditions. The coefficients (66]) define generic off-diagonal stationary solitonic solutions with associated bi
Hamilton structures if the corresponding anholonomy coefficients are not trivial. Such geometric flow solutions
are with nontrivial nonholonomically induced d-torsion solitonic hierarchies determined by evolution of N-
adapted coefficients of d-metric structures. We can impose additional nonholonomic constraints (I0) in order
to extract LC-configurations under geometric flow evolution.

4.3.2 Quadratic line elements for off-diagonal stationary solitonic hierarchies

We can consider as a generating function any coefficient hyg| 4¢] = h[o] — ®2/4A,R5(T) # 0 and write
formulas ®2(7) = 4A (h4[ at] — Bl0 ]> ,(®2)° = 4A(hy)° and (®°)% = A(hy)° (:T“ —1). Using (63)), find (¥2)°

4

W3] 24( (ha)® and W2 = 4

v@‘h4—4fdy3

—~ <
Ui‘s‘ hy, which allows to construct functionals W[ Ui‘s, ha, hLO}]

and P[A, hy, hLO}]. Then, we can introduce such values into respective formulas for h,, Nib and v§ in ([66]) and
and express possible generating functions and the d-metric () with stationary data (56l in terms of hy,
integration functions and effective sources for geometric evolutions.

(92)(2%)° __ A(ha)°]

g3[ 3t] = hs(r,r.0,0)=— =
halA(T) [ dy? ,S[D2]°] |fdy3 wS(ha)?]

\112
gla] = ha(r,r,0,0) = h{(r,a%) - / 2300 0) - 02/4A ()

4,

2 s szer 0 (| oSha— [ay?] 3| h

N = wirrp)= 0% 0¥ Oljdy S@TT AT T [T )
’ TR T e g S(@2)e Stadlng
N4[5L] = ng(r,r,0,0) = 1nk(T a:i)—l— ong (T xi)/dy3 ((1)0)2 =
’ | ’ AA(7) [ dy® o S[@2]°||hal>

(ha)°(1 — ha/hi")
A [ dy? o S(ha)°|[hal?/?

= (@)t aie(r @) / dy

In result, we can express the respective quadratic elements in three equivalent forms:

ds® = e YT [(deh)? + (da?)?] + (67)
oS|ha— [ dy®| S| ha)

__ A0l gy

= = dxt]—
| [ dy3 »S(ha)®| | S 2L}]I|hzo o ] gener. funct.hy,
haldt + ( 1np(T,2") + ong (7, 2°) fdy?’ ‘AJ-(d;:Z ig_(hj)/oﬁhgsp )dxk]u source ,$¥, or A;
or
9, (T2) 3, 9 g [0] 3 (w?)°
m U§)2(h[§]7fdy3 wz)o)[dy + G da’] = (hy — [dy’—5)
: s (o2 i gener. funct. ¥,
[dt + (e + ome [ dy (232 | AT [ qye D2 ‘5/2)dx Js source ,S;
RO SN |
or
[(22)°) Ol dy® ,S(2%)°] o] _ @2
TAA [ dyB LS((@)2]°] (D) 7@_/%)[dy3+y—@>2)d '] = (hy — =) gener. funct.q)A
[dt + (1ng + 2np [ dy? T [(<I’ ) ]§ e ‘|h[0] A|75/2)dx ], effective A for ,S.
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Formulas ©6) and ([67) encode solitonic hierarchies determined by generating functions but a generating
source ,< and effective cosmological constant A do not involve (in general) any solitonic behaviour. Nonlinear
symmetries (63]) mix different solitonic structures of generating functions and any functional for source [

4.3.3 Off-diagonal Levi-Civita stationary solitonic hierarchies

The equations (0] for zero torsion conditions, see also footnote [[6, can be solved for a special class

of generating functions and sources. For instance, we can take a ¥(r) = U(r,2%,¢) for which (5;¥)° =
9;(¥°) and fix ,S(r,2",¢%) = S[¥] = WS(7), or S = const, modifying the nonlinear symmetries (G3l)

to A U2 = 32| S| — [dy? 92| ,S|°, 82 = —dAhy(r,2',¢3), 92 = [dy® ,ShS. The coefficient hy(r) =
714(7', x', 1) can be considered also as generating function when h3 and N-connection coefficients are computed
using certain nonlinear symmetries and nonholonomic constraints. For zero torsion solitonic hierarchies, we
find some functions A(7) = A(7,2%,%3) and n(r) = n(r,z") when the coefficients of N-connection are

Oi([ dy® S h3]) oV 9l dy? vS(D2)°]
oS R g W S(D2)°

wi(T) = 82121(7') =

and ny (1) = k(1) = On(r, z°).

In result, we can construct new classes of off-diagonal zero torsion stationary solutions encoding solitonic
hierarchies and defined as subclasses of solutions (67,

\fdy(v % T T [dy? + (0; A)dz'] + hy [dt + (Opn)daz*] gener. funct.hy,

or source ,S, or A;
2. (") dy® + (0;A)di]+
2 B(ra®) 1\2 219 4( :‘)z(h fd 3(\1’2)0 4y (0id)da] gener. funct. b,
ds” = e TP ) 4 (de)] = [y S [t + (@ymyast] source o3
or

L&) o [dy® + (9, A)da] funct. &
4|A [ dy? Ug(cj)z)ov‘ (hg)],%) g gener. funct <
+(h£10] _ ZP_Z) [dt + (Okn)da*] effective A for ,S.

(68)

For any value of flow parameter 7, such stationary metrics are generic off-diagonal and define new classes
of solutions which are different, for instance, from the Kerr metric (defined by rotation coordinates, or other
equivalent ones). We may check if the anholonomy coefficients C;/B = {Cl = 0,N! ,Cf; = e; N — e;Nj'} are
not zero for solitonic values of NZ-?’ = 0;A and N} = 9;n and understand if certain metrics are or not generic
off-diagonal. We can fix and analyze certain nonholonomic solitonic configurations determined, for instance,

by data ( BV hLO],ﬂk), with w; = ;A — 0 and dpn — 0.

5 Stationary geometric flows of BH and solitonic hierarchies

The goal of this section is to provide applications of the anholonomic frame deformation method (AFDM,
outlined in previous section) for constructing in explicit form exact and parametric stationary generic off-
diagonal solutions describing solitonic geometric flow deformations of prime BH metrics.

1"We can consider nonholonomic solitonic deformations of a primary d-metric § into a target stationary one g(7) =lga(r) =
N (T) e, nf(T)N{] with Killing symmetry on 9; and respective bi-Hamilton structures. Formulas for the coefficients of d-metrics
and N-connections presented above can be re-written equivalently in terms of n—polarization functions 7o and 7§, determined by
generation and integration functions and respective sources and encoding primary data [§a, N |. For instance, we can consider a
d-metric g for a BH solution in GR and study hierarchies of solitonic deformations by geometric flows or for certain nonholonomic
Ricci solition configurations which result in a stationary target d-metric g(7). Off-diagonal nonholonomic deformations of the
metric and (non) linear connection structures and sources may preserve the singular structure of a primary metric with certain
possible deformations of the horizons, for certain classes of solutions encoding nonsingular solitonic hierarchies and nonsingular
distributions of effective sources. For more general classes of solutions with singular solitonic configurations, deformations of
horizons, nonlinear symmetries etc., there are possible scenarios eliminating the singular structure, generating new symmetries, or
changing the topology of target solutions.
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5.1 Table 2: AFDM for constructing solitonic stationary flows of NES

We consider hy(7) = hy(7,2%,33) = ha(7,7,0, ) [67) as a generating function (it can be also determined
by a family of solitonic hierarchies, hy(7) = hy[ 4t]) and construct a deformation procedure for constructing
a class of off-diagonal stationary solutions with Killing symmetry on 0; determined by solitonic hierarchies

@[L] = h§[ 1], U@[ ot]] (7)) and a parametric running cosmological constant A(7),

G = o (gl 4 (dn2)2] [h3(r))? oy 2 de SO
) St ol i IR R
(h§(r))?
+ha(7)ldt + (1nk + 4 2%/ |fdy S ) (h4(7))5/2)d:vk].

Such solutions involve different types of solitonic hierarchies and, in general, are with nontrivial nonholo-
nomically induced torsion which can be nonholonomically constrained to LC-configurations (GS]).

Table 2: Off-diagonal stationary flows with solitonic hierarchies
Exact solutions of Ry (7) = Suw (1) (B8) transformed into a system of nonlinear PDEs (59)-(62)

ds? = g;(1)(dz")? +ga(7—)(dy“ + Nia(T)dxl)Q, for
70, g = har,0,9), N =ui(r,r.0,9). N =mi(rr.0.),

7

d-metric ansatz with
Killing symmetry 04 = O gi=e?
Effective matter sources S () = h\S(T r, 9)5 , UJ(T,T 0,0)58; 2t =r,22 =0,y° =,y =t
P ' =2 h\i[ 1; w= ln‘83h4/\/|hgh4||7
w® hZ = 2hshy y%[ QL]; a; = (awhzl) (alw), B = (a@h4) (aww)7

Nonli f
nlinear PDE (G0 Bu—o =0 = 0, (1nhal/2/ ),
2 t+yng =0 d19 = ¢*,02q9 = ¢', 03¢ = 9q/d¢p = ¢°
Generating functions: ha[ a¢], -
U(r,7,0,0) =7, ]; (¥2)° == [dy® +Shy,®* = —4A(7)ha,

see nonlinear symmetries (65));

integration functions: hy) (7, z*
integration functions: hy (1,2"%), ha(r) = hLO] _ <I>2/4A(7'),hj #0,A(1) # 0 = const

1ng(1,2%), ang(r, x?)

gi(t) =€ ¥(12") a5 a solution of 2-d Poisson eqs. Y*® +/ =2 ;Lg\(r);

ha(r) = —(¥°)2/4( +3)?ha, see (6T);

ha(r) = WY — [dy3(w2)°/4 ,§ = bl — @2 /an(7);

wi(T) = 0; U/ 0,V = 8; W2/ |9, ¥2|;
n(r) = ani+ on [ dy? (99)% /()2 - fdy3(\P2)°/4 281572,
Bown = (O — Do) InyTha (7], (0 — w:d,) In v Iha(r)[ =0,

0wy (1), 8¢n1(7—) =0,0; nk( )= 8km( ); U= U], (8;¥)° = 9;(¥°)
and U\s('r xt, Q) = U\s[\ll] S, or v§ = const.

. { 9i([ dp S ha®]) /S ha®;
= 0;A(r) = 0,9 /%%

i ([ dy® 3(92)°)/(2)°S;

d—metric

Off-diag. solutions, N-connec.

LC-configurations (I6]) Opwi(T) =

N-connections, zero torsion w; (T) and ny (1) = 7y, (1) = On(r, 2%).

polarization functions
g — 8=[9a = M0, ng NP

ds® = 771[ 1¢]g1(r, 9)[d1‘1(7’ O* + n2[ 24]ga(r, 9)[d9€2(7’ )7 + ns[ 5¢]gs(r, 0)
[dp + 03[ 5 N3 (r,0)dz’ (r,0)]% + na[ at]ga(r, 0)[dt + n}[ 6] Ni(r, 0)da’ (r, 0)]2,

Prime metric defines a BH

Example of a prime metric

9:07,0), G = ha(r, 0); N§ = wn(r, 6), Nf = fin(r, 0)]
diagonalizable by frame/ coordinate transforms.
G1=0—=rg/r) 1, Go= 72, hs =r2sin2 0, hy = (1 — rg/T),r9 = const
the Schwarzschild solution, or any BH solution.

Solutions for polarization funct.

(1) = e V(TR e o — __ 4l(nahal'72)°)?
mi(7) =€ /9i3m3hs = = 5 ST
Na(7T) = na(r,7,0,9) = na| 4t] as a generating function;

. ~ o 7 —1/470 2
3 o3 _ 0 Jdy® vS(na ha)® . 4 4 _ 3 ([(”4”4) V4 )
W) NP =" S e (ONE= e 16 2k [y s S e

Polariz. funct. with zero torsion

ni(t)=e "Z’(T'”k)/éi; na = 1a(7, 7,0, ) as a generating function;

__ AlUmahalV®12 30y
M) = Gl fay® JSlaahael) D =

9;A 9
,sz 777%(7-) = ﬁ)jcn

5.2 Nonlinear PDEs for geometric flows with stationary solitonic hierarchies

The goal of this subsection is to study explicit examples for constructing exact and parametric solutions
encoding solitonic hierarchies for geometric flow modified Einstein equations (58)) transformed into systems of
nonlinear PDEs with decoupling (64]).
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5.2.1 Parametric stationary solutions with solitonic sources

We shall write that in a geometric flow source U@(T) there is, for instance, a term with left label "0"

written 6’“@(7’) = i)"t@[ ot] if the corresponding term in  &// X »(7) (BT is defined as a stationary functional

on a solitonic hierarchy [ o¢]. If it is written 2,’”@(7’) without a left label "0", such a term correspond to a
general ¢// oy »(7) (without any solitonic specification) encoding contributions from a distortion tensor Z @.
In this work, an effective source term {li/;s determined by geometric flows of the d-metric, 0,8,/ (7), in (57
is introduced. It is solitonic if the d-metric coefficients are solitonic. We can consider solitonic hierarchies for
Ricci soliton configurations with {le\A‘s = 0.

For this class of solutions, we consider a source (57)) (the left label a is used for "additive stationary")
S = 80 = 80y’ = IS+ PSTad + S, (69)

where it is considered that we prescripe an effective solitonic hierarchy for matter fields even, in general, such
gravitational interactions can be of non-solitonic type. The second equation (64) with source S[t] = ¢S[¢] can
be integrated on 3. In result, we construct off-diagonal metrics and generalized connections encoding solitonic
hierarchic determined, , by a generating function h4(7, 7,0, ¢) with Killing symmetry on d;, by effective sources
aJ] = ( Z@[ 14, 93] 21]) and effective cosmological constant

A7) = TA(T) + A7)+ FEA(T) (70)

related to gC\A‘S[L] (69) via nonlinear symmetry transforms (63]).
Applying the method summarized in Table 2, we construct such a class of quadratic elements defining

stationary generic off-diagonal solutions determined by effective sources encoding solitonic hierarchies,

31 hf(ﬂ)dxi]
ha®(T)

U2 o V(g2 b (2] [l ()] [dg o[ dy*
e e S ) | 4[]
|

+ha(7) |dt + < 1n(7) +4 2nk(7')/dy3

[ ()" ) dmk] . (71)
| [dy® ¢SRS (7)] [ha(r)]5/2

Such solutions can be constrained to LC-configurations. The formulas (7I]) can be re-defined equivalently in
terms of generating functions ¥(7,r,0, @) or ®(7,r,0,¢) which can be of a general (non—solitonic) character.

5.2.2 Modified and Einstein gravity with stationary solitonic generating functions

We can generate generic off-diagonal stationary solutions using generating functionals encoding solitonic
hierarchies ®(7) = ®[i] characterized by nonlinear symmetries of type (65]) and general effective sources ,3(7)
which can be of non-solitonic character. The second equation into (64]) transforms into

@°(r)[ ®[i], A(7)] B§()[@[i], A(r)] = 2hs(7)[@[i], A(P)Jha(r)[@[i], A(T)] wS(7),

which can be solved together with other equations (B9)-(G2]) following the AFDM, see Table 2.

The solutions for such stationary configurations determined by general nonlinear functionals for generating
functions can be written in all forms (67]). For simplicity, we present here the quadratic line element only the
third type parametrization

1\2 1\21¢
d82 — ¢ w(r,xk)[(dx1)2 + (dl‘2)2] _ E\(I)[Z]) [((I)[Z]) ] (72)
IA(T) [ dy? o S(7)[(®[d])?]°
o ([ dy® S(Tl@DH°) i)?
[dy* + U ;(7) (@R >dx2]+(h£10](r,xk)— (4%)\[(]7)) )t + (1 (7, 2%) +
i 210 i 2
) [ e Sy T ) iR )

—~

>
=)
—

S

=
=
n

N—
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For zero torsion constraints, there are extracted LC-configurations,

ds? = O 1(deh)? 1 (da?)2 ( [i])? [(‘i’[l])] _ d 8; A(7))da'
T e Fa Sl o - (ﬂé]ﬁf)[“( ]
+l ety - S0 [dt+ (@hn(r)i]. (73)

where A(7) and n(7) are also generating functions.

5.2.3 Small N-adapted stationary solitonic flow deformations

We can study important physical properties of some classes of solutions if there are considered small
parametric deformations from certain well-known solutions (for instance, from a black hole, BH, configuration
of Kerr or Schwarzschild type). '

Let us consider a prime pseudo—Riemannian d-metric § = [g;, @a,]\QGf | (B2) when 03g4 = g3 # 0. It can
be diagonalized via coordinate transforms. Our goal is to formulate a geometric formalism for small generic
off-diagonal parametric deformations of g into certain target stationary metrics of type g (5I)

ds®> = m(s,T)ﬁi(dazi)Q+na(a,7)§a(e“)2, (74)
3

e = dy®+ Unile, T)wida’, et = dt + "ni(e, T)Ridxt,

where the coefficients [gq, = 1aGa," Miwi, "nin;] depend on a small parameter ¢, 0 < ¢ < 1, and on evolution
parameter 7 (in this work, it is used both for the geometric and curve flow evolution). We suppose that (74)
define a solution of entropic flow evolution equations reduced to the system of nonlinear PDEs with decoupling
([67). Some e -deformations are parameterised in the form

ni(e,7) = 14 evi(r, ), 0y = 1 + vy (1, 2%, %) for the coefficients of d-metrics ; (75)
Yni(e, ) = 1+ ¢ Yui(r, 28, y3), "ni(r, 2k y?) = 14+ e "wi(r,2*, y)for the coefficients of N-metrics |

where g4(7) = ma(7)ga = 1na(7,7,0,0)Ga(1,0,0) = [1 + ev(1,7,0,¢)]ga, for v = v4(7, 7,0, ) and g{(7) # 0, as
a generating function.

Deformations of h-components of a stationary d-metric are written .g; = gl(l +ev;) = e¥(72") for a solution
of the 2-d Laplace equation in (64). For ¢(7) = %(1,2%)+¢ (7, z )and RS(T) (7 ) = 2%(7‘ z*)+e h\S(T zk),
we compute the deformation polarization functions in the form v; = e *y Y/ g; h\s In these formulas the
generating and source functions are solutions of %y®® 4 0y = 23 and '* 4+ 19" = 1. Using such
e-decomposition of polarization functions of type (73)), we obtain e-decomposition of the target stationary
d-metric and N-connection coefﬁment@ and compute

gini(t) = e ¥(re*) a5 a solution of 2-d Poisson equations
cgi(t) = [l+ee Y lw /Gi 2@] Ji, also constructed as a solution of 2-d Poisson equations for 11/1

A(Jma (7 )gal'/?)°T?
1S dy? S na()a)]

GBm(T) =

(gn)° [ dy® S(r)(vga)°
93 [dy® JS(r)ég

ie. .g3(7) =[1+ € vs]gs for vs(T, xi,y?’) =2

In these formulas, a new system of coordinates [28(r,0,0),13(r,0,¢)] is used in order to satisfy the condition
(43)% = 43| [ dy? ,S(7)d5|, which allow to find g3 for any prescribed values g4 and ,3(7).

18the vertical components for e-decompositions of generating solutions are computed in a similar form
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The N-connection coefficients are computed

0 [ dy’ WSO)m(r) §ul°
oS(T) [14(7) 9)°

iy (T);

0 [dy® JS(r)(vga)°  (vga)°
O [dy® JS(1)i5 g3

Le. cwi(r) = [L+¢& “v;(r)hiy; for “vi(r,2",y°) = )

when ; = 8; [ dy? U@(T)@ji/ v@(T)@ji is defined for some prescribed ,3(7) and 8

(o (r)gn) 1)’
| dy® »S(7) (1 (7)ga)°]
ie. ni(r) =[1+4¢e ™v(1)]ig = 0 for "wvi(r,z",y%) =0,

T]é(T)?olk = 1nk(7') + 16 an(T) /dy3

if the integration functions are chosen 1nx(7) = 0 and 9ni(7) = 0.

The values with a "circle" are prescribed for a chosen prime solution which can be a 4-d Kerr metric but
subjected to some additional frame and coordinated transform to satisfy the conditions g5 # 0 and relations of
g3 to g3 and w; as we considered above. Fixing a small value €, we can compute such deformations for stationary
configurations and state well-defined conditions of stability if the prime metric is stable. We conclude that
e—deformed quadratic elements can be written in a general form

ds?, = c9ap(T, xk,yg)duasduﬁs
=  eGi (7—7 xk> [(d$1)2 + (d$2)2] + €h3(7—7 :Ek)yg) [dy3 + 5’[Ui(7', :Ek)yg)dxi]z + 894(7—7 xkvyg)dt2‘

We can impose additional constraints in order to extract LC—configurations with zero torsion.

5.3 BHs in (off-) diagonal stationary media with solitonic hierarchies

We can construct and describe new classes of classes of generic off-diagonal stationary solutions in terms of
n—polarization functions introduced in formulas (5I) and following the AFDM summarized in Tables 1 and 2.
As a primary metric we consider a primary BH d-metric (for instance, it can be a Schwarzschild or Kerr metric)
defined by geometric data & =[g;(r,0,¢),da = ha(r,0,¢); N§ = wi(r,0, ), Nt = ng(r,0,¢)] G2) which can
be diagonalized by frame/ coordinate transforms. The stationary target metrics g are generated by nonholo-
nomic 7)-deformations, & — g(7)=[g;(7,2*) = 0i(7)gi, 9o(7, 2", y*) = M (1) G, Nf (7, 2%, y*) = (1) Nf], and
constrained to the conditions to define exact and parametric solutions of the system of nonlinear PDEs with
decoupling (64)). The quadratic line elements corresponding to d-metrics g are parameterized in some forms

similar to (BI)),
ds® = 1i(7,7,0,)§i(r, 0, 0)[da’ (r,0,0))* + 1a(7,7,0,0)ga(r, 0, ) dp + njs (7, 7,0, 0) Nit (r, 0, 0)da* (r,0, 0)),  (76)
with summation on repeating contracted low-up indices. The values 1,(7) and nf(7) are determined by
solitonic flows and nonlinear interactions.
5.3.1 Stationary solutions generated by solitonic sources

Considering effective sources determined by solitonic hierarchies 'Y‘(T, T, 0,p) = v@[ aot] (B7), we compute
the coefficients for solutions of type (76]) following formulas from Table 2,

e ¥(ra®) 4 PV l1/2)0]2

771’(7—) _ , ;773(7_) = —— [i|774(a) 4| ) ] _ : (77)

g hal [dy® o[ 2t)(na(7)ha)?|
na(t) = na(r,7,0,0) as a generating function;

. 2
~ o —1/410

i = 2 Jdy® S 2(m(Dha)® 4y e o o /dy3 ([(m(i)lu) ] ) |

Wi vS[ 2t] (na(7)ha)® ok Tk | [y wS[2e(m (7)ha)°]
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for integration functions jng(7,7,0) and ong(r,r,0).
In (1), the gravitational polarization n4(r,0,¢) is taken as a (non) singular generating function which
following nonlinear symmetries (65]) can be related to other type generating functions,

D%(7) = —4 A(T)ha(7) = —4 Anu(7, 7,0, 0)ha(7, 7,0, ),
W) = — [de Slalintrrb.@lhulrr0. )"

It should be noted that the values ®, hy and 74 may not encode soltionic hierarchies but W and other coefficients
of such d-metric are solitonic ones if they are computed using v@[ ot]. We can constrain the coefficients (7))
to a subclass of data generating target stationary off-diagonal metrics of type (G8) with zero torsion.

The nonlinear functionals for the soliton v-source and (effective) cosmological constant considered above
can be changed into additive functionals ¥ — “S and A — “A as g%[L] ©9) and “A (Z0). The singular
behaviour of such solutions is generated by some prime BH data g = [g;, da, Ng ] (B2)) which can be preserved or
changed for different classes of generating and integration functions. For certain classes of generating functions
and sources and small nonholonomic deformations, the same type of singularity is preserved. Similar station-
ary configurations can be computed for general solitonic hierarchies. The constructions depend on the type of
explicit geometric evolution or dynamical model we construct (for instance, with one type solitonic wave, non-
linear superposition of solitonic waves on 7, solitonic stationary distributions etc.). Such generic off-diagonal
stationary entropic solutions can be considered as certain conventional nonholonomically deformed BH configu-
rations imbedded into some aether (non) singular media with flows and off-diagonal interactions determined by
stationary solitonic and non-solitonic fields modeling dark, usual matter quasiperiodic distributions and patern

forming structures.

5.3.2 BH solutions deformed by solitonic generating functions

Solutions with entropic n—polarizations (76]) can be constructed with coefficients of the d-metrics determined
by nonlinear generating functionals ®[i], or any additive functionals ®®[i], including terms with integration
functions hLO} (1,7,0) for hyli]. Such configurations are defined also by some prescribed data RS (1,7,0,9)
and A(7), which are not obligatory of solitonic nature. Using nonlinear symmetries (65)), we can compute
(recurrently) corresponding nonlinear functionals, n4(7,7,0,¢) (for simplicity, we omit here similar formulas
for additive functionals “n4(7,7,0,¢)) and related polarization functions,

mli] = —®%[i/4A(r)ha(r,0, ¢),
WOr = - [de Srnoohi) = - [de S0 mlilha(r, o)
Using such formulas for Table 2, the coefficients of d-metric (76]) are computed
p(r,x®) 4 h 1/2\012
ni(T) _ € — o/ p—— [(l 774[/5]\ 4| )]O : (78)
9i hs| [ dy® »S(7) nalilha)°|
na(t) = na(r, 7, 0,0) = n4li] as a generating function;

7 (7)

0 Jdp SOl ha)® 4 () g 2lr) /d ([(774[] > /49)

Wi wS(r) (nali] ha)? i Tk | [ dy? () (nalilha)®]

for integrating functions ng7,7,60) and ongT,1,0).
Using (78)), target stationary off-diagonal metrics (68]) with zero torsion can be generated by polarization
functions subjected to additional nonholonomic constraints and integrability conditions,

ew(mk) Al(] 7 zh 1/2\012
L N (11,1
gi h3|fdy w3 () (174]i]ha)°|
n(r) = a(rr0,) = iul] a5 & generating function 11 (r) = 2T iy Henr)
k k
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for an integrating functions n(r,7,#) and a generating function A(r,r,6,¢).

The solutions construced in this subsection describe certain nonholonomically deformed BH configurations
self-consistently imbedded into a solitonic gravitational evolution media modeling certain aether properties for
nonholonomic dark energy distributions.

5.3.3 Stationary BH deformations by solitonic sources & solitonic generating functions

More general classes of stationary solitonic deformations of BHs can be constructed using nonlinear func-
tionals both for the generating functions and sources. Nonlinear superpositions of solutions of type (7G) and
([78) can be performed if the coefficients of d-metric are computed

P e V(met) R A[(|mal alha]'/?)°)? 79
mi(7) G = T Tae Sen] )] i

9 [do oS hy)°
na(t) = na(r,7,0,0) = n4| 4] as a generating function; 77;9’( )= / (p,\ S[(nal 4] ha) :

Wi oS (] ae] ha)®
. 2
mm/d(m[w“w)
¢ | [dy® oS[)(na] 4] ha)°]

4 1nk( )
N\ T = —>+16
k( ) fbk ng

)

where 1n4(7,2%) and 9ny (7, 2%) are integration functions. R

In (79), we consider a nonlinear generating functional ®[ 4¢] and prescribed nonlinear functional —,3[¢]
and running constant A(7) related via nonlinear symmetries generalizing (65). This allows us to compute
corresponding nonlinear functionals ns(7,7,0,9) = n3lt, 4t,...] and polarization functions,

n(r) = — B2 41] /4 A(r)ha(r, 0, ), (T2 /wmsmM /wNmMuwwwn@m

Imposing additional conditions for a zero torsion, target stationary metrics (G8)) are generated.
A corresponding quadratic line element can be written for generating data (®[ 4¢], A(7)) :

2 210
ds? = ¢ ¥ 4L)[(dﬂjl)2 + (d332)2] o (:I)[ 4L]) [((I)[ 4L]) ] (81)
7) [ dy? SE@[ ail)2]e] (b)) — Llad?

0 ([ dy* Stl(@] 1))

[dy® + 80 @[ dazl]—k(hf}(ﬂxk)—%)[dt—k(lnk(ﬂxk)—k
[(®[ 4¢])%)° o by (@Lat)? 50 0k

ng (T, 2" dy? — hy, (t,z%) — ————— dx”].

2l / ! A(r) [ dy® wS[i] [(<1>[4L])2]°|| ) AA(7) ]

The data for a primary BH can be extracted using nonlinear symmetries (80), when g; = e w(“xk)/ n;(7) and
ha(r,0, ) = — ®2[ 41]/4 A(T)na(7) certain values for a 7y are such way prescribed that the integration functions
hLO} (7, 2%),1 ni (1, 2%) and 9y (1, %) encode a prime d-metric & = [g;, Ja, Ng] (B2)) and describes certain evoluton
for 7 > 1y parameterized in the form (&Il). This class of stationary solutions with gravitational polarizations
([79)) describes nonholonomic solitonic hierarchies deformations of a BH self-consistently imbedded into solitonic
gravitational (dark energy) backgrounds and solitonic dark and/or standard matter.

5.4 Off—diagonal deformations of Kerr metrics by solitonic flow sources

In this section, we study how effective sources for geometric flows with solitonic hierarchies flows result in
generic off-diagonal deformations and generalizations of the 4-d Kerr metric and construct such new classes of
exact solutions of systems of nonlinear PDEs (64]).
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5.4.1 The Kerr BH solution in nonholonomic variables

To apply the AFDM is necessary to define some special classes of nonholonomic variables which allow
decoupling and integration of certain systems of equations describing N-adapted nonholonomic deformations,
for instance, of a Kerr metric black hole, BH, solution as prime d-metric § =[g;, g, = ioza; Ng’ = zbk,]\of,ﬁ = ny]
(B2). We cite here [42] as a standard monograph on GR with necessary details on geometry of BHs and
[73] [35], 19, 20] for examples of nonholonomic deformations of BH solutions in geometric flows and MGTs.

Let consider a 4-d ansatz for a prime metric,

dsty = gapdu®du® = Y€ (dp® + dz?) + Y (d + Adt)® — p*Y ' dt>.

This nonlinear quadratic line element is determined by three functions (h,Y, A) on coordinates z* = (p, z). It
defines the Kerr solution of the vacuum Einstein equations (for rotating BHs) if the coefficients are chosen

1= (p31)? — (¢32)? q (1 —2)(1 +p1)
voo < AT A= M T hm) ()
p31)? — (7
e = [(( Sg (Z(ﬁ )5]) 2= M@EF - 1)(1—72), 2 = M.

For M = const and p = 0, we obtain result a horizon Z; = 0 and the "north / south" segments of the rotation
axis, To = +1/ — 1. For our purposes, it is convenient to write this Kerr metric in the form

dsiyy = (da')? + (dz®)? + Y (e%)* = p?Y ~'(e")?, (82)

where the coordinates z!(Z1,22) and x?(Z1,73) are defined for any

UG N dz? dz?
(dzh)? + (dz?)? = M2 (72 — 33y ! <§2 _1 1 + . 2\2)
1 2

and the v-coordinates are Changed 3 = o+ 32t 22,t), y* =t + 7*(z', 2%). We can consider an N-adapted
basis €3 = dy® + (0;5°)dz’ and e* = dt + (9;y*)dx?, for some functions §?, a = 3,4, with 9,5° = —A(a¥).

We can use the Kerr metric in the so—called Boyer—Linquist coordinates (r, 9, ¢, t), for r = mo(14px1), T2 =
cos ¢, which are more convenient for applying of the AFDM. Such coordinates are be related to parameters
p,q involving the total BH mass, mg and the total angular momentum, amg, for the asymptotically flat,
stationary and anti-symmetric Kerr spacetime. Considering mg = Mp~! and a = Mgp~" with p?> 4+ ¢*> = 1 and

m2 — a® = M?, we write the metric (82) as a d-metric

/ / = 52, ’ — ’
dsiyy = (da')*+ (da®)* + (C — B JA)(e¥)* + A(e")?, (83)
e = dy¥ =dyp,e* =dt +dpB/A=dy* — 0y([* + ¢B/A)ds'
with coordinate functions z'(r,9), 2% (r,9), v* = ¢, v* =t + ¥ (r,9,9) + ¢B/A, Qog/j‘y = -B/A. In
formulas (83), (dz'')? 4 (dz?)? == (A~1dr? + d¥?) , and the coefficients are defined in the form
A = -2 (A-a*sin®9),B=E2""asin’¥ [A - (r* +a?)],
C = EZ7'sin®9[(r’ + a?)? — Aa®sin® 9], and A =1r? — 2mg +a®, Z =+ a®cos® V.

The quadratic linear elements (82]) and/or (83) can be written as a stationary prime metric (52]) with
coefficients

Bo= Lip=14=Yg=—pY LN =87 or (84)
o o o = B2/ - - x . c . / - T
gv = Lgy =14y =C—B /A, gy =AN; =y =0,N; = iy = =0:(y> + ¢B/A),

Such d-metrics define BH solutions of the vacuum Einstein equations with zero sources.
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5.4.2 Nonholonomic evolution of Kerr metrics with induced (or zero) torsion

We consider the coefficients (84]) as a prime metric § when gy = 1,y = 1,43 = C — B’ /A together with
some coordinate transforms gy = A(4, %) — A ,Nf? =y (r,0,¢) — 0 and Nﬁ =y = —0y (7% +¢B/A) = 0,
to a local coordinate system when gj # 0 This allows us to construct nonholonomic deformations following
the geometric formalism outlined in section [£.2.3] and Table 2.

For general n—deformations (74]) and constraints n; = 0, the solitonic flow modifications of the Kerr metric

are computed

Yoot : 4 A2eR B —
ds? = e (T2 )[(dl‘l )2 + (dl‘2 )2] _ [(|774[A4L] | )]_ (C _ :)(63 )2 + 774/[ 4L]A(e4 )2’
| [ dy?® wS[e]nal 4c]A]°] A
/ / ! 3 UC/\\‘ /! Z ¢ s/ ’
o = gyt 4 2 S S ladAP gy (85)
S [nar[ 4] Al
where 1y (1) = ny (1, 2%, y3) = na[ 4¢] is a generating function and ,J(7) = ,S[¢] is a flow generating source

as in (79) and (7, 2*") is a solution of a 2-d Poisson equation (BG).

5.4.3 Small parametric modifications of BHs and effective entropic flow sources

We study models of geometric and courve flows for nonholonomic distributions describing e-deformations
described by formulas (75). Such deformations of a prime Kerr metric (84)) with A(r,0) — A[z*(r,0),y?%] for
g3 # 0 result in stationary target metrics of type (74)). The corresponding quadratic line elements are written
in the form

1 R ) o 10 d 3 & ° 1\
42 = [t e VY 98]ty + |14 e LI SAT WD ey ety
9i 94 [ dy? a5
8 [ dud .S(vés)° o Vo '
o = dypt4e2 ] vS(09)° (U?f;) )| idat, et = dat = dt, (36)
9 [dy® ,Sg§ 9a
where (1) = O(r, z*) and 'o(r) = (T, zk) are solutions of 2-d Poisson equations with a gener-
ating h-source (1) = ,S(r,2%) = V3(7,2%) + & 1S(r,2%) as described in section BZ3l In this for-
mula, (1) = Q[ is a generating v-source for which a e-decomposition is possible and vy = v(7) =

v(, 2%, y3) = v[ 4] is a generating function. The formula (86) is for a N-adapted system of references and
space coordinates [z(r,0, ), y>(r, 0, ¢)] for which the condition (§5)* = gs| [ dy? U@@jﬂ allows to compute g3
and w; = 0; [dy? U@@jﬂ / v§§Z when there are prescribed some .3 and g7 # 0. For simplicity, we fix the
conditions 114(7) = 0 and 9ng(7) = 0 for which N} = n; = 0 but a non-zero N} = w;(e, 7, 2¥,43) results in
trivial nonholonomic torsion and anholonomy coefficients. We can impose additional constraints on v(7) and
sources which allow us to extract LC—configurations as described in footnote

Using nonlinear symmetries of type [8Q) with n4(7) = — ®2[ 4]/4 A(7)gs for (B6), we can use as a
generating function determined by solitonic hierarchies the value

ev[ 4] = — (L4 @%[ 42]/4 A(T)A) or @[ 4¢] ~ 24/ |A(T)A

€
(- Sol ai). (s7)
Other types solitonic hierarchies can be encoded into generated sources ,3(r,a*) = 2@(7’, %) + e }ll@(T, z*)
and (1) = ,S[t]. The geometric solitonic data (A(T),v[ 4], S + € } 3y, S[t]) determine this class of
parametric solutions for geometric flows and respective Perelman’s thermodynamic for GIFs and QGIFs.

Ywe can define nonholonomic deformations with G5 = 0 and/or g5 # 0 when the solutions are constructed on certain hypersur-

faces and certain models are with singular geometric evolution as we considered in our previous works [73] 35]
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6 Computing Perelman’s thermodynamic values for stationary geometric
flows and QGIFs

We show how G. Pereman’s W-entropy and related thermodynamic values can be computed for nonholo-
nomic Einstein systems, NES, describing stationary solitonic and nonholonomically deformed black hole, BH,
solutions under geometric flow evolution. There are provided formulas for extensions of main concepts and
physical values to GIFs and QGIFs with entanglement elaborated in sections[BHol In this work, there are studied
only stationary configurations (see [40] as a partner work on QGIFs and applications in modern cosmology and
[19] 21] for locally anisotropic cosmological solutions and related geometric thermodynamic models). Similar
constructions can be performed for any type of stationary exact and parametric solitonic solutions parameter-
ized in Table 2 and/or (in nonholonomic geometric dual form) for solutions with Killing symmetry on a time
like vector.

6.1 Fixed values for normalization and integration functions

To study geometric evolution of NES when f{ag = 'fag and R Ta, we can chose a constant value
for the normalizing function, f(T) = fo = const = 0, in (26). This prescribes a geometric vertical scale for
flow evolution determined by data (®(7), A(7)) of such physical models and related via nonlinear symmetries
([E5) to a generating source v:\S(T) (such a h-scale is determined by a 2-d Poisson equation as described in
section [£.2.3)). Fixing additionally certain constants for integration functions, we can simplify substantially the
formulas for G. Perelman’s thermodynamic values 29 In result, the formulas for the F- and W-functionals in
canonical geometric variables (see respectively (21)) are written

Fo 2B hA) + A, W = — [ +72/Ig@I5u( )+ AP - 1), (88)

8772 A2
where /[g[®(7)]] = /[q102a3(, V)] = 2¢ ) [&(7)] \/ e fdg‘/[fjg()-}r;‘@?(ﬂ]o\ is computed for d-metrics param-
eterized in the form (I3) with
2 o 2
_ _ () _ [‘I’ (7)] 2 _ ko3 P (1)
qi(7) =q2(7) = e ,qT—— A ¢N(T)]" = ha(r, 2%, y°) = —
() = () ) = o S VO = bt o) =

for hLO} = 0. The N-adapted differential 6*u = dr'dr?e3e* = dz'dz?[dy> + w;(r)dz?][dt + n;(7)dz?] is taken

i 3 E\\\f T 2 T
for respective values of N-connection coefficients when N = [w;(7) = &Udy@(:) [;Q)f)]i r )7 ni(r) = 0] for fixed

integration functions 1nx(7) = 0 and 9nk(7) = 0.
The thermodynamic generating function (29) corresponding to W (88)) and fixed f-normalization is

Zlg(r)] = 1 [ 7V (59)

where the effective integration volume functional dV(7) = dV(1b(7), ®(7), +S(7), A(7)),

7)]°] 1,2 3 Oi (f dy’ ”g(T)[(Iﬂ(T)]O) i
dVv(r dzr-dz” | d — dxz'| dt 90
- '%A fdy T> [@2(r))] T80 @ )

is completely determined by data (¢ (1), ®(7), U\S(T),A(T)). These formulas allow us to compute analogous
thermodynamic values for stationary configurations,

~ 72 1

E(r) = s <[ RA(T) + A(T)] — %) T72dV(1), g(T) =1 ([ hA(T) + A(T)] = 2) 77 2dV(7). (91)

20Computing such values in a convenient system of reference/coordinates, we can consider changing to any system of reference
and curved (co)tangent Lorentz manifolds and other type normalizations for their geometric evolution.
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In this work, we omit and do not provide applications of cumbersome formulas for computing flow fluctuations
7 (E0). A

Using geometric thermodynamic values ([@1l) for fo = 0, we can compute in canonical variables the respective
free energy and relative entropy (31I). If two d-metrics are defined by different classes of solutions defined by
respective geometric data 1g( 1, 19, \s, 1A) and g(¢, @, v@,A), we obtain

-~

~ f( 19, 19, 11)§,A1A) = 5 1¢, 1@, 33, A) B~ 15( 1, 1@, 13, 1A) and (92)
‘S( 1¢7 1(1)’ 11)%7 1A) "¢7q>7 U%’A) = 5[ (( 171), 1@, v 7 1 ))_ (7!), 5 U\S,A)],

P N 72 2\ _
where £( 17, 1®, 13, 1A) = —m/ <[ MA(T) + 1A(T)] — ;) 772d 1 V(1),
~ 1 _
S(19, 12, 13, 1A) = —W/(THLA(T)JF 1A(T)] = 2) 77%d V(7
— o 1%(0) |[192(r)°] 1213 6 d’ ISOLEOF) | L i
for d1V(r) = e [ 19(r ‘\/| A0 T BRI TR e de'ldt Similar val

ues for g(y, D, U\s, A) are given by formulas ([@0) and (9I]). Here we emphasize that the free energy and relative
entropy values (O2) can be defined and computed for the same class of NES but subjected to different types
geometric flows.

A density state (see definition in footnote @) is a functional plg()] = Z~1(r)e #F where Z for stationary
solitonic solutions are computed following formula (89) (we use equivalently two symbols p and/or o). In QGIF
theory, there are considered also the geometric evolution densities p[ 1g] and p'[ 1g|, where the left label 1 is used
in order to distinguish two d-metrics g and ;g which in this work may define two different geometric flows NES
(in principle, such systems can be similar ones). Conventionally, we consider two stationary configurations for
GIFs and NES systems, A(7) = A((7), ®(7), v3(7), A(7)) and B(r) = B( 1¢(7), 1®(7), 13(7), 1A(7)). Such
two systems thermodynamic geometric flow models are elaborated on V ® V when the normalizing function is
fixed ABf(u, 1u) = 0. The respective generating function (32) and entropy (33) are computed

ABZ(T) = 4dV(r)d \V(1), for V@ V (93)

~

4pS(r) = § 4,

o~ o~

B] = (T [RA(T) + A(T)] = 2) ([ )A(T) + 1A(T)] = 2) 771V (7)d 1V(7). (94)

1671'4

In similar forms, the three partite thermodynamic generation function and entropy (see formulas ([34) and
entropy (B5))) of GIF and NES stationary systems A1) = A@p(r), ®(7), U\SLT (1)),
B(T) = B(1¢(1), 19(7), \S(T)\, 1A(7)) and C( ) = (gw( ), 2®(7), 23(7), 2A(7)) are considered for a

fixed normalizing function spcf(u, 1u, 2u) = 0. They are characterized by respective formulas,

asoE(r) = ﬁ / L [ AV d WE)d (), for VeV eV (95)
wo8(r) = SIABC) =g [(T(hAE) + AW =2 (L JA) + 1A - 2)
(T[ %A(T) + oA(7)] — 2) T_GdV(T)d 1V(7)d 2V(T). (96)

Using formulas ([©3), (94) and (93]), ([@6) we can elaborate on GIF models for stationary d-metrics. For such
a solution A(7) = Alg(y(r), ®(7), U\S(T) A(7))], we can associate a quantum system A(7) when the density
matrix

palr) =27 (m)e (97)
is determined by values Z(¢(7), ®(7), +3(7), A(7)) ®F) and E((7), ®(7), +S(7), A(r)) @I). In result, we can

compute the entanglement entropy (42]) for stationary configurations
oSLPA((), (), WS(r), A))] = Tr[ pa (A7), B(7), wS(7), A7) log pa((r), B(r), wS(7), A(T))], (98)
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when p4 is computed using formulas ([@7). This entanglement entropy is a QGIF version of the G. Perelman
thermodynamic entropy S(7) (@I).

For stationary QGIF systems, we can compute the Rényi entropy (48]) using the replica method with
pA((T), ®(T), v§(7'), A(7)) [@7). Considering an integer replica parameter r, the Rényi entropy for the men-
tioned class of stationary flow configurations with 3+1 splitting (I3]),

~ ~ o~

TSA(T): 7“9( )::

L logltra(pa(r))'] (99)

for stationary solitonic QGIF system determined by the matrix p4 (7) ([@7) and associated thermodynamic
model A(t) = |Z(7), 5(7'),3(7’)] . Applying a standard computational formalism elaborated for an analytic
continuation of 7 to a real number with a well defined limit q§ (pa(r)) = lim, 1 » S(A(7)) and normalization
tra(pa) for r — 1. For such limits and stationary solitonic flow d-metrics, the Rényi entropy reduces to

the entanglement entropy (O8]). In result, we can formulate QGIFs models from section [3] for stationary
configurations.

6.2 Thermodynamic values for stationary solitonic generating functions and generating
sources

Such values are computed for a 3+1 spitting (I3) determined by stationary solitonic d-metric (2] (for
LC-configurations, we can consider (73])), when

(@4
| [ dy? S[E)[(P[ 47])%]°]
o ([ ay* Stl[@*] 411
and N = [w;(1) = —~ ,ni(7) = 0].
i) Sieae 0

Using these coefficients and prescribing solitonic hierarchies for the effective volume (@0]), we obtain

v , [gN(7)? = hal ai] = —

a = @ni=e ,a3[ i = —

o |[®2[ 42]] | 1,2
WVl i il = dr dx
[ ni, 4i,1] ‘\/\A ) [ dy? oS[i][@2] 4d)]°|
o (Jav Sple )
A + ~ dz*| dt

S[i] [@2[ 4d]]®

and respective thermodynamlc generating function (89) Z[ iy 41,1 = 3 = [T72dV] b, 43,1

The value Z [ i, 4i,i] determine the thermodynamic values (@I for geometric flows of such solitonic
hierarchies,

E iy aii] = —1 ([ WA(T) + A(7)] — %) 20V 4, 4],
Sl is 4ivi] = —4—;2 (7 [ WA(F) + A(F)] — 2) 72V ni, 4i, ).

In a similar form, using and dV[ i, 4i,1], we compute two partite and three partite thermodynamic values
@3), @) and (@3), @6). R ~ R
To any GIF solitonic stationary system A[ pi, 4i,i] = A[g(¢] ni], @[ 47], +S[i], A(7))], we can associate a

quantum system A[ pi, 4¢,7] when the density matrix pa| ni, 47,7 := 2_1[ i, 4i,i]e_T71‘€[ w451 allows us

to compute the entanglement entropy ([42]) for stationary solitonic configurations
oSL DAL 1il, @[ ail, wS[), AM)] = Trl pa( ail, @[ adl, ,S[i], A7) log Pa ([ ail, B[ adl, ,S[i], A(T))]-
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For such stationary solitonic QGIF systems, the Rényi entropy (8 is computed using the replica method for
the density matric pa[ i, 4t,1],

~ -~

v Sl iy aiyi) = » S(A] 4i, 4i,i]) ==

1 ~ S
L togftra(a({ai. 40,1
characterizing an associated thermodynamic model JZ[ niy 4i,i]) = [2[ niy 4i,1]), ;5’\[ ni, 4i,i],§[ niy 4t,1]| .

6.3 Perelman’s thermodynamics for BHs deformed by stationary solitonic hierarchies

Such GIF and QGIF systems encode stationary solitonic d-metrics (BIl), or LC-configurations (85]), when
the d-metric § = [§;, Ga, N ] (62) defines a Kerr BH solution (84). The solitonic generating function (80) can

be written in the form ®[ 4] = 24/|A(7) n4] 4¢]A| which results in such an effective volume form

_ | A ml P dy® Sl ml 4]°)
AV] ni, nal ail, i, A] = 2¢ Y10l [l ‘“]f” mladlel g gy <f ~ o | dt
it a6 A ] dy® oS0l mal 1] Y 0] [ mal 4P

and corresponding GIF thermodynamic generating function (89)

~ 1 ) . =
/T_de[ hl, 774[ 4L]7Z7A]‘

El v ml 1), ) =

Both the primary BH and solitonic data are encoded also in the thermodynamic values (@1]),

N _ 72 2 _
g[hi, ?’]4[4L],i,A] = —m <[hA(T)—|-A(T)] — ;) T_2dV[ nt, ?’]4[4L],i,A],
Sl wis mal il A = —# (7 [ WA(T) + A = 2) 72V iy mal o), ]

and (in similar forms via dV[ pi, na[ 4,4, A]) in two partite and three partite thermodynamic values (@3)), ([04)

and (), (5). ) ) )
Such a BH deformed GIF solitonic stationary system A[ pi, na[ at], i, A] = A[g([ nil,na] at], +S[i], A(T))]

can be associated to a quantum system A[ i, n4[ 4t],4, A] characterized by a respective density matrix

Pl nis mal a2y, A i= Z7 i, mal 4472}2]64715[ nis mladi Al

This value can be used constructing a QGIF system and computing the entanglement entropy (42]) for stationary

BH solitonic deformations
oSLPAW] nlymal atl )y WSULA)] = Trl Pl nilsmal acl, oSl A7) log Pa(] nilmal 4, oSl A(7))]

i,
and the Rényi entropy @8), , Sal nismal 4dii] = » S(A ni,ma a2, i]) := 1 log[tr a(pa(] nis na a2, i]))").

6.4 Small parametric stationary solitonic BH deformations and geometric flow thermo-
dynamics

The d-metrics for such parametric solutions are described by quadratic elements (86) and generating

functions @[ 4¢, A] ~ 24/|A(7)A|(1 - 5v[ 4¢]) BT) and a primary BH metric (84)). Using the respective effective

volume form
A
(1-— —U ‘ \/ | ‘ Lal” ‘ dx'dx?
Ifdy oSl o[ 4d]]°]

<f W - ] )da: dt,

WSl | of 4L]I°

dV[ i, evf 4,0, 4] = 2e VLl

dy3 +
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we compute corresponding thermodynamic generating function (89) and canonical energy and entropy (OI)) for
stationary geometric solitonic flow parametric deformations

Z| pi, ev] ai],i, A] = # 772dV[ i, ev[ 41,4, A] and

~ _ -2

E [ ni, ev[at],i, 4] = —m/ <[ RA(T) + A(T)] — %) 24V,

3\[ h, €U[ 4L],i,Z] = _4—,1_2 (T[ hA(T) + A(T)] — 2) T_2dV[ he, 51}[ 4L],i,Z]

and (in similar form but for dV[ i, ev] 4t],4, A]) two partite and three partite thermodynamic values (@3)), ([04)

and (O], (O6).

For any BH parametric deformed GIF solitonic stationary system

-~

Al i, ev] 4,3, A) = Alg([ nil, ev] adl, o3[, A(r), A)],

we can associate to a quantum system A[ i, cv[ 4¢],, A] and compute the density matrix

pal ni, evl at],i, A] := 2_1[ ni, €V 4L],Z‘,Z]e_7715[ nis evl 4], Al

A corresponding QGIF stationary solitonic system with small parameter is characterized by the entanglement

entropy ([42])

ST P 2], ev] 4L1,z'],AU§[z'],A<T>>,Z] = A
Tr oAl nil, evl atl, wS[), A(T), A)log (] nil, ev[ 4, wS[i], A(T), A)],

when, for instance, the Rényi entropy (48],

~ J— -~ J—

 Salni, eol 4l i) = S(ALpi. 2ol adl i, A)) o= 7= logltra@all i, vl 4 i, AD)')

All formulas and inequalities for entropies of NES QGIFs can be computed for such small parametric stationary
deformations. For instance, prescribing a solitonic wave, all values and equations can be computed in explicit
form for such a BH solitonic stationary configuration, see a number of examples in our previous works [58] 59|
60, 611 [64, [65] 66], 68, 69, [70, [71] [72] [73], [74].

Finally, we emphasize that it is not possible to define and compute the Bekenstein—-Hawking entropy for
the exact and parametric stationary solitonic and/or BH solutions constructed in section Such geometric
flows of NES systems are characterized by respective thermodynamic values, GIF and QGIF models computed
in section [6

7 Outlook, conclusions, and discussion

This is the third our work on the theory of classical and quantum geometric information flows (respec-
tively, GIFs and QGIFs), see [38, 39] on QGIF of relativistic classical and quantum mechanical systems. On
entanglement and QGIF of Einstein-Maxwell and Kaluza—Klein gravity theories, we cite the forth partner work
[40]. In a more general context, such papers belong to a series of articles [36, [37, [I8] 19] 20} 211 24 25| 26]
on generalized (relativistic, modified, or noncommutative and nonassociative, supersymmetric etc.) Ricci flows
and applications to modified gravity theories, MGTs, and general relativity, GR. The key idea of this and
partner articles is that all such theories and fundamental physical equations, their symmetries and solutions,
and associated thermodynamic and information models can be derived from certain types of nonholonomically
deformed Perelman—Lyapunov type F- and W- functionals [27]. In our research, we do not attempt to use such
results for formulating and providing proofs for certain relativistically generalized Thurston—Poincaré conjec-
tures (as it was performed due to G. Perelman [27] and R. Hamilton [28], see reviews in [29] 30} B31]). The goal of
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this work is to elaborate on applications in quantum information theory of the concept W-entropy (Perelman’s
W-functional can be treated as a "minus" entropy) and associated thermodynamic models of geometric flows
containing MGTs and GR, as certain particular nonholonomic Ricci soliton configurations.

In this paper, relativistic versions of Perelman’s functionals and associated thermodynamic models are
formulated in canonical nonholonomic variables (with "hats" on geometric objects). In result, any exact
and parametric solution in gravity theories and geometric flow model can be derived and characterized
thermodynamically considering a respective W-entropy. Such constructions are more general than those for
gravitational thermodynamics and black hole / (anti) de Sitter physics [14], 15 16, [17] (with a conventional
hypersurface-area entropy) intensively elaborated during last two decades with new concepts of entanglement,
entropic and holographic gravity [1, 2} Bl 4} 5] ©, [7, 8] O 10} 111, 12, [13].

In the framework of the theory of relativistic geometric flows of metrics on Lorentz spacetime manifolds,
various MGTs and GR are modelled as certain nonholonomic Einstein structures, NES, running on a tempera-
ture like parameter and on a time like parameter. Such theories are described equivalently as some self-similar
systems (i.e. nonholonomic Ricci solitons) which are characterized by a corresponding W-entropy and other
type associated relativistic thermodynamic parameters. In this article, we formulate an approach to the theory
of GIFs and QGIFs and NES with a temperature like parameter. We apply and develop for such gravita-
tional flow evolution models and geometric thermodynamical systems, the standard concepts and methods of
information theory and quantum physics and gravity [45, 44, 47, [l 48] [49] 50, 2] 12l 13]. The constructions
are generalized for the Shannon/von Neumann/conditional/relative entropy determined by thermodynamic
generating functions and density matrices encoding geometric data for GIFs and NES, and characterized by
respective Perelman W-entropy. The concept of quantum geometric flow and gravitational entanglement and
main properties (inequalities) are formulated and studied for new classes of theories of QGIFs for NES.

In sections [dHG, we shown how to construct in explicit form stationary generic off-diagonal solutions for
relativistic geometric flows, nonholonomic Ricci solitons and generalized gravitational field equations. Such
configurations are not characterized, in general, by certain entropy-area, holographic or duality conditions
and can not described as some modified Bekenstein-Hawking BH thermodynamic systems. In our works, it
is developed an alternative and more general way when stationary and cosmological solutions in geometric
flow evolution theories, MGTs and GR, GIFs and QGIFs, can be defined and characterized by nonholonomic
deformations of Perelman’s W-entropy and associated statistical thermodynamic models.

Finally, we note that further developments of our approach will involve explicit examples with computations
of the W-entropy and QGIF and NES entanglement, Rénye and other type entropies for various classes of
stationary and cosmological type solutions in MGTs and quantum gravity models, spinor and noncommutative
variables, see some previous our results in [18] [34] 35].

Acknowledgments: This research develops former programs partially supported by IDEI, PN-II-ID-PCE-
2011-3-0256, CERN and DAAD and extended to adjunct positions and collaborations with California State
University at Fresno, the USA, and Yu. Fedkovych Chernivtsi National University, Ukraine.
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