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The standard ACDM model of cosmology is formulated as a simple modified gravity coupled to a
single scalar field (“darkon”) possessing a non-trivial hidden nonlinear Noether symmetry. The main
ingredient in the construction is the use of the formalism of non-Riemannian spacetime volume-
elements. The associated Noether conserved current produces stress-energy tensor consisting of two
additive parts — dynamically generated dark energy and dark matter components non-interacting
among themselves. Noether symmetry breaking via an additional scalar “darkon” potential intro-
duces naturally an interaction between dark energy and dark matter. The correspondence between
the ACDM model and the present “darkon” Noether symmetry is exhibited up to linear order w.r.t.

gravity-matter perturbations.

I. INTRODUCTION

The recent realization that the Universe expansion is
accelerating [1, 2] has puzzled cosmologists to this day
and has lead them to conjecture the existence of dark
energy (in the form of a non-zero cosmological constant
A) and cold dark matter (CDM) — called ACDM cosmo-
logical model. Even though the ACDM model presents
a good fit to the present observations, it has some con-
ceptual problems [3, 4] motivating us to explore other
possibilities for the dark sector. One enticing possibility
is a form of dynamical dark energy [5, 6] in which the
acceleration is induced by a scalar field, usually referred
to as quintessence models [7-21]. Dark matter can also
be described via a scalar field as weakly-interacting mas-
sive particles (WIMPs) — still undiscovered at colliders
and dark matter detection experiments. Models for dark
matter can also be based on other kinds of scalar fields.
This is for example the case of fuzzy dark matter [22].
Interaction between dark matter and dark energy was
considered in many cases [23-29]. Interacting scenarios
prove to be efficient in alleviating the known tension of
modern cosmology [30-45].

In order to provide a unified description of dark energy
and dark matter through a simple scalar field one can use
different extensions of the canonical scalar field action
[46-62]. Ref. [54] uses the formalism of non-Riemannian
spacetime volume-forms (NRVF — see Section II below)
in addition to the canonical Riemannian volume-element
/—g defined by the square-root of the determinant of
the Riemannian metric. This NRVF construction yields
a simple model of a modified gravity coupled to a sin-
gle scalar field with two main features: (i) It dynami-
cally generates non-zero cosmological constant as a free
integration constant not present in the original model,
(ii) It produces a non-trivial hidden nonlinear Noether

* benidav@post.bgu.ac.il
T nissimov@inrne.bas.bg
 svetlana@inrne.bas.bg

symmetry of the modified scalar field action, whose as-
sociated conserved Noether current yields the CDM part
of the pertinent energy density. Thereby the scalar field
is called “darkon” and the associated nonlinear Noether
symmetry - “darkon” symmetry.

In the present paper we investigate the cosmological
solutions of the above “darkon” model. We show that
up to linear order of the metric and “darkon” field per-
turbations the hidden nonlinear “darkon” Noether sym-
metry yields energy density consisting of two separate
dark energy and dark matter contributions. Breaking
of the Noether symmetry is introduced by an additional
“darkon” field potential leading to an interaction between
dark energy and dark matter components. The implica-
tions of the breaking of “darkon” Noether symmetry for
a possible explanation of the cosmic tensions are briefly
discussed.

The plan of the paper is as follows. Section II briefly
introduces the main features of the NRVF formalism.
In Section IIT the basics of the “darkon” model are pre-
sented, specifically the emergence and the role of the hid-
den nonlinear “darkon” Noether symmetry, including the
dynamical generation of the dark matter component of
the energy density as a dust fluid flowing along geodesics.
Section IV describes the homogeneous cosmological solu-
tion of the unperturbed “darkon” model whereas in Sec-
tion V the perturbations of the latter are derived. In Sec-
tion VI a plausible form of a ACDM Noether symmetry-
breaking “darkon” potential is proposed and the corre-
sponding solutions compared with some observational
data. Finally, Section VII summarizes the results and
discusses possible solutions to the cosmic tensions using
the above formalism.

II. THE ESSENCE OF THE NON-RIEMANNIAN
VOLUME-FORM FORMALISM

Volume-forms define generally covariant integration
measures on differentiable manifolds (not necessarily Rie-
mannian ones, so no metric is needed) [63]. They are
given by nonsingular maximal-rank differential forms w


mailto:benidav@post.bgu.ac.il
mailto:nissimov@inrne.bas.bg
mailto:svetlana@inrne.bas.bg

(for definiteness we will consider the case of D = 4 space-
time dimensions):

/Mw(...) :/Mdm4ﬂ(...) (1)

with:

1 “w v K A

w:EwWH)\da@ Adz¥ Ndx"™ A dx
Wprr\ = _5;“/&)\97 (2)

1

Q0= Es“”“)‘wwm .
The conventions for the alternating symbols eHv"*
and e, are: €928 — 1 and €123 = —1. The

volume-element density (integration measure density)
transforms as scalar density under general coordinate
reparametrizations.

In standard generally-covariant theories the Rieman-
nian spacetime volume-form is defined through the tetrad
canonical one-forms e = e;jda:“ (A=0,1,2,3):

w:detHeﬁ‘Hdaco/\alac1 Adx® A dx? (3)

which yields:

A
Q = det e} = /= det [lgu | - (4)
Instead of \/—gd*z we can employ another alternative
non-Riemannian volume-element as in (1) given by a
non-singular ezact 4-form w = dB where:

1
B= gBﬂwdm“ Adz? Adz”. (5)
Therefore, the corresponding non-Riemannian volume-
element density

1
Q= }—(B) = ggﬂyﬁ/\ aﬂBw@)w (6)

is defined in terms of the dual field-strength scalar density
of an auxiliary rank 3 tensor gauge field B, .

The systematic application of non-Riemannian
volume-elements to construct modified gravity-matter
models was originally proposed in Refs.[64-68], with a
subsequent concise geometric formulation in [69, 70]. Let
us particularly note the following important property
of Lagrangian action terms involving (one or more
independent) non-Riemannian volume-elements as in
(6) alongside with the canonical Riemannian volume
element :

S = /d% > F(BY) LY +/d4x V—=gL. (7)

The equations of motion of (7) with respect to the aux-
iliary tensor gauge fields B,(f,,)N according to (6) imply:

auﬁ(j)(other fields) =0 — E(j)(other fields) = M,

®)

where M; are free integration constants not present in
the original action (7).

The appearance of the free integration constants in
(8) plays instrumental role in the application of the
NRVF formalism as a basis for constructing modified
gravity-matter models describing unified dark energy and
dark matter scenario [54, 71] (see also Section III be-
low), quintessential cosmological models with gravity-
assisted and inflaton-assisted dynamical suppression (in
the “early” universe) or dynamical generation (in the
post-inflationary universe) of electroweak spontaneous
symmetry breaking and charge confinement [72-74], as
well as a novel mechanism for the supersymmetric Brout-
Englert-Higgs effect (dynamical spontaneous supersym-
metry breaking) in supergravity [69]. For a systematic
numerical study of some of the cosmological models pro-
posed above on the basis of NRVF formalism, see 75, 76].

III. HIDDEN NONLINEAR NOETHER
SYMMETRY

A. “Darkon” Model

Our starting point is a modified gravity-matter model
where the scalar field action consists of two terms —
one coupled to the standard Riemannian volume-element
(4) and a second one coupled to a non-canonical non-
Riemannian one (6) (using units with 167GNewton = 1):

S = /d4w [V=9(R+ X = Vi(9) + F(B)(X - Va(9)] |
9)

where R is the Ricci scalar, and X is the kinetic term of
a scalar field:

1
X = 29" 0,00, . (10)

The model (9), first considered in Refs.[54, 71], is
a simple special case of the broad class of modified
gravity-matter models based on the NRVF formalism as
in Eq.(7).

We can equivalently reformulate the action (9) as:

5= [dtay=g(r-U()
+ / d*z (vV=9+ F(B))(X — V(¢)) (11)

using the notations:

V=V, , U=V -1;. (12)

Let us point out that the Riemannian metric g,, en-
tering Eqs.(9) or (11) is the physical "Einstein-frame"
metric to which other generic matter field do couple, ex-
cluding the specific non-generic scalar field ¢ entering
(11) which plays a special role in the present construc-
tion to describe dark matter (see next subsection). Thus,



other generic fields u which could be added, will appear
in the action (11) as:

S = /d4x \/jg[R - %g“’j@#uayu +.. ]

+ [ ds V=X - V() - U ) + FEB) (X - V9)]
(13)

Thus, the canonical energy-momentum tensor for the
generic field u (from the first line in (13)) will be obvi-
ously conserved and, therefore, u will follow the standard
minimally coupled equations w.r.t. the original metric
Juv, i-€., which can be considered as the equivalence prin-
ciple for u in (13) is satisfied and there are no 5-th force
effects with respect to these additional fields u. We will
latter address the issue of the fifth force for the effective
dust that is generated by the modified measure theory.
The above case is in contrast w.r.t. other modified
gravity models based on the non-Riemannian volume-
form formalism [64—70], where the scalar curvature R in
the initial modified gravity action couples to certain non-

Riemannian volume element [ d*z F(B)R+ ... (cf. (6)-

(7)), and where the physical Einstein-frame metric gfL]EF)

is different from the initial metric g,, — it is obtained
upon conformal transformation:

F(B
Juv — Q;(LEF) = ( ) (14)

Juv-
g

Variation of the action (11) w.r.t. auxiliary gauge field
B, inside F(B) (6) yields (cf. the general Eq.(8)):

a, (X - V(¢)) -0 = X-V(¢)=-2M, (15)

where M is free integration constant not present in the
original action (11).

The variation of (11) w.r.t. scalar field ¢ can be written
in the following suggestive form:

VMJH = 7\/ﬁU/(¢) ) (16)
J#E—(l—i—x)\/ﬁ@“gﬁ , XE@ (17)

The dynamics of ¢ is entirely determined by the dynami-
cal constraint (15), completely independent of the poten-
tial U(¢). On the other hand, the ¢-equation of motion
written in the form (16) is in fact an equation determin-
ing the dynamics of .

The energy-momentum tensor 7),, in the Einstein
equations following from (11) (R, — 29w R = 1T..),
upon taking into account (15) and (17), reads:

T = g (—2M = U(¢)) + (14 x)0,900,¢ . (18)

Both (18) and (17) can be represented in a relativistic
hydrodynamical form for an ideal fluid:

Tl»“’ = PoUpUy + gp,uﬁ ) J/J = PolUy (19)

where u,, is the fluid velocity unit vector:

Uy = — Ot
PTVeX
the energy density p and pressure p are given as:
p=po+2M+U(p) , p=-2M-U(p) (21)
with:

(note ufu, = —1); (20)

po=(1+X)2X =p+7. (22)
Energy-momentum conservation V*T),, = 0 implies:

V*(pouy) = —V2XU'(¢) (Eq.(16)) , u, V" u, =0,
(23)
the last Eq.(23) meaning that the matter fluid flows along
geodesics.

Notice now that the issue of the 5th force exists for the
effective dust generated by the theory, and there will be
5th force if the potential that appears in the first eq. in eq
(23), (or (16)) is not flat, since the dust is not conserved
then, which obviously mean an interaction between the
scalar field and the dust (5th force), even though the
four velocity satisfies the geodesic equation, ie the equiv-
alence principle is satisfied (second eq, in eq (23)). The
particles obey the equivalence principle, but the particle
number is not conserved, the 5! force manifests itself by
particle creation or destruction (depending on the sign of
the potential ) of our effective dust. Notice that in this
case the departure from ACDM (departure from constant
potential) is correlated with the appearance of 5" force
(because of the non constant potential). Notice that the
Noether symmetry that we will discuss in the next section
holds only if the potential U is constant, so the Noether
symmetry guarantees the absence of a fifth force. Notice
that there are not very strong bounds in cosmology for
a fifth force, although in the range of laboratory experi-
ments there are.

B. Hidden Nonlinear Noether Symmetry

In Ref.[54] a crucial property of the model (11) has
been uncovered for the special case with the potential

U(¢) =0:
5O = [t [V=gR+ (V=3 + F(B) (X - V(o)

The variation with respect to the scalar field yields a
conserved current (cf. Egs.(16)-(17)):

VI, =0 JM:—(l—i—X)v?X(“)#(b:pouH. (25)

J,. (25) is a genuine Noether conserved current of the ac-
tion (24) corresponding to the following hidden strongly
nonlinear symmetry transformations:

5ep = eVX,
1

2V X

5egul/ =0 3
¢ (®(B) +v=g) , (26)

0B = —e



with B¥ = %EW"‘)‘BW)\. Under (26
transforms as total derivative of:

650 = / d*z 9, (L(p, X)5.B"). (27)

) the action (24)

The existence of the hidden Noether symmetry (26) of the
action (24) does not depend on the specific form of the
potential V(¢) in the scalar field Lagrangian. The only
requirement is that the kinetic term X must be positive.

The hidden Noether symmetry (26) is valid also for the
action (11) in the particular case U(¢) = const.

The energy-momentum tensor corresponding to S(®)
(24), i.e., Eq.(19) with (21) for U(¢) = 0, simplifies to:

T;S?/) = poupty —2Mgu, = (p +p) + Guvp (28)

with po as in (22). Now the fluid tension p = —2M is
constant and negative, whereas the (total) fluid energy
density p = pp+2M, so that py (21) and 2M are the rest-
mass and internal fluid energy densities, respectively (for
general definitions, see e.g. [77]).

The energy-momentum tensor (28) is an exact sum of
two additive parts with the following interpretation of
p and p in(28) according to the standard ACDM model
[78-80]:

p=—2M =ppm +ppE , p=po+2M = ppm + ppE -
(29)
Namely, taking into account (25) and last Eq.(23) we

have:

e Dark energy part ppg = —ppg = 2M, which arises
due to the dynamical constraint on the scalar field
Lagrangian (15).

e Dark matter part ppm = 0 and ppm = po =
(1+ x)2X, i.e., dark matter appears as a dust-like
fluid flowing along geodesics and with conserved
particle number density.

The above interpretation justifies the alias “darkon” for
the scalar field ¢. Let us specifically emphasize that both
dark energy and dark matter components of the energy
density have been dynamically generated thanks to the
non-Riemannian volume-element construction — both due
to the appearance of the free integration constant M and
of the hidden nonlinear Noether symmetry.

On the other hand, when we start with the initial ac-
tion (11) with the addition of a Noether symmetry break-
ing potential U(¢) # 0, Eqgs.(19)-(21) tell us that U(¢)
triggers an interaction (energy transfer) between the dark
energy and dark matter components due to the “darkon”
¢-dynamics:

ppE = —ppE = 2M + U(9) ,
pom =po=(1+x)2X , pom=0. (30)
Dark matter fluid is again dust-like fluid flowing along
geodesics (second Eq.(23)), however now because of the
breakdown (first Eq.(23) — non-conservation of .J,, (17))

of the hidden nonlinear Noether symmetry the dark mat-
ter particle number density is not any more conserved.

IV. HOMOGENEOUS UNPERTURBED
EVOLUTION

Let us now perform a reduction of the action (11) to the
FLRW (Friedmann-LeMaitre-Robertson-Walker) metric:

ds? = —dt? + a(t)?6;;dx'da? (31)

Variation of (11) w.r.t. B yields the FLRW-reduced form
of the dynamical constraint (15):

d 1 -2
(30 V@) =0 = L& -vig)=-2m.
(32)
Taking time-derivative of (32) implies:
o=V"(9), (33)

note the opposite sign in the “force” term on the r.h.s. of
(33). According to (32) the solution for ¢(t) reads:

o(t)
/ (3)
#(0) - 2M

The equation of motion of (11) w.r.t. ¢ is equivalent
to the FLRW-reduction of (16), which amounts to an
equation for the dark matter energy density pq:

d d
(5 +3H )po + ZU(6) = 135)
-2 Co _ 1

1 34! y /
s / dad () T (136)

Here ¢y is an integration constant, 7= U’(¢) gf), and
X =B /a® is the FLRW-reduced form of the ratio of
volume-element densities x = T/@ (last Eq.(17)).

pot) =(1+x) ¢ =

In the case of U(¢) = 0 when the nonlinear “darkon”
Noether symmetry is intact Eqgs.(35)-(36) reduce to:

d o '2700
(5 +3H)p=0 = p=(1+x)é="5. (37

where the Hubble parameter H = 9. The last Eq.(37)
explicitly exhibits the dust-like nature of the “darkon”
dark matter energy density pg.

The Friedmann equations read accordingly:

6H =5 . F=po+2M +U(6)(38)
= 2GR =g . P=-2M~U(6) (3)

where p and p are as in (19)-(21) and pg is given now by
the homogeneous solution (36).

In the case of U(¢) = 0 when the nonlinear “darkon”
Noether symmetry is intact, taking into account (37),
Eqgs.(38)-(39) simplify to:

6H” = p,

p:po+2M5%+2M, (40)

Hz—i(pﬂ-p)z— p=—2M. (41

Co
4q3’



For comparison with the observational data it is conve-
nient to rewrite Egs.(34)-(36) and (38) in terms of func-
tion w.r.t. red-shift variable z:

ap d d
1 = — —=—(1 H(z)— 42
trm ot GeOEAHEE) L. @)
as follows:
e Eq.(34) is equivalent to introducing the “darkon”
field redefinition:

65 3=30) . Fo=[@-20]"", @)
so that:
dj\2 de 1
(E) =l 7 LT U aHG) (44)
e Eq.(35) is equivalent to:
Loo(a) — opole) + SUB) =0, ()

with a solution corresponding to (36):

) = Ba+zp - [ Zd<<1+<>3jgv<$(<>) .

g
(46)
e The Friedmann Eqgs.(38)-(39) are equivalent to:
6H?(2) = po(2) +2M + U (o(2)) (47)
d 2
LH) = (), (49)

with po(z) as in (46).

For the sake of confronting the observational data,
Eq.(47) may be rewritten in terms of the various den-
sity 2-parameters:

H?(2) = H} | Qum(2) + Q) + Q4 (2)
0+, @)

where Q. (2) stands for the “darkon” dark matter den-
sity parameter:

pO(Z) 1 3

1 ’
Qun(2) = G+ Vi (2) = 7575 %an(2) + O ()
(50)
for the dark energy density parameter:
oM U(é
QO = TR GIG) IR

—eHZ 0 A 6HZ '

and where also the contributions of radiation 95«0) and
baryon matter ngo) have been added.

Let us recall that the presence of the “darkon” potential
U breaks the hidden nonlinear “darkon” Noether symme-
try (16) (or (35) within the FLRW framework) embody-
ing the ACDM character of the original “darkon” model
(24), so that the appearance of 95\1)(2) in (49)-(50) sig-
nifies deviation from ACDM.

V. PERTURBATIONS

Let us now consider scalar perturbations of the FLRW
metric (31) (in Newtonian gauge):

ds* = —(1+2V)dt* + a(t)*(1 — 2V)d;;dx'dz? |, (52)
together with perturbarions of the fields:
¢ =0(t) +36(t, @) , x=X(0) +ox(t,7),  (53)

where ¢ and ¥ are the unperturbed (“background”) solu-
tions for ¢ and x from Eqs.(34)-(37), as well as pertur-
bations of the energy density and pressure:

p=p(t) +0p(t, %) , p=p(t)+dpt 7), (54)

where p and p are the unperturbed background values of
p and p in (38) and (39). Explicitly:

dp=206pg+U 8¢ , op=-U'bop. (55)

dox ~
§po = po——=+2(1+X)V' ¢ . 56
Po P01+X ( X) ¢ (56)
The perturbation of fluid velocity unit vector (20)
reads:
Su, = (=W, 6u;) , bu; = _o0 (57)
¢

The perturbation of the dynamical constraint Eq.(15)
around the FLRW background::

$3p — $*T — V()3 =0 (58)

or, equivalently using (33):

5 p=¢ U+ Z&ﬁ (59)

yields solution for d¢(t, &):

56(1.7) =6 | / V(' 7) + Col#)] (60)
with Cy(Z) some infinitesimal function of the spacelike
coordinates.

The perturbations of the stress-energy tensor compo-
nents (18) read:

0T) = —0p = —bpog — U’ 69, (61)

; 1 1 0
5T0 = ——2p05ui = *2,00 . ¢ 5 (62)
6T} = —8i6p = 6:U" 6¢ . (63)

Let us now consider the zeroth component of the per-
turbed energy-momentum conservation equation (cf. e.g.

[81]):
Do0TY + 0;6T3 + 3HSTY — HOT)
po (d o N
— ( 09 2H(59”) =0, (64)
0gi; = =2V a26ij ,



which upon inserting (61)-(63) becomes:

(;t —|—3H)6p+3H5p— PO G256 3pg b=0. (65)
o

a?

Introducing the dark matter energy density contrast:
1) DM = — (66)

and using Eq.(65) by taking into account (35) and last
Eq.(55) we obtain:

d V326 ' 1d
s — ¢73@725DM+ff(U'5¢)_o
dt a2 ¢ £o dt
(67)

Applying time-derivative - on Eq.(67) and using Eq.(59)
— specific perturbation equation for the present “darkon”
model of dynamical dark matter, as well as using one of
the perturbed Einstein equations for the metric pertur-
bation component ¥ (see e.g. [82]):

]. 2 _ 1 / _
CTQV U= 4<5p0 +U' 00 3aHpo5¢) ,  (68)

we obtain the second-order differential equation for the
dark matter contrast:

d? d
Iz —0pm + 2H 5DM + 4PO5DM

—3 [\If oHY — iaHpO(Sd)]

d

= /oo (g +200) [ 5 0750) - o] 0

Odt

Recall that pp and d¢ are explicitly given by (35) and
(60), respectively.

In the case U(¢) = 0 (or U(¢) = const) when the
“darkon” nonlinear Noether symmetry is intact (25), the
r.h.s. of Eq.(69) vanishes and it reduces to:

d?
dt?

—3[@ L OHY — ZHapoé(b} —0,

—0pm + 2Hd dopm + 4PO5DM
(70)

where pg is now given by (37) and d¢ is expressed through
the metric perturbation ¥ according to (60). Eq.(70) is
the general relativistic form of the equation for the dark
matter density contrast over ACDM FLRW background.
In the subhorizon limit where the metric perturbation ¥
is small [82] the terms in the square brackets on the L.h.s.
of (70) can be ignored, so that the latter simplifies to
the familiar form of the equation for the energy density
contrast of generic dark matter perturbations on ACDM
background in the Newtonian limit [82] (recall, we are
using units with 167Gnewton = 1):

1
dt2 5DM + 2Hd dpm + 4PO5DM =0. (71)

In terms of redshift z Eq.(69) takes the form:

. (H'(z) 1 po(2)d
Obu +5DM(H(Z) 1 +z) 4(1iz)2]1371g(z)

d /U (2) U'(z) H'(2) 1
~dz (T po(2) 6DM<H(z) B 1+z>(’72)

with primes indicating d% and where po(2), H?(z), H'(2)
are to be replaced by the expressions (46), (47) and (48),
respectively. Here again, as in (71) above, the subhorizon
approximation (Newtonian limit) [82] was used (i.e., the
terms involving the metric perturbation ¥ are ignored).

Let us recall that the growth rate function is definded
as:

5DM> +

dln5 o

f== (73)

f* 67

with § = dp/p denoting the pertinent matter density
contrast, which depicts how quickly the perturbations
evolve. Typically, observational data on the growth of
structure are presented as constraints on the parameter

fos(z) = =(z +1)os(0)

(74)

which can directly be extracted from redshift space dis-
tortion data. The og(0) is the present amplitude of the
matter power spectrum at the scale of 8o ~'Mpc [83, 84].

VI. STATISTICAL ANALYSIS

In order to assess the viability of the model, we con-
front it with the observational data the solutions for
Eq.(49) (the homogeneous one within the FLRW frame-
work) and Eq.(69) (for the perturbations above the
FLRW background).

We examine the following “darkon” Noether symmetry-
breaking potential (with ¢ — the redefined “darkon” field

(43)):
U($) = 2MB%¢ . (75)

For the limit 8 — 0 the potential goes to zero, and we
recover the ACDM model both in the homogeneous so-
lution as well as on the linear perturbation level.

We test the solutions that are provided by the present
“darkon” model with two data sets: the direct measure-
ments of the Hubble expansion|[85, 86| and the growth
rate data set [87-93].

The direct measurements of the Hubble expansion set
contains N = 36 measurements of the Hubble expansion
in the redshift range 0.07 < z < 2.33. 5 measurements
are based on Baryonic Acoustic Oscillations (BAOs), and
the other estimated via the differential age of passive
evolving galaxies. Here, the corresponding x? function
reads:

X3 = HCq,

H,cov

HT, (76)
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FIG. 1. The corner plot of the potential (75) with the direct measurements of the Hubble expansion and the growth matter data.

Potential 0o, Hyp k]\Tp:) % B o8 X
(75) 0.38 +0.013  69.04+1.75 0.638+0.04 0.4610.03 0.88210.178 84.56
Flat (ACDM)  0.33440.012 66.07+0.877 0.679640.0194 0 0.913+0.015 96.12

TABLE 1. Observational constraints and the corresponding x> for the considered cosmological models.

where H = {Hl — floE‘(Zl7 (bV) s oeeey HN — I‘I().E(ZN7 ¢V>}
and H; are the observed Hubble rates at redshift z;
(i=1,...,N). The matrix C denotes the covariance ma-
trix, and ¢” denotes the other parameters on which the
Hubble rate depends.

A model-independent cosmological probe, the fog
product, is estimated from the analysis of redshift-space
distortions [93, 94]. There is a big number of data points.
We choose to use a compilation of fog data that checked
in terms of its robustness using information theoretical

methods. The relevant chi-square function reads

X?‘US = fUS C;;S,Cov fUST ) (77)

where fJS(ai, ¢V+1)theor = 085l(aia ¢V)/5(17 ¢V)ai and a
prime denotes derivative of the scale factor a with the
corresponding correlation matrix. The quantity og is a
free parameter. The statistical vector ¢” contains the
other free parameters of the statistical model. The values
8’ (a;), 6(1) are calculated by the numerical solution of
Eq. Eq.(69) for a given set of cosmological parameters.
To obtain the joint constraints on the cosmological pa-
rameters from 2 cosmological probes, we define the total



X2, expression:
2 2 2
Xtot = XH T XFos - (78)

Regarding the problem of data fit, we use a nested
sampler as it is implemented within the open-source
Polychord [95] with the Get Dist packaged [96] to present
the results. The prior we choose is with a uniform dis-
tribution, where €, € [0.2;0.4], Q5 € [0.5;0.8], 05 €
[0.5;1.2], Hy € [65;75] and 8 € [0;0.5] for the “darkon”
model.

Fig. 1 presents the corner plot of the joint statistical
analyses. Table I summarizes the joint statistics. One
can see that the og that the potential (75) predicts is
closer to the value predicted by PLANCK collaboration
og = 0.811 4+ 0.006 and Hy = 67.4 + 0.5km/s/Mpc. The
x2 per degrees of freedom for the “darkon” model yields
1.023, while for ACDM the x? per degrees of freedom
gives 0.899. The fit is better when the Noether Symmetry
is preserve.

VII. CONCLUSIONS

This paper connects the standard ACDM model of cos-
mology to the hidden nonlinear Noether symmetry of a
simple modified gravity-matter model with a single scalar
field based on the formalism of non-Riemannian space-
time volume-elements. Via the Noether symmetry of its
modified action the scalar field, called “darkon”, dynam-
ically generates both cosmological constant (not present
in the original action), as well as dust-like dark mat-

ter component of the pertinent stress-energy tensor —
a simplest explicit realization of the ACDM framework.
Adding Noether symmetry-breaking “darkon” potential
introduces interaction (energy transfer) between dark en-
ergy and dark matter.

We calculate up to linear order of perturbations the so-
lution for the above theory confirming that in the absence
of “darkon” Noether symmetry breaking the known equa-
tion for the dark matter density contrast for the ACDM
scenario is recovered.

We also studied the homogeneous background and lin-
early perturbed solutions with a specific plausible choice
of “darkon” Noether symmetry-breaking potential. Using
the direct measurements of the Hubble expansion and the
growth matter perturbations data we find that our fit is
closer to Planck data, and the x2/Dof is not significantly
higher. However, to alleviate the cosmic tensions com-
pletely we should test more data sets as pantheon Type
Ta supernova and measurements from the early universe
as the CMB data.
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