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Abstract:

The status of a modification of General Relativity (GR) — Spontaneously
Broken Relativity (SBR) — for merging gravity, dark energy (DE) and dark
matter (DM) is presented. The modification is principally grounded on a
multiscalar-metric concept of spacetime endowed with two dynamical
structures: a basic metric and a set of the reversible multiscalar fields. The
latter ones serve geometrically as distinct dynamical coordinates among
arbitrary observer’s ones and physically as a kind of gravitational Higgs
fields producing the possible spontaneous symmetry breaking (SSB). The
effective field theory (EFT) of the extended gravity based on the
multiscalar-metric spacetime — the metagravity — is discussed and of some
of its particular realisations as SBR are explicated. Generally, SBR physically
results in appearance of massive tensor and scalar gravitons, with their
implications shortly discussed. Some of the emerging consequences and
problems are briefly discussed. Possible prospects for SBR for future deeper
unification of gravity with matter in the SSB context are shortly indicated.
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Status and prospects

@ Motivation
» Cosmological and astrophysical evidence for Dark Energy (DE) and
Dark Matter (DM).
» Numerous proposals for DM candidates, absence of convincing
candidate.
» The cosmological constant (CC) issue and Hubble tension.

o Feasibility of substantial modification of general relativity (GR).
Multiscalar-metric spacetime and gravity concept: tagging spacetime
with additional intrinsic scalar fields.

o Effective field theory (EFT) of multiscalar-metric gravity
(metagravity).

@ Spontaneosly broken relativity (SBR):

> General relativity. Dark hole: a GR-like black hole with a scalar graviton
halo — signature of the multiscalar-metric gravity. Asymptotically flat
rotation curves.

» Weyl-transverse relativity: CC screening.

@ Problems and prospects of the proposed spacetime and gravity
modification.
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Motivation: DM and DE problems
@ The standard ACDM model — homogenous, isotropic spatially flat
Friedmann—Robertson—-Walker Universe dominated (at present) by Dark Energy

and Dark Matter: 5% SM matter, 25% (cold) DM (0.5-1.6% 3 SM v), 70% DE.
® Qiot = p/pc ~ 1 from CMB data = spatially flat Universe.
e SN lumi. distance vs z = accelerated expansion of Universe = Qp ~ 0.7.

e Strong motivation for cold DM: CMB anisotropy vs present day baryonic density fluctuations
= Qmn>~03

@ DM is observed in gravitationally bound structures from dwarf galaxies to galaxy

clusters: v, dispersion, rotation curves, gravitational lensing vs visible density.
e From largest structures: (ppp) =~ 0.264pc, consistent with ACDM.

e DM in galaxies: asymptotically flat rotation curves, the baryonic Tully—Fisher relation,
VT4 &< Mpay, for My, = 108 < 10'2Mg, (DM / SM matter coupling?).

@ No natural DM candidate, no preferred BSM model providing it, no signal in
direct DM searches: accelerator production, galactic WIMP detection ...
Small scale (<« 1 Mpc) cold DM dynamical problems: e Missing satellites: few M > 107 Mg
subhaloes in the MW, much less than expected from simulations. e The cusp-core problem: no
central DM density peak p(r) oc 1/r%8%14 o Small DM haloes of the largest MW satellites . . .

@ The vacuum energy (CC) issues:
e Huge CC from EFT vs tiny observational CC e Hubble tension (a hint to dynamical DE?)
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Multiscalar-metric spacetime concept

/ Yu.F. Pirogov, EPJ C 76 (2016) 215 /

For description of gravity in GR the spacetime is supposed to be a metric
manifold.

» To merge gravity with DE and DM, a modified concept of spacetime
manifold with arbitrary observer’'s coordinates x* is considered, endowed
with a two-component structure: basic metric g, (x), p,v =0,1...d (d is
the spacetime dimension) supplemented by the set of multi-scalars Z2(x),
a=0,1...d transforming under piecewise auxiliary Lorentz group. / For
definiteness, we assume d = 4 in what follows. / The multi-scalars define the set
of distinct coordinates on the manifold, z%(x) = §5Z?(x), in a piecewise
manner. For homogeneity, Z? are supposed to enter only through
derivatives, more particularly, through the auxiliary metric

Cuv = 8MZ'38Vanab. In arbitrary coordinates, g, and (,, are used for
construction of EFT merging gravity and dark components.

The modified spacetime concept is in fact the essence of the whole
approach. The future development should confirm (or, conceivably,

otherwise) the adopted concept.
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https://link.springer.com/article/10.1140/epjc/s10052-016-3973-4

Effective field theory (EFT) of multiscalar-metric gravity

(metag ra Vl'ty) / Yu.F. Pirogov, EPJ C 76 (2016) 215, IJMP Conf. Ser. 47 (2018) 1860101 /
Gravity is described by an EFT built in observer's arbitrary kinematic
coordinates x® with a basic dynamical metric g,,,(x*) and an auxiliary
metric (... We introduce an effective scalar field (serving as a DM

messenger): o = log(v=g/v/—C),
and tensor fields, the effective metric (i.e. the one defining the observables)
g, and the metric/quasi-metric correlator &/, (a kind of dynamical DE):

g =e"g,, 2 =g"¢, (@ =81"),

where w(o) is the Weyl form-factor. The two marginal cases are of special
interest: at w = 0 the effective metric presents the GR metric g, = g,., and at

W = —0 /2 the metric of Weyl-transverse gravity, .., = (g../(—g)"/*)(=¢)*/*.
The effective action of the multiscalar-metric gravity (metagravity in what
follows) is S[guv, 2% = [ L(&.w, &, 0) /—F d*x. The metagravity is
self-sufficient, but in reality it should be supplemented by ordinary matter and
DM fields. For definiteness, & and o do not directly interact with the ordinary

matter and are coupled only to tensor gravity and DM., —.. . .
Yu.F. Pirogov, 0.V. Zenin (NRC “Kurchat August 26, 2025 6/21
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Effective field theory (EFT) of multiscalar-metric gravity
(metagravity) (cont'd)
... —> The Lagrangian: L= L¢ + Lps + Ly .
@ Tensor gravity: Lc= ZG("_?)
R = "R, (8ap), where R, is Riemann curvature tensor expressed via the
effective metric.

@ Dark substances — the scalar graviton (SG) and dark energy (DE):
Lps = Lsc(o,0,0,8",R", &5) — Vpe(&l), 0)
e Conventional matter (CM) and possible additional DM (sterile v's?):
Ly = Lem(Buw, dem) + Lom(Euws 040, doMs dcm)
Lom = L(guv, dom, dem) — 0,0 Ipp,(doMm)

o is assumed to interact with possible additional DM but doesn’t interact
directly with CM. In this sense, o is a DM messenger.
The EFT a priori admits multiple realisations. Somewhat restricted but
sufficiently general versions are considered in what follows.

Yu.F. Pirogov, 0.V. Zenin (NRC “Kurchat August 26, 2025 7/21




Spontaneously broken relativity (SBR)
_ 1 _
Le= —§Mf2>1 R(8w)
For simplicity, we split £ps into scalar graviton and pure DE terms:
M2 Lps = Lsc + Lpe
E_SG = % {[g'uVFg(Ua 58%7 R;w) + RMVFR(Ua é%a R,uz/)] 8“081,0' — Vcr(a)}

The form-factors Fg, Fg are chosen as ) B
Fe = T2+ rs(23) + a(R), Fr = b(R).

T characterizes the constant part of the coupling between scalar and tensor
gravity. Possible dependence of the coupling on DE and the scalar curvature are
accounted by x(23) and a(R) form-factors. A possible non-minimal coupling of
o to tensor gravity is parameterized by the term oc b(R)R*”. A dependence of Fq
on o is neglected under the supposed shift symmetry 0 — o + const.

e The dark energy term: Lpe=—Vpe=—Ve(2)) = —MI%IVae(a'e’,f) =

= —M3, (AN + GL&} + Go(&)))* + HozlE! +...)

Such a decomposition is motivated by the requirement that the shift symmetry

o — o + const is violated only by the potential v, (o).
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Field equations

oS oS 0" d0S o Einstein's equations (traceless
sghr ~ 0ghv oghr | So oge terms are explicitly separated):
> (5 1_ = = 1_ -
Mgy | Rap — Zg)\pR = Ty — Zg)\pT + B
_ |1 _ - = 1 6/—-8L

= == 5z ) L=~Lsc+Lem+ Lom + Lpe

v I 1 6y—ZL
vA{nabapzb [c—”” (% (MBR+ T) - = 2V_€ )

oS V—g do
6z2 _ M2 Oe FHA %‘MP -
Mg, <8aeﬁg + aaet\tg =0 (2)
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Field equations
Eq. (2) can be integrated right away:

swie | W 05 = 1 6y—EL M3 0V , 1 Y
e | MR+ T) - == 2= - S Ty T AL =M (@)

. . . A A . :
where M3, )\, is an integration constant and 2" (V,f?" = 0) is an arbitrary
covariantly divergenceless bi-vector transforming as a vector both relative to the
. , . . . A .

multiscalar and observer's coordinates. The term including f°” may influence an
asymptotic behavior of the solution. From (3) and (1) one obtains the equation
for the scalar graviton field (put here Lsg, Lpm):

Mo, V= (" (T2 + wal5) + a(R)) + b(R)R) 0] + 2Ver —
v-g " s fs\®p) T A ve do

107x
2 8ae;§
VT (o) = M3, [vo(0) + e 277 .

Note:” at w # —0 /2, M3 \s # 0 makes o self-interacting even if V(o) = 0.
In this context, the Weyl-transverse case w = —o/2 is exceptional: the DE and

1 A
=V, oy + (1 + 20 )M3, ®) + Znabékzafb . 4

auxiliary f2” contributions in (4) also disappear which singles out the Weyl-transverse
case among the rest of the realisations.
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Field equations: W' # —1/2 case

e Einstein's equation (1) is represented in a conventional form as
2 (B 1. 3 Foff
My | Ruw — §g;wR = TW (5)
The effective energy—momentum tensor:

1 0vse 2

Tl = T By | 5o
_ 2 6J=EL . . - i} i
T = = , L=Lsc+ Lcm+ Lpm + LpE
VR s
MEL o, [V7F (3 (T2 + ro(23) + 5(R)) + b(R) B#) 0,0] + LYo —
/7 S 5 v 80

_ 1(9vaE
o =V, by + (1420 )M}, 20 ®)

1
+ Ase 2T 4 UabaxzafbA] (6)

+ naba)\zafb :|

VT (o) = M3 [vo(0) + Ase 2" 7]
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Special case: spontaneously broken Weyl-transverse relativity
(SBWTR, w = —0/2)

e Einstein's equation (1) takes the form:

A N _
M3, <R,\p - 2g)\pR) =Ty — 280 (MER + T), (7)
- 2 0/—EL 5 = - - _
T, v — == .. > =
= = g L=Lsc+Lem+ Lom + Lpe

o Mg,

2 uv 8\/0'
\/78 (V=8 (8" (T% + rs(25) + a(R R)) + b(R) R*) d,0]+

Oo

> g =¢e /2guv = (gul//( g)1/4) (— )1/4 = /-8 =+—( = the
Lagrangian CC term \/7I\/IP1/\ FMPM\ does not vary with g, =
The Lagrangian CC is irrelevant. Impose a covariant conservation of Ty,
= 0, (M3,R+ T) =0 = An effective CC reappears in the r.h.s. of (7) as an
arbitrary integration constant unrelated to the Lagrangian CC.

T A possible path to explain CC issues? / vu.F. Pirogov, Grav. Cosmol. 28 (2022) 3, 263/

» The massive tensor graviton appears via SSB mechanism (no ghosts, smooth
mg — 0 transition), see the realisation in

= VMJSM
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Conventional case: spontaneously broken GR (SBGR)
(V_V =0, g/w = g,uy)

e Einstein's equation (1) takes a GR-like form:

_ 1. - - 1 6=%L
Mlgl <R)\p - EgApR> = T>\P gAP\/_g_ So (8)
. 2 6y—BL - = 5 — 5
T == @f . L=_Lsc+Lcm+ Lom+ Loe
Mlgl v (T2 v 8V§H
og0n [V=E (@ (72 + mo(5) + alR) + HR)R™) 0,0] + =52 =
. 10V 1 a
0. =V, Jby + M3, 5%382 + Z'ﬂaba)\z Fo2

Vet (o) = MR, [V (o) + Ase ™7

To illustrate the discussed theory, consider a local stationary spherically
symmetric solution — . ..
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Spontaneously broken GR: scalar graviton dark holes
/Yu.F. Pirogov, Eur.Phys.J.C 72 (2012) 2017/

To start with, search for a static spherically symmetric vacuum solution merging a
GR-like BH and a scalar graviton halo.

ds® = g, dxtdx” = A(r)dt? — C(r)r?(sin® 0 d¢? + d6?) — A~ (r)dr?
For simplicity, neglect Vpe (and set A = 0), put V,, = 0, choose A\s < 0 in (3),
restricted case £ = 0. An exact solution (a generalization of Schwarzschild):
/ Yu.F. Pirogov, O.V. Zenin, Phys. At. Nucl. 88 (2025) 2, 356/

e rg is the Schwarzschild radius of the central BH.

A(r) — (1 _r /r) (r/rh)li%iz e The scalar profile parameter: 12
gw? =" [7 1+§T2 A%]
C(r) = (r/rc) Li2r? e rc is fixed by the gauge-invariant condition:
o) = — 2 oglr/m) dmgasured cheslolongth) , ox, £ - oo
14272

1
=re=rp {1+2T2}W (re =~ rye at T2 < 1)

e Non-flat asymptotic at r — oo! An anomalous radial acceleration term oc 1/r.
For a particle at rest:

Er [l 2T (1_@)1}.(r>f”22 —

I

ds? 2r2 14272
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Spontaneously broken GR: scalar graviton dark holes
.. .7 An apparent rotation velocity for a circular orbit with the radius r:
1 r 1/2
Vior(r) = [ (14+272) - —5— 4272
2r—rg
At r — 00 Vot — V2T <— an asymptotically flat rotation curve.
Can one model DM haloes manifested in galaxies?

A typical asymptotic vt in large
spiral galaxies is ~ 300 km/s .0

LI B

(~ 30 km/s in DM dominated - 1

NGC 3198

dwarfs), thus T ~ 104 + 103
= Ms = TMp] ~ 1014+15 GeV
(close to GUT scale?) A caveat:
large deviations from GR-like
behaviour — not a problem
at r < rp /arXiv:2504.05011/, )
still need a cutoff at r > ov’v,nf-/,'},,,‘,|‘,,,|,‘,‘ L .
rh. —> Take into account the \ranAlb:da+(1985;0 Radluin(kpc) * “© o de,.‘.:‘m, v
neglected DE term M%,lvae(aeg) F. Lelli (2022)
— asymptotically flat solutions

can be looked for.

Jog(M. /M)

Vo (km s™)
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Problems and prospects

» Prove that SBR is theoretically quite consistent for merging of gravity
with DE and DM.

> |ts phenomenological adequacy requires a more thorough study of the
following problems:

1.

5.

A more detailed study of finite vacuum solutions (dark holes) in the
SBR framework: static spherically symmetric — generalization of GR
Schwarzschild solution, and rotating as a generalization of Kerr
solution.

Gravitational waves: dispersion, extra polarisations, scalar waves?
Necessity and conceivable DM sources of the scalar graviton.
Modification of vacuum solutions.

Study global solutions taking into account DE and DM sources of the
scalar graviton.

Connection with the conventional (SM) matter.

» In conclusion, SBR presents a perspective route for future deeper
unification of gravity with matter in the common context of SSB.
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Scalar graviton, DE and matter contributions to 7_',”

7(sc,DE,oM,CM) _ 2 5v=8L(s6,0E,0M,cM) |
pv = :

VE 68+

1.4 _EESG _ M%l 2 a B
ﬁiﬁw =2 {BHO'&,O' (T + rs(®9) + a(R))
—gw[ aAaapa( Ap ('T‘z—l-ns( g)—f—a(ﬁ))—kb(.‘?)ﬁ)"’)}
10000,0 | 80 2 1 Ry (22002 4 R P + b (0000,08° Ro + 000008 Rop)
P po o=, ma EY:) EY:) a00p pv v 00« P

1 1
+5VoVa (840050b) E*PgP B + 5VoVa (0u00,0b) 8" = V V1 (9,00a0b) B

P ab 1
LA AN (aaaaﬁg ( a8 93 | pap0b )) } + iz Vo(o)

AR oR 2

1 6v/—ZL V. _
- OV TERDE — s+ B Ve
v—g dgrv Baeﬁ 2

1 6v=8Lpm _ 1 6/=ZL(&xp, bDM, bcm)
VE o VE 65

1_ 6Jpmy v
_a)\O'JDMp — ngp(—auanM) — a,,,a'wg“
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Spontaneously broken Weyl-transverse relativity:

massive tensor graviton / Yu.F. Pirogov, Grav. Cosmol. 28 (2022) 3, 263/
Neglect matter and v,. Split the DE tensor field into its trace and the traceless

art: = 1
P 2=2""p, & =2 - Z(S,’jie
Consider the even quartic DE potential:
2
_ 1 —u=v = 1_ _ 5
Ve = EMI%IV2 <é5éu + Ba ((4&)2 — 1) ) , o >0 B4 > 0.

CQZ;E =0 at & = 0 (trivial unbroken phase, higher V) and & = 4 (broken flat
phase, lower V). In flat background, choose proper coordinates x* = §%Z2, so
that gag = Bap = Cap = Nap, & = 05,0 = 0. Small perturbations around the
flat background (indices are lowered with the background metric, 9, = 9/0x2,

X® = 03x%):

2% = Z24X", Bap = Napthap, Bap(x) = Napthap(x), &5(x) = 0515 (x),
has = hap + W' /2(h — 20X)1ap » na,yfg(x*) = hap(x) — Faxps(x) — pXa(X)
W =-1/2=f=0. ~ o _ _

In a vicinity of the flat background: Ve = M2 vafgfl + 3(Ba— D)2 +... — ...
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Spontaneously broken Weyl-transverse relativity:

massive tensor graviton / Yu.F. Pirogov, Grav. Cosmol. 28 (2022) 3, 263/
.= Teas = 2Mpy Vafas
In unitary gauge x“ =0, fup = hap = substitute the tensor graviton field h,s by
the DE field £,z in Raﬁ In linear approximation (LA):

Ras =5 (aaavfﬂ + 050,77 — PFag) s R = 0,057 9)
Eq. (7) in LA:

_ _ _ 1 _ _

Doy f] + 050, f) — O fop — Eavaéf’vﬁnag = 4sfop . (10)

From Egs. (?7), and the multiscalar FE (2):

Oa (4\72630‘ - ;&Y&‘gﬁ‘ség) =0 < actually follows from (10)
Require a covariant conservation of the omitted non-DE TaB terms in the r.h.s.
of (10) = from the reduced Bianchi identity V* (Ras — 1/2843R) = 0 one has
in LA 9,f*# = 0. = tensor FE (10) reduces to

(*+m2) fup =0, m2 =40 (11)

= Due to 9,f*® =0 and f = 0 Eq. (11) describes exactly 5 independent degrees
of freedom without ghosts.
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