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Palatini gravity
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Palatini gravity
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= Einstein field equations in GR arise dynamically:
1
Ry (1) = =9 Rap(IT) gy = Ty

®" |n metrical theory, it is not possible to get the
Einstein field equations without adding extrinsic
curvature to cancel out the surface terms.

=Ty

J. York, Phys. Rev. Lett. 28 (1972) 1082 G.
G. Gibbons & S. Hawking, Phys. Rev. D15 (1977)
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Experiment:

= Heavy Z’' bosons seem to weigh very heavy (CMS and ATLAS M,, = 5TeV ).

= Light Z’ bosons might exist with mass near the WISP domain (Atomki: M,, = 17 MeV) .

A. J. Krasznahorkay et al. Phys.Rev.Lett. 116 (2016) 4

Theory:

= 7’ bosons are often associated with some U(1)’ symmetry beyond the SM.

= 7’ bosons can arise also from beyond-the-GR geometry (non-metricity vector in Palatini gravity).


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

Extended Palatini gravity
RW(F) Ex L (.(11"t \I}m)}

M?
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» antisymmetric part of the affine
Ricci curvature tensor

@,{w(r) — aﬂriv o &/rip

» antisymmetric affine Ricci acts like field
strength tensor of an Abelian vector field:

R, (T)

= |

>\ _
VM — F)\M and R;U/ = auvv — 8VV,UJ
V. Vitagliano et al., Phys. Rev. D 82 (2010) 084007

> V,, is the source of geometric 2’ and can
be related to non-metricity for a symmetric
D. Demir, BP, JCAP 04 (2020) 51

affine connection



https://arxiv.org/abs/1007.3937
https://arxiv.org/abs/2001.06577

Extended Palatini gravity with Matter

M,
2
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matter sector involves affine

D. Demir, BP, JCAP 04 (2020) 51
. A )\ 2 2
connectionl’,, (not “1';))

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996

» affine connection appears in the fermion kinetic term:

r 1
Vb = (Vi + =Q
= (Vi 2 n)¥ L. Fatibene et al., gr-qc/9608003 (1996)

M.Adak, T. Dereli, L. Ryder, Int. J. Mod. Phys. D 12 (2003) 145



https://arxiv.org/abs/2001.06577
https://arxiv.org/abs/2211.00991
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Extended Palatini gravity with Matter

" |n general affine connection is decomposed as

A g A
Fuv - QPMV + Auv

\

symmetric tensor field

A A
AMV_AVM

= which leads to affine Ricci curvatures:

R (D) = R,uCT)+VaA,, = VA + A A — A A
E}JV(F) = 8#’5,%)/ - 8VA:%;1

D. Demir, BP, JCAP 04 (2020) 51

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Extended Palatini gravity with Matter

= Action after decomposition:

Slg, A V,,] = /dﬁlﬂrx/—g{
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Quadratic term invol\g\es
all components of A7,

(1 { . ‘
469“(?9'”}8 (()}-LA (),,A}”u) ((ﬂﬂﬁﬁﬁ — ()Jgﬁgﬂ)}

.

+L(g. T, A, T,) } \

Kinetic term involves only
the vector field Ai,,,

D. Demir, BP, JCAP 04 (2020) 51

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Extended Palatini gravity with Matter

A . .
> One can express 4}, in terms of nonmetricity tensors

1

A, =
S’

A
9" (Quvp + Quup — Qpuv)
\ nonmetricity tensor

r
Q)\pw — = VAQ;W
» For an action of a consistent vector field theory, tensor field enjoys the form

ANy = —3Q% g + Qub, + Qu6,

D. Demir, BP, JCAP 04 (2020) 51

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Geometric-Z’ Field with Matter:

1[1273 1 L 1 2 gV
R(D) =Y Y™ = SMPY, Y™ + gy fA"fY, + L(g,°T, W)

4

Slg, Y, U] _/(}4; V- {

/ /
canonical geometric Z’ : [Y,u, = QJEQH]

matter sector
without geometric 7’
[]

o, 2 _ 3 a2
s geometric Z’' mass: [My = 25Mp

1
+* geometric Z’ couples to fermions universally: gy = —=
g P y [ 4,/€ ]

s quarks and leptons (not the Higgs and gauge bosons) couple to the geometrical Z’ directly,
universally and in an Abelian gauge field fashion.

D. Demir, BP, JCAP 04 (2020) 51

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Geometric-Z’ Field -> Geometric-Z’' Boson:

" |n the flat metric limit 9uv = Mw quantum field theory is effective hence
geometric-Z’ changes to the field operator

d3p
Zf 271- ‘3{2

= with the commutation relation:

= and the polarization sum:

(233

La@ \e (.07 + a1 (7, 1) (5, A)e'”* }

a(p. N, al(p, )] =

Zizl et (ﬁa )\)Ewr

i0% (5= ) 6w

(P, A)

D. Demir, BP, JCAP 04 (2020) 51
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Geometric Dark Matter

] [N}
ot

» First thing to check is the geometric Z’ lifetime, hence we find its decay rate

f
AEm? 8Em2 2
(1+ F_;) (1 - ;E_Qf) M p,
SN2, 301,
f

P — NI /3
g 'y - = | —
Y Y= 77 8w(2£)
» For the summation over fermions, the lifetime of the Y,, becomes
1 dx [2\32¢3/2
T Tiot ?(5) Mp)

Ty
> v >ty = 13.8 x 10” yearsif € > 1.1 x 10

> decay rate stays physical if £ < 1 x 10

D. Demir, BP, JCAP 04 (2020) 51



https://arxiv.org/abs/2001.06577

Geometric Dark Matter

*¢* Bounds on the quadratic term parameter lead to the allowed mass range:

9.4 MeV < My < 28.4 MeV

% and its lifetime ranges from 4.4 x 107 s to 1.2 x 1019 s

D. Demir, BP, JCAP 04 (2020) 51
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Direct search experiments

[ Direct search experiments put stringent upper limits on the cross section for
scattering of dark matter off the SM particles.
1 Present status of a WIMP-proton cross section:

6
10 E .
E lrl;'.jr‘,
07 2
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2107 -
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WIMP Mass [Ge V/c?] M. Schumann, J. Phys. G46 (2019) 10



https://iopscience.iop.org/article/10.1088/1361-6471/ab2ea5

Geometric Dark Matter

» |Itis required to compute the scattering rate of the geometric Z’ to check its detection
in direct searches

» relevant diagrams:

q —p Y, Y, N Y,
q
| K > \\

VA MWW——a ¢

Y,.q — Y,q scattering

__'g,— / v %—:ﬁf-l-?’n,q 1L 1t }C/+ﬂ+w‘!’q v * (1
M = 34625(!{)(7 (k_pf)z_mg’}’ + 5 (k+p)2—mg"’ u(k)e, (p')ew(p)

D. Demir, BP, JCAP 04 (2020) 51
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Geometric Dark Matter

Y,, - proton cross section:

1.x1071%5

» Geometric Z’' is undetectable
within today’s experimental
precision limits

» Cross section is too small to be
measurable by any of the current
experiments.

T~

@ (10_106) cm?

5 x 10—106

UPSD[CmE]

2- x 1D—1Dﬁ

R Tl S This might explain the current dark
0.010 0.015 0.020 0.025

My [GeV] matter conundrum.

D. Demir, BP, JCAP 04 (2020) 51
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Extended Metric-Palatini Gravity augmented with metrical curvature

M2, M’ JR—

Slg, I, ¥m] = / ddﬂ:x/—g{ 59 Bu(") + —=¢" Ry (1)~ S Ry (IR

\ J
/ |
» Einstein-Hilbert term will only partially be generated by the affine
curvature

(L) + L(g,1,¥m) }

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Einstein-geometric Proca theory (EGP)

M2 1 1
: lR(qI )—1}/11/} Y — \1) )/1} 4+ gy / [)/1 + Er("t(q F \Ilm)}

Slg,Y, ¥,,] = / dz\/—g {

» Planck scale is composed of the two masses:  » Geometric-Z’ — fermion coupling:

1
VS

M2, = M*+ 1 gy =

» Geometric-Z'’ mass mass:

3N

M2 =
Y 25

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Spherically-Symmetric Static EGP, with Perfect Fluid

1 1 v 1
QHR(GF) — _Y;_LL’Y# _ _ﬁ’le/Y,qu + QYY,U,J# + ﬁrest}

4 2
L Y [ - J —

Slg. Y] = /d4:1:\/—_g{

» Einstein field equations:
1
RMU(QF) o ER(Q)Q;W — K(Tﬁ; + T;SSt)

» Motion equation for the geometric field:

VYW — MyYY = —gy J”

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Spherically-Symmetric Static EGP, with Perfect Fluid

" Metric ansatz:

: - g
Juv — dlag(—]‘Q(?‘),

» Geometric field can be taken as a purely time-like field

Y, = Mgﬂ

r

: T2, r2 sin? 7)

» Energy-momentum tensor can be taken to be a perfect fluid

T;E»St — ()OM' ‘I‘PM)U,(LUU + PMGuv

» Source of the geometric field

Ju = pcuy

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Spherically-Symmetric Static EGP, with Perfect Fluid

(mv = 11) and (ur = 00) components of Einstein field equations lead to

the ordinary differential equations:

‘ ‘ ‘ M242 . " | ‘ 9 “rq?
2 (f2) +2(f* - ¢°) = H,-[ ;29 u? — (0 — %)2 +2purg’ + gy;; L9 u]
| M2Za4 . 240 9 e
_r(gz)f _ R[ ;49 u? + f&i par 4 par) + Q'Yﬁ; g -u]
Equation of motion of the geometric field:

Myg® ¢ u pcr

T — YR —(u"— —) + gy ——
f? g f

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Spherically-Symmetric Static EGP, with Perfect Fluid

= We carry the equations into gravitational units by

A —1/2 ~r2 2 a 2 A 2
r=~K /’I", MY::RMYa Pm = KR PM, PM -— KR PM,

= System of differential equations takes the form:

dff "0 g® o fdu uN2 .. 29y potg”
2(rf +f292)—ﬁf§g—u‘z( _) +2pﬂ{T2g2+ QYPC‘QU’

di /2 di 7 f
dg® o gt o PPgt . ) 29y potg’
r— = My =—u" + (par + Par) + u,
a7 Iz 72 f3
d2u ~ o g? 1 dg° rdu po
dr2 Y f2u T 2¢g% dr \dr r EAS f

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Dusty Black Hole Solutions

= We take for the dust: Py =0,
. _ Mp
PM 73 )
. Qp
PC 3

to find the asymptotic solutions for the large radial coordinate (7 — ©0)

2Mp : Qoo QD
fgoﬁr:g(l— - _|_Q2*fi‘1’2 _ gy 20;@ )}
T oo 20575 ,
Joo = Co,
Uoo —3 Quoe MyTee *’;9” (f;:MY"“‘m Ei(— My foo) + e My T Ei(ﬁfyﬁm))}
N Ny 1 1 - To 7 . N .
Uy — —QooMye MY — gy Qp [ — + iﬂffy (E:MYTmEi(—ﬂfyme) —e MYTmEi(ijf‘m))]
oo

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Dusty Black Hole Solutions

Geometrically - Neutral Dust (Qp = 0)

3.0r T - ; - B ' ' - - { oaem—
,‘ : m Mg=0.2
2.5-:: 3; .§B=1.1 |
2.0t \',I 6" .E;,8=2
v 18] 3 |
4?
1.0t i
2-
0.5 -
of _
0.0, 0 2 4 6 8 10
?
1.0[
0.8}
o » Effects of geometrically - neutral dust get
o | pronounced at low 7 and high Mg values
0.4
0.2}
0.0f

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Dusty Black Hole Solutions

Geometrically - Charged Dust (QQp # 0)
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» Particular solution gets abruptly shifted from the
homogeneous solution by the presence of the
geometrically-charged dust distribution

» Charged dust causes push f2 away from the zero-axis
and diminishes therefore possibility of developing a
horizon

D. Demir, BP, Eur. Phys. J. C 82 (2022) 996
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Extended Metric-Palatini Gravity in AdS background

= EMPG model action:

2 T2
" R(g)+ (g,f)+£ﬁgu(F)@#U(F)L’h-l-ﬁm(gf,t/;)}

S[g,F]—/d T\/_{

I

1 v
Slg, Y] = /d4:1;\/—g{ 6eCn R(g) — Vo — —Y#VY‘”“ — —J\JYY Y* + L (9T, qb)}

Yy
/ /:anonlcal geometric field

Newton’s constant geometric field mass
= 2/6Qy

1 —2

8m(M? —I—Mz) -2

E. Ghorani, BP, F. Atamurotov, J.Rayimbaev, A.

Abduljabarov, D. Demir, EPJC 318 (2023)



https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Extended Metric-Palatini Gravity in AdS background

We can bring the action in a more compact form:

j S LV
Slg, Y| = /d T~/ — {R(g ) —2A — MyY Yy — QYMUY” }
cosmological constant
A =kVy canonical dimensionless
geometric field

" Einstein field equations

Y, = VEY,

Ruy — Aguy — Yo X% + =YasY P g, — My Y,Y, =0

= Proca equation

V. YH — MyYY =0

E. Ghorani, BP, F. Atamurotov, J.Rayimbaev, A.

Abduljabarov, D. Demir, EPJC 318 (2023)



https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Black Hole Solutions in the Einstein-Geometric Proca Model

" Metric ansatz

: 2 2 . 2
gy = diag(—h(r), —,r", 7" sin" 0
= and purely time-like field
]A/u = <5(7“)52
= |ead to system of equations:
2
" = My,r.(fh — f'h) * with dimensionless
quantities:
29h r:i=K r
- M}Qz = H;M%
\f ¢') —Myo=0
E. Ghorani, BP, F. Atamurotov, J. Rayimbaey,

A. Abduljabarov, D. Demir, EPJC 318 (2023)



https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2
https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Black Hole Solutions in the Einstein-Geometric Proca AdS Model

» Large r solutions of the Proca field and the metric functions

ro2 ro2
with
f#) =172+ 14+ o+ =2
T T
h(7) = 72172 + 1 + ;’_10 + m;’

E. Ghorani, BP, F. Atamurotov, J. Rayimbaev,

A. Abduljabarov, D. Demir, EPJC 318 (2023)



https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2
https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Black Hole Solutions in the Einstein-Geometric Proca AdS Model

Horizon radius:

| Horizon Radius-value
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E. Ghorani, BP, F. Atamurotov, J. Rayimbaey,

A. Abduljabarov, D. Demir,

EPJC 318 (2023)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Black Hole Solutions in the Einstein-Geometric Proca AdS Model

Photon sphere radius:

Photon Sphere Radlus

15F

10F

llllllllllllllllllllllllll

Photon S phere Radius

L
D e N e S
| gy =0, Schw BH q, = 8.1
32f  ----- 4 = -
I v gy=15
30f
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24} 77 -
22t .
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..........................
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E. Ghorani, BP, F. Atamurotov, J. Rayimbaev,

A. Abduljabarov, D. Demir, EPJC 318 (2023)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11490-2

Black Hole Solutions in the Einstein-Geometric Proca AdS Model

Shadow radius:

Shadow Radlus

20k

Shadow Radlus

gsfm -

[ gl=0, Schw BH q: = .1
E.ﬂ; _____ a
55F e g1=15
5.0F .
asfp et :
gof-=-"""""7"
35F
3.0 Pt . L . |
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E. Ghorani, BP, F. Atamurotov, J. Rayimbaev,

A. Abduljabarov, D. Demir, EPJC 318 (2023)
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Black Hole Solutions in the Einstein-Geometric Proca AdS Model

Kretschmann scalar:

KS
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E. Ghorani, BP, F. Atamurotov, J. Rayimbaev,

A. Abduljabarov, D. Demir, EPJC 318 (2023)
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Implication of Geometric Z’ boson as a Fifth Force

= Atomki signal indicates the existence of a new light, neutral particle in excited

beryllium-8 decays with a high significance.

A. J. Krasznahorkay et al. Phys.Rev.Lett. 116 (2016) 4

» We proposed a Z’ field of a U(1)’ symmetry for the Atomki experiment.

BP, Chin. J. Phys. 71 (2021) 506

» Geometric Z’ can play a role in the recent fifth force data.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://www.sciencedirect.com/science/article/pii/S057790732030321X?via%3Dihub

Implication of Geometric Z° boson as a Fifth Force

* The forms of couplings of the geometric Z’ to the fermions will be determined
" The tree-level and loop-induced diagrams will be determined for each

Y,, - fermion coupling
» Hierarchy between the couplings of the fermions will be provided

D. Demir, BP (in progress)




Charged Black Hole Solutions in Symmergent gravity

Symmergent gravity is described by the action

1

167TG d4r\/ — 2\ —
f(R) = R+ BR? — 87GVo

[)) — —’}TGLQ

total number of bosonic and

// fermionic degrees of freedom

ng — NFf
12872

CO —

pfoef

=0,A, — 0,4,
A, =A,/v8rG

BP, R. C. Pantig , A. Ovgiin , D. Demir CQG
40 (2023)



https://iopscience.iop.org/article/10.1088/1361-6382/acf08c

Charged Black Hole Solutions in Symmergent gravity

Einstein field equations
1 .

E;w = R,U,LJF(R) o 59;;;/,}?(1%) + g,ur/A + (ng‘j - V,LLVL-')F<R) T T:u,y — 0

Maxwell field equations
O (v _gﬁ#v’) =0

For a static spherically-symmetric solution, we propose the metric

1
h(r)

ds® = —h(r)dt* + dr? + r2(df? + sin® 0d¢?)

and the electromagnetic scalar potential
Ao = q(r)

which leads to the Ricci curvature scalar

4 2 -
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Field equations in the Symmergent gravity
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Charged Black Hole Solutions in Symmergent gravity

The metric function solution takes the form

- 2MG 1 Q*  Ar?

r i (14 8BA) 2r? 3

h(r) = 1

Using Symmergent gravity parameters

h(r)=1-— + — — T
() r 2ar2  247Geo
02 = & /
T 24 & > 1 corresponds to fermion dominance and AdS space
A= 14 RN — AdS/dS black hole & < 1 corresponds to boson dominance and dS space
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Charged Black Hole Solutions in Symmergent gravity

Metric functions
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Charged Black Hole Solutions in Symmergent gravity

Shadow radius, photon sphere radius, horizon radius
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Charged Black Hole Solutions in Symmergent gravity

Shadow radius
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity

Symmergent gravity is described by the action

S = —i—(g d*zy/—g (R* + 64G'R)

Einstein field equations

1
(R+37G N )Ry — (R + 67G N ) R9u — (VY — Ogu) R =0
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity

Einstein field equations possess static, spherically-symmetric, asymptotically-flat solutions
with variable scalar curvature (R = variable). Einstein field equations are satisfied by metric

2 _ _(1— ofr )t dr? 2 J0)2
ds® = —(1 — (r))¥(r)dt +(1—|—ap(fr-))\11(r)+ dS)

at the linear order in 90(7“)

(rPT(r)@' (1)) = yr2p(r)

Schwarzschild lapse function
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity

Singularity structure of the spacetime is revealed by the Kretschmann scalar

48 M?
R B0 = 50 (14 2(r))
Large-r behavior of ¥
( e_ﬁT
Tr v >0
p(r) =
cos (y/|v|T) v <0
N VT

in the limit » > 2M sothat U(r) = 1
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity

In view of the asymptotic solutions, the metric can be put into

2

ds®> = —A(r)dt?* + + C(r) (d6* + sin® 0d¢?)

B(r)
with the metric potentials
v >0 v <0

r) = —% _e—rﬁ A(r) = 1—% (1—COS\/WT))
am = (1-27) (- 5% ) 0= (1-7) 0

r) — _ % e "V B B % cos( \/W?")
B()_(l T)(l—l—r\/’_}/), B(r)_(l T)( — )

=2 (1- (1 cos(y/I)
C(r) (1 7"\/7) C(r) =r (1— [
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity
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Asymptotically-Flat Black Hole Solutions in Symmergent Gravity
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» Metric-Palatini gravity theory reduces to the GR plus a geometrical
massive vector theory, which we call the Einstein-Geometric Proca
(EGP) theory

» EGP model differs from similar models in the literature by its explicit
involvement of the direct coupling between the geometric field and
the fermions in the theory

» We propose a fundamentally different vector dark matter candidate
from all the other vector dark matter candidates in the literature,
mainly due to its geometrical origin

» Our candidate particle, a genuinely geometrical field provided by the
extended Palatini gravity, is a viable dark matter candidate, and
explains the current conundrum by its exceedingly small scattering
cross section from nucleon

» Static spherically symmetric solutions in the EGP system develop no
horizon and show the (im)possibility of black hole type solutions in
the presence of dust with or without seometrical charee



» Formation of black holes is possible in the EGP theory in the AdS
background. Photon motion and shadow of the EGP AdS black hole
are analyzed.

» Geometric Z’ can play a role also in the recent fifth force data

» Metric-Palatini action in the Symmergent gravity reduces to the
metrical gravity theory

» We report on exact charged black hole solutions in Symmergent
gravity with Maxwell field

» Our results provide new insights into the behavior of charged black
holes in the context of Symmergent gravity

»In our recent work, we construct asymptotically-flat symmergent
black holes with variable scalar curvature and use its evaporation and
shadow to constrain the symmergent gravity parameters
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SYMMERGENT GRAVITY

Translation-respecting UV Cutoff M, Translation-breaking UV Cutoff A,
METr(Vp**V,]  otys™v,e " (D,®)' (D, @) AV, R L (REYT) — R® (D)),
Higos mechamism: Symmergence mechanism:
D -potential ['-action
M, > @ Ao Gy — Ry (1)
® =0 @ I~ 9r r
Ry () = Ry (9T)

gravity emerged

gauge symmetry 1s restored gauge symmetry 1s restored



EFFECTIVE QFT: Power-Law Action to Metric-Palatini

Spon = [ dx = {—Co M= cnmi i, — cahlgT + CVA;tr[%vu]}

m

Higgs-like field: A%n,, — R, (I)  :Ricci curvature of an affine connection

Nuv — Guv

d, -V,

General covariance: : From flat spacetime to curved spacetime

Metric-Palatini gravity:

2 c
pow = f d*x v—9g {__ (gﬁvﬂ“gﬁv (F)) — %Zm cmm?g*y Y () — fg#vﬂ%nv(r)¢+¢ + Cy (Ruv(r) - va(‘gr)) /A4

EFFECTIVE QFT: Quantum Field Theory + Emergent General Relativity:

Sorr+cr =S (g, ¥ ) + 6S(g, ) + [ d*x =g {— Ra) _ co R(g)* — %R(g)cfﬁcf) + O(GN)}

16mGy 16

\ J
| | Y J

QFT sector R + R? gravity sector

symmetry-restoring emergent gravity = “symmergent gravity”



