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Overview

@ 3awo vumame Hyxaa oT HoBa Teopus?
o HabniogatenHn tectose
@ HepeleHn npobnemu 3a KOMNaKTHUTE 3BE34M
e Kak ga paswupum GR
© AnTepHaTMBHM TeopuW Ha rpaBUTaLMsTA

e MwuHumanta ANNATOHHA rpaBnTauns

e [MpunoxeHre 3a KOMMNaKTHN 3Be34U
@ HeyTpoHHu 3Be3an
o benn pxymxerta

@ Bxniousane Ha ypasHennsTa 8 COCAL

e bbaewm nnaHoee
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Tectose Ha obwaTa otHocuTentoct (GR)

General relativity has been tested on many scales, but mostly in weak to
moderate-field regime:

@ Laboratory, Earth and Solar System scale
(v/c<<lor GM/c*R<<1)), upper bound
for violations by the Cassini mission — 10~°

@ Binary pulsars: PSR B1913+16, PSR .
J0737-3039, PSR J03484-0432 — 0.05% ey

@ Galaxies and galaxies cluster: Sloan Digital
Sky Survey Il Baryon Oscillations
Spectroscopic Survey — 6%

26.8% Dark
Matter

The real probes for the strong field regime (v/c>0.10r GM/c*R~1) are:
@ Final stages of binary coalescence of compact objects (WD, NS, BH)
@ Cosmological tests of the (early) Universe

Known problems: Classical theory (not renormalizable), Singularities,

Cosmological constant problem, Vacuum fluctuations, Dark Energy, Dark
Matter, The initial inflation and initial singularity problem etc.

Aenunua Craiikosa, NMnamen Pusnes KomnakTHu 3sesgn 8 MAI 10 mapT 2015 3/32



[lpuMepn 3a ToBa KOETO HE 3HAEM:

@ The rotation curves of disc galaxies
[Corbelli & Salucci (2000)]

@ Weak gravitational lensing results
[Clowe et al. (2006), Huterer (2010)]

@ An ongoing quest:
— The Dark Energy Survey (operational),
— Sloan Digital Sky Survey Il (operational,
35% of the sky, with photometric
observations of around 500 million objects
and spectra for more than 1 million
objects),
— The Euclid Mission (2020, L2 space
telescope)
- HETDEX (2014), DESI (2018),
BOSS(operational) etc.
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MwucTepuaTa Ha rama usbyxBaHusiTa

“ifh W hy
r Ty | v s .
r Tong ] o
. T grboso3ts L grb 050 Opical l’ - . b,
R ) - 7 .
i ‘k grb 050502b wh = -, U
F N ) R ’
- H

il vl i wd 10

B
b v 4 w, 1 10 =
s F et N +
2 |+ "v,'a.,'\ F " k|
EN grb 050826 . + "
= D080 ».:3.",\\‘ F abosizio ,'Pvu'.\ 3 10 xMM\"'
RS PR 1
o o
1.
B gbosizzial ] (U-V)=+0.3 (B-V)=+0.6 (V-R)=+0.4
.
I

-5000 0 5000 10000 15000 20000 o 1of
Time since G

o W W0 W0 1
time [s] time (5] GRB (scconds)

@ Energy ~ 10°3erg, two types — Short and Long

@ Different variability time-scales — ms, sec, hundreds of seconds

© X-ray plateaus — continued injection of energy (~ 100s)

@ X-ray flares — multiple rebrightening, happening at up to 10°s

© Ultralong GRBs (GRB 091024A, GRB 111209A ) — GRBs with y-emission lasting
more than 1000s (APJ, 778:54, 2013, ApJ 766:30, 2013)

@ Extended high energy emission (GeV scale, example GRB130427A)
@ All those properties call for a long-lasting, extremely powerful central engine
@ Figure credit: Gehrels et. al (2009), Gendre et al. (2012), ApJ 766, 30, 2013(GRB
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KomnakTHute 38e3a1 B GR:

White dwarfs (WD) and neutron stars (NS) — significant observational data
and modelling efforts, but still inconsistencies:

@ The ultra-massive white dwarfs: SNLS-03D3bb (Nature 443 (2006)
308) and SN2007if (ApJ 713 (2010)), type la SN with progenitor
exceeding the M¢y, = 1.4Mg (up to 2.4-2.8Mp)

e Stiff M(R) dependence for neutron stars or a dispersion in the
observed masses?

@ The question of the maximal NS mass and its relation to stellar black
holes and astrophysical jets

@ The Gamma-Ray Bursts mistery: huge energies, short characteristic
time-scales, long life of the central engine

There are numerous approaches towards solving these problems — better
MHD modeling, stronger and more complicated magnetic fields, better and
richer equation of states etc.

One can also choose to go to a deeper level and extend the very GR.
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Kak ga paswwupum GR

Requirements:

@ reproduce the Minkowski spacetime in the absence of matter and
cosmological constants,

@ be constructed from only the Riemann curvature tensor and the
metric,

o follow the symmetries and conservation laws of the stress-energy
tensor of matter,

@ reproduce Poisson’s equation in the Newtonian limit.
Starting from the Einstein-Hilbert action, one can:
@ increase the spacetime dimensions

@ change the functional dependence of the Lagrangian density on the
Ricci scalar R

@ include other scalars generated from the Riemann curvature in the
Lagrangian density,

@ include additional scalar, vector, or tensor fields.
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AnTepHaTUBHU TEOpPWW Ha FpaBUTALUATA

Some of the more popular alternatives of GR (Ag = [ iR\/—g d*x) :
@ Gaus Bonnet theory — includes a term of the form:
G = R* — 4R" R,y + R""° R0 in the action A= [d®x/—g G. (no
additional dynamical degrees of freedom)

@ Lovelock theory — a natural generalization of GR to D > 4.
L=1v"g (a0+ R +a (R2 + Raguw ROPH — 4RWR’“’) + az0(R?))

@ f(R) theories — a familly of theories in which the arbitrary function f(R) may lead
to the accelerated expansion and structure formation of the Universe /dark energy
or dark matter alternative/. A= [ ;- f(R)/—g d*x

@ Brans-Dicke scalar-tensor theory — the gravitational interaction is mediated by a
scalar field (¢ = 1/G) — i .e. a varying G, as well as the tensor field of general
relativity. Contain a tunable, dimensionless Brans-Dicke coupling constant w.

A ¢R,W83¢6=¢
A:fd XN/ —8 (T_Ird)-‘rﬁ]\/[)

@ Chameleon scalar-tensor theory — Introduces a scalar particle (the chameleon)
which couples to matter, with a variable effective mass, an increasing function of
the ambient energy density mesr ~ p<, where o ~ 1. (mesr ~ mm — pc).
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Munnmanua dunatonna pasutauns (MDG)

The action, following Fiziev, PRD 87, 044053 (2013)

(9
Agp =5 / d*x\/|g|(®R — 2AU(®))

Here, ® € (0, 00) is the new scalar field called “dilaton”, A > 0 is the
cosmological constant and x = 871Gy /c? is the Einstein constant.

Effects

Clearly, the introduction of the scalar dilaton ® leads to varying
gravitational constant G(®) = Gy/®, while the introduction of the
cosmological potential U(®) leads to a variable cosmoloical factor instead
of a constant A.

Note: In order to keep gravity as existing and attractive force ® > 0.
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Munnmanna dunatonna [pasutauns (npogbixerue)

The action

C
Ao = o [ 4 VTEI(OR—20U(®))

This action corresponds to the Brans-Dicke theory with w = 0.
GR is recovered for & =1, U(1) = 1.

In general, the MDG model and the f(R) models are equivalent only locally. Only under
additional conditions, the two models can be considered globally equivalent. Those
conditions define the class of the potentials U(®), for which one also avoids some of the
well-known problems in the f(R) theories, like physically unacceptable singularities,

ghosts, etc. .
Some of the properties of the MDG model already demonstrated:

@ The inflation and the graceful exit to the present day accelerating de Sitter
expansion of the Universe (U(®) can be reconstructed from a(t)).

@ Avoids any conflicts with the existing solar system and laboratory gravitational
experiments when me ~ 10 3eV/ /2.

© The time of inflation as a reciprocal quantity to the mass of dilaton me.
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[Nonesute ypaBHeHust Ha MDG

— variation of the MDG action with respect to ¢ gives:
R =2AU o (®) (1)

Note: this is an algebraic relation. It ensures that ® has the same properties
as R. (for example, R = const leads to ® = const and G(P) = const.
— variation of the MDG action with respect to g,z gives:

PGop + AU(P)gap + Va VP — gopdd =0 (2)
— the trace of eq. 2 leads to:
O¢ + AVe(®) =0 (3)

Here Vo(®) = 2/3(0Uo(P) — 2U(P)) or V(®) = 2 [P (OUo(d) — 2U)dd
— And the traceless part:

ORY = —V, VPO (4)
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KpaliHnsT BMA Ha NONEBUTE YpPaBHEHUS:

If we include the standard action of the matter fields W, based on the
minimal interaction with gravity:

1
Amatt = P / d4X\/ 18| Lmate(V, Vwigaﬂ) (5)

we get the final form of the field equations in cosmological units
AN=1lrk=1c=1

1
00 + 2/3(0U(®) —2U(®)) = 5T ©
ORP = V. VPd— TP

Note: The dilaton ® does not interact directly with the matter and thus it
is a good candidate for the dark matter. Its interaction with the usual
matter goes only trough the gravitational interaction.
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Hsakown ceoiicTea

@ MDG and f(R) theories are related by the Legendre transform (i.e.
there is a dictionary between the two models).

@ The witholding property: In order to guarantee that ® € (0, 00), we
require that V(0) = V(o0) = +o0, i.e. infinite potential barriers at
the end of the interval.

@ From U(®) = 302 [ &3V odd + &2 (from U(1) = 1), if we
assume that V(®) ~ v®”, it follows that U(0) = U(o0) = +o0.

O Additional requirement: U(®) > 0, for ® € (0, c0) (the cosmological
term needs to have a definite positive sign).

© From the convex condition U e > 0, for ® € (0,00) (ensures the
uniqueness of the Einstein vacuum).

@ The uniqueness of the deSitter vacuum is not guaranteed:

Voo = %(‘DU,oo —Us), Vooo = §¢U,¢¢o

Thus we can have V(®) with several minima in the domain.
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Credit: Fiziev, Physical Review D 87, 044053 (20

o 5 10 15 20 25 o 2 4 6 s 1
@ @
=r—7
(&) Unique Einstein Vacuum and (e) Unique Einstein Vacuum and
many deSitter vacuums: Uoe > 0 unique deSitter vacuums:

Uoo >0, Voo >0
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MNpumep 3a MAI ¢ eguncteen dSV

If we postulate a unique deSitter vacuum, then the function V(&) will be
convex for ® € (0,00) and the function §(¢U7¢¢ — Uo) > 0 is strictly
positive.

A simple example of such pair of withholding potentials is:

V(©) = 3p 20 +1/0 - 2) (7)
U(®) = 82 + = p3(® ~ 1/0) ®)

where p is a small parameter related with the dilaton mass.

We are going to use these witholding potentials in our study of compact
stars.
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Manko nutepaTypa

Some of the works where details on the MDG model have been worked out.

A theory in development

Fiziev, arXiv:1402.2813 [gr—qc], "Frontiers of Fundamental Physics 14 Marseille,
France, July, 15-18, 2014, PoS(FFP14)080

P.P. Fiziev, Physical Review D 87, 044053 (2013)

P. Fiziev, Georgieva D., Phys. Rev. D 67 064016 (2003).

Plamen P. Fiziev, arXiv:gr-qc/0202074

Fiziev P. P., Yazadjiev S., Boyadjiev T., Todorov M., Phys. Rev. D 61
124018 (2000).

P. P. Fiziev, Mod. Phys. Lett. A, 15 1077 (2000)

The pioneering work on the MDG model is by O'Hanlon, Phys. Rev. Lett.
29 137 (1972).
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I'Ipl/momeHme 3a KOMMNMaKTHW 3BE34U

We follow the first application to the case of neutron stars published in
[Fiziev (2013)]:

Let us consider a static, spherically symmetric metric of the type:
amercolorblock titlefg=black,bg=red

ds? = (N dt? — M dr? — 12dQ2, (9)

where r is the luminosity distance to the center of symmetry, and dQ?
describes the space-interval on the unit sphere.
The equations are the MDG field equations:

1

O 4 2/3(dU (D) — 2U(d)) = = T
A/(/\,()A())3 (10)
oRS = v, VB — TS

Then, if we assume the perfect fluid stress-energy tensor
TH = diag(e, p, p,p) /c = 1/ we obtain:
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VpaBHeHuATa

1. For the inner domain r € [0, r,]:

dm

— 2 ..
e Cerr /P (11) Additionally, we have:
@: p+em+4nrpog/d (12) A
dr r A —=2wr3py/® €N = —PA — E‘bv
do 2 1 A po
W:_47Tr pefF/A (13) € = P — §€+ gV'UD)—&-?I’I
dpo _ po 2, 3 3 e = ¢(p)
= A 3r—7m 3/\r +ATr efr /P
2
_c 14
Jeo (14)
where
m—+47r3 pegr /D

A =r—2m—3Ar, eeff = e+cot€n, Pesr = P+po+pa, M = A—27rpo/®
and

en= & (U(®) — 9), pn = A(U(®) — 10)

The 4 unknown functions are m(r), p(r), ®(r), po(r).
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Havanuu n FPaHNYHW YCNOBUA:

m(0) = me = 0,P(0) = &, p(0) = pc

po(0) = poc = 3 (2 = pc) - 5-V'(00)

On the star's edge (p(r*) = 0) we have

m* = m(r*; Pc, (Dc)a P* = (D(r*, Pc, (Dc)a p‘):lk:t — p¢c(r*7pm ¢c)

2. For the outer domain: a boundary value problem for ®:

p=0,e=0bdp =1

After introducing the EOS, we solve the ODE system + the initial and
boundary conditions for the unknown functions m(r), p(r), ®(r), ps(r).
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Cnyyast Ha TOV HeyTpoHHa 3Be3ga

If one uses the Tolman-Oppenheimer-Volkov (TOV) pg— 1.4 — 2Ms
model for EOS (ideal Fermi neutron gas at zero R =12 — 13km
temperature): p=10° — 10' kg/m?
Composition: n°(...)

— L K(sinh(t) — 8sinh(£/2) + 3t)

127

Here K —wmh‘; , t—4/og( <1+ (%2))1/2> and

= /Ai/cmg = 1072 (the dilaton mass parameter, for observational
consistency, p < 10739), A ~ 10~*km~2,
EOS in the original notations of [Oppenheimer & Volkoff (1939)], see also
[Rezzola & Zanotti (2013)].
We use MAPLE to solve the ODE system using the shooting method for
the BC and the rosenbrock method for the integration.
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Fiziev, Physical Review D 87, 044053 (2013)
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FIG. 3: The SSSS-disphere-mass-dependence on r
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TOV ypaBHeHUsi 3a benn axxyaxeTa

Mwp = 0.17 — 1.3My,
In the case of GR, the white dwarfs are described Rwp = 0.008 — 0.02R;,
well even in the polytropic approximation: pwp = 10° —10%gr/cm
Composition:
He, C, O
The ODE system:

3

12
. Relativistic case
08 d M
) 5 (r) :ﬁrze
Non-Relativistic Case d r
" dp(r)  aeM(r)
N / dr 2
! 0 2000 4000 6000 ) 8000 10000 12000 € = (p(r)/K)l/V

[ pU=1E-15 - pO=1E-14 pI=1E-13 - pO=1E-15 pI=1E-16]

Here the integration has been performed using Maple. /M(r) is in Mg, r in [km]/
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Benn pxymxera 8 MDG (3a A/Z = 2.15)

In the case of white dwarfs, we use the polytropic EOS in the two regimes
— the relativistic case (ke >> m.) and the non-relativistic case kr << me:

5 4
Pnonrel = l'<n0nrel":3 > Prel = Krelf?’a

where

o m 3wz NP he (373
nonrel = 1512 me \ Ampyc2 el T 1072 \ Ampyc?

We make the equation dimensional following [Sibar and Reddy (2004)].

Model rMDG mypGe  FGR mgGr

Relativistic WD (p0 = 107'%) 4047  1.2406 4840  1.2431
Relativistic WD (p0 = 107'®) 8799  1.2419 8600 1.2432
Relativistic WD (p0 = 107'°) 15648 1.2427 15080 1.2430
Non-Relativistic (p0 = 107%°) 10 603 0.3929 10 620 0.3941
Non-Relativistic (p0 = 107%°) 13349 0.1969 13360 0.1974
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Beﬂl/l XKYIXKETA B M r M B cibHYeBu macu, r B km, p B ergs/cm® « 1038
IKYA P erg

(M) Non-relativistic case (H) Relativistic case
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[lBeTe be3pa3mepHn HanAraHus U Manko 3abaBneHus c

meToaa Ha Rosenbrock Bbe FORTRAN
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e
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PesyntaTuTte Ha KpaTko

@ Vpaehenusta 8 MAl sb3cTtaHossasaT GR ¢
pobpa Toutoct (¢ =1, U(1) =1,A =0)

@ 3a macusen gunatoH, kpusute Ha M(R)
ca nogobHu Ha Teamn B GR a0 e s e ]

© B cnyuyas Ha HeyTpoHHW 3Be3au, obuiaTa
maca e 30% ot Ta3u Ha H3

punacdepaTa e okono ~ 27% ot Tasu Ha

]
@ 3a benn pxypxkerta, macaTa Ha e,
3Be3gaTa

s Credibiade et (00

Fig.2. Mass — radius relation for 1175 hot white dwarfs of
Macata Ha benute mKyg)xera pacrte ¢ he e ssmple. The rlation docs not xtend 1o mases M

higher than 1.2 Ms, or rather to the highest surface gravities

BKJIO4BAHETO HAa MAaCUBEH OAWN1IATOH logg > 9.0.

[JocTurHatata maca 3a AMAaTOHA KbM
MomenTa e (d ~ 1072°), koeTo e mocTa
Hag Hy»HOTO ~ 1073,

PesynTaTute B CiyqanTe Ha Te3n NPOCTO YpaBHEHUSI HA CbCTOSHUATA
ca obelaBaLy, HO Ca HY>XHUN HOBM KOAOBE, 3a Aa Ce pewat
YypaBHEHNSATA 32 MHOrO JieK AnAaTOH!
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BkatousaneTo Ha ypasHeHusTa 8 COCAL, ¢ Antonios

Tsokaros, ITP

As part of my COST visit at the ITP, the MDG static equations were implemented in
the Compact Object CALculator (Tsokaros et al. in prep (2014)).

Some preliminary results for the NS case /here v = 2/:
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Kakeo ocTaBa ga bbae HanpaseHo?

@ [a ce nsnosneat no-peanuctuynn EOS 3a ' L
cnyqaute Ha WD u NS (Hanpumep e rerrenser
u3nonseaiikn 6a3u favHn kato cococubed)

5

e
=2

@ [a ce npubanmxum fo KOCMONOrMYHUS i
XOPU3OHT I
SMC X-T
:
k2
© [a usnonseame Cocal (c Antonios f i
Tsokaros) W
i
fi
e
@ 3+ 1 dbopmynuposka Ha nonesuTe i
s
ypaBHeHUs! T
e
Js
@ [a ce nzsnonsea COCAL 3a BbpTAWM Ce i
1735-345
HEyTPOHHM 3B€341 e e
B T R

Mass (M) [

@ A moxe 6u gopu 1 3a ABOMHM cUCTeMu

KpaiiHaTa uen e ga ce noay4dat macueHu 38e3gu 8 M 6e3 HyxgaTa
OT CJIOXKHW YPAaBHEHNSA HA CBbCTOSIHMETO, WM MOHE JAa Ce npepasriena
3asucumoctta M(R).
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Kakeo ocTaBa ga bbae Hanp o?

@ [a ce nsnosneat no-peanuctuynn EOS 3a
cnyqaute Ha WD u NS (Hanpumep
u3nonseaiikn 6a3u favHn kato cococubed)

I Ozel et al. 2010

@ [a ce npubanmxum fo KOCMONOrMYHUS [ s \eai
XOPU3OHT o \ |

© Ja usnonssame Cocal (wec Antonios
Tsokaros) WL

Mass (M,

@ 3+ 1 dbopmynuposka Ha nonesuTe
ypaBHeHUSI

© [Ja ce nsnonzea COCAL 3a BbpTAm ce Radius (im)
HeyTPOHHI 3Be3AM

@ A moxe 6u gopu 1 3a ABOMHM cUCTeMu

KpaiiHaTa uen e ga ce noay4dat macueHu 38e3gu 8 M 6e3 HyxgaTa

OT CJIOXKHN YPABHEHMUSI HA CLCTOSIHUETO, AN MOHE Aa Ce npepasriesa
3asucumoctta M(R).
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