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Why generalized theories of gravity?

Observations

* Strong field regime not
well constrained

* Dark Energy
* Dark Matter (?)

There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.
- Hamlet (1.5.167-8), Hamlet to Horatio

Theory

* Theories trying to unify all the interactions
* Attempts to quantize gravity

* Examining GR from a broader perspective
help us understand it better
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Scalarization — general idea

e @General idea:

v' Modified theory of gravity possessing an additional mediator of the
gravitational interaction — a scalar field ¢

v Perturbative equivalent to GR in the weak field
v Nonlinear effects for strong fields — scalarization

v" Not possible to be modelled directly by approximate metrics or perturbative
techniques.

* Conditions for scalarization

v' A gravitational theory were ¢ = 0 is always a solution of the field equations

v A source of the scalar field should be present leading to negative values of the
square of the effective mass, i.e. tachyonic instability
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Scalarization — general idea

* Einstein frame action (Scalar-tensor theories)

1
167G,

* Field equations

S = f d*x /g [R — 29"V 0,00,¢0 — 4V (®)] + Sm[¥m, A%(@) g ]

1
Ruv _ Eg,uvR - 87TG*T[,LV + Za,u(p 61/90 _ guvga'gaagaaﬂgo - ZV(QO)guv

dv (p)
Op = —4nG,.a(p)T +
@ (¢) o
* Spontaneous scalarization occurs if the pure GR solution is unstable against scalar

perturbations 6¢
d
(D—uéff)&p = 0, where uéff = ﬁ lp=047G. T
e |If usz < 0 a tachyonic instability is present leading to a development of the scalar field

* If ¢ grows the nonlinear terms start operating and instability settles to a stable
scalarized compact object
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Scalarization — general idea

Sources of scalarization

Nonlinear matter sources (T # 0) Space-time curvature
/\ v
Neutron stars matter Charged black holes + Gauss-Bonnet invariant
Damour&Esposito-Farese (1993) | | nonlinear electrodynamics (both for BH and NS)
Stefanov, Yazadjiev, Todorov (2007) DD, Yazadjiev (2018), Silva at al (2018)
DD et al. (2010) /
v

Black holes + normal matter Chern-Simons term
Gao,Huang,Liu (2019),

(accretion discs) DD, Yazadjiev (2021)
Cardoso et al. (2013)
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Neutron star scalarization



Neutron star scalarization

Scalarized neutron stars — DEF model

* Scalarization of neutron stars bamour&Esposito-Farese (1993) due to a nonzero trace of the
energy momentum tensor. Energetically more favorable over the GR solutions.

1

S =
167G,

f d*x g [R = 29" 0,999 — 4V (P)] + Sp[th, 42 (9)g 0]

1
Ruv - Eg,uvR = 87TG*T,uv + Zau(p GVQO - guvgaﬁaagoaﬂgo — ZV((p)guv

av(e)
de

Op = —4nG.a(p)T +

* Assume the following form of the coupling function:
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Neutron star scalarization

Scalarized neutron stars — DEF model

* Scalarization of neutron stars bamour&Esposito-Farese (1993) due to a nonzero trace of the
energy momentum tensor. Energetically more favorable over the GR solutions.

1

S =
167G,

1 :
Ruv — EguvR = 87TG*T,uv + Za,u§0 dye — guvgaﬁaa(paﬁ’QO - ZV(’#';)guv
a¥ (¢)
O = —4nG) T + —x—
@ nG.a(p)T + 45

* Assume the following form of the coupling function:

Daniela Doneva 25th Feb, Southampton



Scalarization — general idea

Scalarized neutron stars — DEF model

* Scalarization of neutron stars bamour&Esposito-Farese (1993) due to a nonzero trace of the
energy momentum tensor. Energetically more favorable over the GR solutions.

a(p) = ag + fe
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Scalarization — general idea

Scalarized neutron stars — DEF model

* Scalarization of neutron stars bamour&Esposito-Farese (1993) due to a nonzero trace of the
energy momentum tensor. Energetically more favorable over the GR solutions.
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Neutron star scalarization

Scalarized neutron stars — DEF model

* Scalarization of neutron stars bamour&Esposito-Farese (1993) due to a nonzero trace of the
energy momentum tensor. Energetically more favorable over the GR solutions.

D . . _
* Forr— oo, ~ where D is the scalar charge. If [D| > 0 — scalar dipole radiation
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Neutron star scalarization

Scalar field potential

av(e)
de

Op = —4nG.a(p)T +
1
V(p) =5mee® + A"
Scalar field mass | | Self-interaction term

* Introduces an effective range of the scalar field connected to its Compton

wavelength 1, = ZL Forr » A, the scalar field drops exponentially.
¢ " m, ¢

* Form, > 10~ 16eV practically not constraints on 8 can be imposed on the basis

of the binary pulsar observations Ramazanoglu,Pretorius(2016), Yazadjiev,DD(2016), Rosca-Mead
et al. (2020)

* The scalar field mass suppressed the scalar field, but larger 5, are allowed. Thus,
very large devations from GR can be achieved Yazadjiev,DD(2016), Rosca-Mead et al. (2020)
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Neutron star scalarization

Differential rotation

« j-constant differential rotation law u,u® = F(Q) = Aéiff (Q; — Q) with Agye = 1.225
* Higher J reached for the scalarized NS

* The maximum mass of the possible supremassive configurations increases significantly.

M/M
[\

10 12 14 16 18 20 22

Re [km] DD, Yazadjiev, Stergioulas, Kokkotas (2018)

Daniela Doneva 25th Feb, Southampton



Dynamics of scalarized neutron star

Radial perturbations

The scalar field radiates energy and thus the oscillations are damped

* A new class of scalar modes appear Mendes, Ortiz (2018)

0 (&) + P(o))E - (

'y p
——
(I(O)r

2 0720 5¢h — 6" + Bsydd' + Bsydp + BoE + B:E =0
S¢ 5¢ ¢ ¢

2

(O) 1(0)4‘31/(0)
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Dynamics of scalarized neutron star

* Nonradial stellar oscillations (I = 2, f-modes) Kriiger, DD (2021).
* Time evolution of the coupled system of equations for the metric, fluid and the scalar
field perturbations — allows to handle the boundary conditions easier.

26

24

2.2 F

Frequency [kHz]

[ =2, f-modes

1.6 | L | " | "
0.03 0.04 0.05 0.06

3
M/R Kriiger, DD (2021)
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Dynamics of scalarized neutron star

* Accuracy of the Cowling approximation for scalarized neutron stars (Sotani, Kokkotas (2004),
Sotani (2014))

v' full Cowling — fixed spacetime & scalar field
v’ classical Cowling — fixed spacetime
v’ scalar Cowling - fixed scalar field

g | ' | ' | '
728 -_ p=-6, = 0,A=0 [ = Z,f-modes |
'~ | : « Hypothesis — the Cowling
E 26 L - approximation will give good results
: - also in other more complicated
8 2.4 i i alternative theories of gravity
QO I
29 GR exact
g‘ i —— GR Cowling
)
E 2 F STT, Dynamical ¢ :
B — — - fully dynamical
1.8 — - — classical Cowling
1.6 | ] L ] L ] STT, Fixed ¢ :
- - - - scalar Cowling
0.03 0.04 0.05 —--=full Cowling

V M/Rc_ Kriiger, DD (2021)
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Dynamics of scalarized neutron star

Neutron star scalarization possible also in other alternative theories of gravity:
* Gauss-Bonnet gravity DD,Yazadjiev (2018)

* Chern-Simons gravity (not yet constructed)

* Other types of Horndeski theories Andreou et al. (2019)

* Tensor-multi-scalar theories DD,Yazadjiev (2020)
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Scalarized black holes



Gauss-Bonnet theory - basics

* Quadratic gravity — the action is supplemented with all possible curvature
invariants of second order. Motivated by the attempts to quantize gravity.

T / V—gd'z R 2V, oV — V(p)

+f1()R* + fz(cP)RWR“" + f3(0) Ry po R*VP + f4(99)*RR] + Smatter [X> Y(¥)9uv]

 Drawback —in its general form it leads to field equations that are of order higher
than two and ghosts can appear.
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Gauss-Bonnet theory - basics

* Quadratic gravity — the action is supplemented with all possible curvature
invariants of second order. Motivated by the attempts to quantize gravity.

1= [ VIt [R = 2V,0vr0 - V(o)

{fl(,o)R . fz(SO)Rp,uRW + 15(0) Rupo R 4 FDACRR] + Srvtcr 1,160

* Gauss-Bonnet gravity — the equations are of secend order

Gauss-Bonnet invariant:

RZp = RZ — 4R, R + R

R;waﬁ

pvap
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Quadratic theory

* Quadratic gravity — the action is supplemented with all possible curvature
invariants of second order. Motivated by the attempts to quantize gravity.

— / J—gdiz [R OV . oVHp — V(p)

+f/1ﬁ<( + fal®) ){ " fa(%l?‘“”"’ A Fu(0Y RE] + Sumater b 7(2)51]

* Gauss-Bonnet gravity — the equations are of second order

1 ;
il / d'x\/=¢ [R —2V,pVFe —V(g) + A%f cv)RZcB].

* (dynamical) Chern-Simons gravity — deviated from GR only in the presence of a
parity-odd source such as rotation

S—E/d“x —3|R— 2V, V¥ + 842 (9) RR]

Pontryagin invariant.
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Black hole scalarization in Gauss-Bonnet gravity

* Field equations — Gauss-Bonnet gravity:

1 1
R;w —R‘g;w g7 r;w = zv;l(va(P ‘;’;wvzx(Pv Q — g;wV(§0)

v, _ 1dV(9) A?df(9) 2
Vi P=1 de 4 de Res

* Conditions for the existence of scalarized solutions
. _ A2 acf
(l:l—,uéff)dgo = 0 with ,uéff =~ aa? (0)Rz5 <0

Scalarization possible for: —(0) =0, (0) >0

e Scalarization in a similar way possible also in Chern-Simons gravity.
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Black hole scalarization in Gauss-Bonnet gravity

 Scalarized solutions with different number of nodes exist that bifurcate from the
Schwarzschild solution DD, Yazadjiev (2018), Silva et al. (2018), Antoniou, Bakopoulos, Kanti (2018) and
the first n = 0 branch can be stable Blazquez-Salcedo, DD, Kunz, Yazadjiev (2018), Blazquez-Salcedo, DD,

Kahlen, Kunz, Yazadjiev (2019,2020)

* Energetically more favorable over the Schwarzschild black hole.

* For low black hole masses - loss of hyperbolicity.

L2T Schwarzschild |
- == First branch "
1 ' -Second branch ¥
—— Third branch P
0.8 4
N | r
::': 0.6 S
0.4} i
i /// p) = — l—e_wg)
0.2 o) =13 (
0 s 3 1 1 1
0 0.2 0.4 0.6
M/A

DD, Yazadjiev (2018)

The stability is dependent on the exact
form of the coupling function and

possibly the scalar field potential.
Minamitsuji, Ikeda (2019), Silva et al.
(2019),Macedo et al. (2019), DD, Staykov, Yazadjiev
(2019)

Rotation downsizes the
phenomenological effects of

scalarization Cunha, Herdeiro, Radu (2019),
Collodel at al (2019).

Non-GR effects are only significant for
low spin (BH shadow, QPO oscillations)
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Black hole scalarization in Gauss-Bonnet gravity

Decoupling limit

e Study only the scalar field evolution on a fixed spacetime background

2
a - 7
4 d§0 GB
I : I 2 I ' I ’ 0.8 I J I ' I , I ! I
a/A=0,e>0
1 T Exact , Coupling 1
10 3 )’ : 0.6 = Time Evol., Coupling I
L ] = Exact , Coupling 1| |
Time Evol., Coupling IT| |
SN M/A=04,a/A=0,e>0 | i |
10 : Coupling I E S
' - - - - Coupling II
107 flo) = — (1-¢") 4
; 2\  J 31 o T
[ 1 1 | L | L | L ] 0 1 1 1 L 1 N\
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iIA M/

DD, Yazadjiev (2021)
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Black hole scalarization in Gauss-Bonnet gravity

Decoupling limit

e Study only the scalar field evolution on a fixed spacetime background

2
a - 4 4. IGB
4 do
I : I 2 I ' I ’ 0.8 I J I ' I , I ! I
a/A=0,e>0
1 T Exact , Coupling 1
10 3 )’ : 0.6 = Time Evol., Coupling I
L ] = Exact , Coupling 1| |
Time Evol., Coupling IT| |
SN M/A=04,a/A=0,e>0 | i |
10 : Coupling I E S
' - - - - Coupling II
107 £ ;
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DD, Yazadjiev (2021)
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Black hole scalarization in Gauss-Bonnet gravity

Decoupling limit — Rotating solutions

e Study only the scalar field evolution on a fixed spacetime background

ey _Bdf@)
A — a*sin* 6 o Pt —A
« Scalar fied equation on a Kerr brackground ds* =——————dt* — 2asin’ 0————dtd¢
R O AT
) = a7 8 2 0dg* + %dr2+2d92

— [(r* + a*)* — Aa* sin? 6] af(p Lt L )Zach +2rAdxS¢p — AMardydy, ¢

2a(r* 4 a)9,0 A dp (sin 69 7
+2a(r" + a~)0x9¢, ¢ + Sm9 o(sinBdgg) + SinZ 4>*§"J
o J12M2A > 2.2 f(9)
_—/\{ 55 (r*> — a® cos? 0) (r* ) — 14a%r? cos? 6 + a* cos* 9) in
1
ZRCZ;B
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Black hole scalarization in Gauss-Bonnet gravity

Decoupling limit — Rotating solutions

e Study only the scalar field evolution on a fixed spacetime background

2
. A2df(p)
VoVP% = ————Rip
4 do

" | T AN T T oo

| Coupling I, ¢ <0 | g | Coupling I, e <0
| # Dogald=024 | | M/A=08,alA=0.79 |
=0 81 =372 |
o8 =186 | of =745 |
=372 ‘ : Bli=-1117 |
=558 - 1489 |

ot =744 ' olb = 186.2

B -2234

DD, Yazadjiev (2021)
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Black hole scalarization dCS gravity

Dynamical Chern-Simons gravity (decoupling limit)

* Only the rotating black holes differ from the Kerr solutions

- 4 = U 2 *
5= —16n/d x/=8|R —2V,pV*p + 8A2f () RR]|
af (¢)
= —2]? *RR
V,V%p = =21 d(p

— [(¥* + a*)* — Aa*sin’ 6] at @+ (r* +a*)?0%¢ + 2rAdy @ — 4Mard;dy, ¢

1
2 2
+2a(r" + a°)0x9p, @ + A Sm989(5m989(p) prm 8 cp]
2
— _A{192(;];/I Arcos 0(3r* — a*cos® ) (r* — 3a* cos” 6) df(go).

) deg
‘ 

2 *RR | Pontryagin invariant.
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Black hole scalarization dCS gravity

Dynamical Chern-Simons gravity (decoupling limit)

Scalar field profiles of the scalarized black holes.

1

|

0.3J | = 0.3 | |
\
0.25- = ouplm,q EA=12 | 0251 Couplmg I f=12 |
i 2af=04 || | P2 =04
| > am=-08s | | ‘ aM=099
@ 0.15- | P 0151 ' |
0.1 | 0.1 ‘]
| \ [
0.05 N 0.05 |

DD, Yazadjiev (2021)
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Conclusions and future perspectives

* Scalarization is a very interesting nonlinear effect allowing for large deviations from GR
while keeping the weak field regime unaltered.

* Can be sourced by the curvature of the spacetime itself, matter, exotic fields, nonlinear
electrodynamics, etc.

* Interesting observational signatures are expected that can help us further constrain the
strong field regime of gravity.

Future perspectives:

** Dynamics of scalarized BH and NS should be further studied.

% Construction of scalarized BH and NS in other classes of alternative theories

* Spontaneous vectorization and tensorization

** Further understanding of the problems appearing for certain theories allowing

scalarization and determining whether they are viable and how to overcome the
problems.
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