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Motivation

& Testable gravity modifications: neutron stars and black holes
& Benchmarks for testing General Relativity:
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Original model of scalarization by
Damour-Esposito-Farese

Standard scalar-tensor theory:

SDEF = / d*z 1”6;‘2 (R — 20,00" ) 4+ Sm [A%(©)gpvs Y]

k = 81

1 2
A(g&) = 655 L p is a constant, which feeds into deviations from GR

@ 1s dimensionless



The idea of scalarization

Profile of the scalar field:

NS or BH



Original model of scalarization by
Damour-Esposito-Farese

[Damour&Esposito-Farese’'93'96]

Essence of scalarization:

dln A
o+ AdrGa(p)T™ =0 a(p) = ndsp(gp) = By
w2 05,
/=g dghv

e © =0 is the GR solution;

e For 0 < 0 and T™ > 0, tachyonic mass = other solutions?

This is indeed the case for § < —4 for neutron stars



Original model of scalarization by
Damour-Esposito-Farese

% No scalarization for the Sun and the Earth

¥ Scalarized neutron stars

Not much deviation from GR in Solar system: check PPN parameters:

[Damour&Esposito-Farese’'92]

Ba (o)
1+ a2(po)]”

—20% ()
1= 1=
YPPN T+ 0(c0) OpPN

In the limit a(pg) — 0, the PPN parameters coincide with those of GR.



Scalar-Gauss-Bonnet model of scalarization

[Doneva&Yazadjiev’1l7
Silva et al’l7
Antoniou et al’l7]

2 , -
S = /d4:13\/—g TPR_ 59“”6’H¢0,,90+f(90)G

A

G = RuoaR"™ — AR, R" + R?

o+ f'(p)G =0 {-} p +AnGa(p)T™ =0

f(phi)-GB model Vanilla DEF model

When f'(¢g) = 0 and f"(pg) > 0 then black holes and neutron stars are
spontaneously scalarized



Instability of the GR solution

Trivial scalar pgr = 0 and background Schwarzschild metric

© T f’(g&)é =0 Perturbations: ( + f’/(¢0)é) dp =0

Schrodinger-like equation: Fw U = Veﬂr(T)u

Vealr) = (1- 22 (—3 Rk f”(@o))



Instability of the GR solution

A sufficient condition for the existence of an unstable mode

RN VA 24
/ drl H(Z:g) <0 = 7“2 < gf”(goo)

g

flp) = %)\2902 + \20 (904/M12), normally My ~ Mp

Scalarization happens for A = r,, i.e. A ~ %_%

Similarly in DEF model:

5o+ gﬁTm(sgp — 0

For 8 < —4 the GR solution for neutron stars, ogr = 0, is unstable



Original model of scalarization by
Damour-Esposito-Farese

[Damour&Esposito-Farese’96]




Scalar-Gauss-Bonnet model of scalarization

[Doneva&Yazadjiev’1l7]
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1. Is tachyonic instability present in cosmology?

2. Is it dangerous?



instability in cosmology

K
DEF model © + §5ngp =0
very “stable” unstable slightly
unstable | | | unstable
I I I
Inflation radiation matter eg:gy

Scalar-GB model M (p0)Gl s =0 mZy = _ea2p2d

a
very stable stable slightly
unstable | | | unstable

I I I
inflation radiation matter dark

energy



constraint in DEF model

Shapiro time-delay measurement: vppy = 1 4+ (2.1 + 2.3) X 10=°

Can we “naturally” have a small value for the cosmological scalar
field?



instability in DEF model

Matter domination instability: Poq < 10710
o L . Pea 1
Radiation domination instability: o

At the end of inflation we should have o <107

Y



instability in DEF model during inflation

Inflation: Fine-tune ¢ = 0 in the beginning of inflation.
Perturbations:

2v0—3

22VF2 }{2
) > 1

5p)? | — .|k
<( SO) >k€{kmznakmaa:} 2(2V_3)7T2 Mf%l

Uy

1 1s the time when the cosmological mode with wavenumber k,,;, exits horizon

T)+ 60
kmin =~ HO ; ~ €



attempts to solve the instability problem

[de Pirey Saint Alby & Yunes'’'17]

2 2

Add potential V() = =5*

at the moment H ~ m the field starts to oscillate contributing to DM.
The assumptions ¢; ~ 1 and ¢; ~ 0 and the mass m < 1072° eV.

Otherwise the contribution to the energy density is too large

The instability during inflation gives ¢; > 1



attempts to solve the instability problem

[Anderson et al’1l6]

For A > 0 the field ¢ is stabilized during inflation, so that o = \/—8/\ up to

Nnow.

This scenario does not work, because with the scalarization of neutron stars
does not occur.



Curing DEF model

idea: Give large normal mass to the scalar responsible for
scalalrization during inflation and
Kill the mass after inflation ends

~ P77

SDEF = / d*z 167:2* (R — 20,00" ) 4+ Sm [A%(©)gpvs V)

Vip,x) =9°9°x

We assume mZg = g%x* > H?

For v ~ Mp; and H ~ 10'3 GeV, ¢g* > 10712



Curing DEF model

background:

b+ 3Hp+mp =0

m? = ¢2y2 + 65H2

- C 2 9H2 |5
@—m-cos m* — t

Starting from ¢ ~ 1 by the end of inflation the field ¢ is relaxed to




Curing DEF model

Perturbations:

() 1 0%V
/l 111 | - _
Oy OPk 2 0p? %k =0

. . 2 Kk O
0ok + 3HIQK + ?5901{ + 5

damped oscillator with an almost constant large mass;

0 decay as a3—1/2 in the superhorizon regime

H2
3msM2,

nf
T %

<5902>unstable (77]‘) —

3
» \/<5902>unstable(77f) =~ 10_46

m2 9 i —60

S =1\ =5 — ~ €

H2 4 %




Curing DEF model

NB.

1) Matter-like (p)reheating does not affect the resuit

2) Trace anomaly is subdominant in the radiation stage



No Cure for scalar-Gauss-Bonnet

Vanilla scalar-tensor theory:

SDEF — /d4$ 167:2 (R o Qalu(’pa'ugp) + Sm [AQ(SO)QMIM wm}

1 2
A(gp) = 655 L [ is a constant, which feeds into deviations from GR

Scalar-Gauss-Bonnet theory

72 . E
S = /d4x\/—g TPR_ ig“’/ﬁugo(‘?,,go—l—f(go)G

A 1 A _
F(@)G = 202G + . ~ T8~ 10Gev !
P



No Cure for scalar-Gauss-Bonnet

very slightly
unstable | stable | stable | unstable
>
I I I

inflation radiation matter dark

energy
tinst 1 —34

~ ~ 10 Linst HO 1 23
. . Y, N, —m—m—mm N\J 10

tlnf NAHmf tO Mot )\HO

for inflation with the scale
Hins ~ 10 GeV and N ~ 10? e-foldings



No Cure for scalar-Gauss-Bonnet

paB = —6A H ¢

<¢(X’77)(%¢(Xﬂ7)> . H? (21)2,,. i

~ 8r2uln] \ e

Destabilisation occurs very quickly => no standard
cosmological inflation



Trying to cure scalar-Gauss-Bonnet scalarization
model

)\2¢_4

f0) = N6+ X

Destabilisation happens before the quartic correction kicks in

M2
<¢2(X’77)> = )\3153 \/<¢2(Xa n)) ~ 107**Mp << Mp




Trying to cure scalar-Gauss-Bonnet scalarization
model

The same idea with coupling to inflaton? ~ g2 X2gb2
62 H4
However: 9° Z 2 ~ 10>

for y ~ Mp, N\H ~ 10°?, and H ~ 10'3 GeV



Trying to cure scalar-Gauss-Bonnet scalarization
model

extra coupling of the scalar to higher powers of curvature: ~ ¢*R*

Corresponds to extra scalar d.o.f. a la f(R)

The coupling of this extra scalar to the “scalarization” scalar
should be huge as in the previous example



Trying to cure scalar-Gauss-Bonnet scalarization
model

quartic terms in the scalar: ~ &*G

Destabilization happens long before the correction takes place

Add large coupling? ~ §o*G

The scalarized solution would be indistinguishable from GR
solution



Trying to cure scalar-Gauss-Bonnet scalarization
model

[Macedo et al’19]

quartic self-interaction: ~ go*

the scalar field is in the minimum of the effective potential during
inflation

However: Brmin ~ 10%4 Mp

Also extra potential energy: ~ 1()180 Mj‘_f,



Conclusions

Old time DEF and modern scalar-Gauss-Bonnet models of
scalarization gives interesting modifications of gravity, leading to
different from GR neutron stars or/and black hole solutions.

Both models do contain dangerous instabilities during inflation

It is possible to naturally’ cure the original DEF model

It seems however that the cure of the scalar-Gauss-Bonnet model is
beyond hope.



