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- Scalar-tensor theories
% + Scalar-tensor gravitg (S TG a8 exPectecl to reveal iml:)ortant and testable
i deviations from GR in strong regimes ]:)9 studging the Prol:)erties of l’]igh~

clensitg objec’ts such as neutron stars!

» Although it is considered as an alternative theorg of gravity, STG s however
Formulatecl through the strong Foundations cnc GR as a gcometric theorg o{:

sPacetime!

S0 i WV

x » Forinstance, In Damour~fisposito~";arese model, gravity Is mediated bﬂ a

scalar field and metric tensor which are couplecl as

: 1
Slo, gl = s Jd“x\/ |8 [g””R,,w(g) % Zg””@ﬂd)@ycb] 5y, [l/fm, Qz(qb)gﬂy]



< i-WhH a scalar-connection gravity (SCG)7

s Nl BT R

s Inthe geometric sector, STG1s based on the metric tensor which is only of

seconclarg imPortance: measurements of distances and angles...!

» Gravity is known to be a “manifestation” of the spacetime curvature, therefore,

the essential concept s the connection!
| “The essential achievement of GR,

namelg to overcome rigicl space, IS

e W A SR LN i,

onlg inclirectlg connected with the

introduction of a Riemannian metric.

PR d .-A"".“"‘

The clirectlg relevant conceptual
element is the displacement field Fg.

‘ which expresses the infinitesimal

dislo acement of vectors” —- Albert Einstein.



- Quantities in SCG

« Inthe absence of metric tensor, the number of quantities that one considers

are less than in the metric case, reca”ing that scalars formed bﬂ contractions (using metric)

are not allowed in the first Placel

+ In SCG one has (ancl forms) the ?o”owing quantities without the need of “contraction”

F’ly(x) SPace‘cime connection
(will be considered sgmmetric!)
% R,W(F) Ricci tensor (at least the symmetric Partl)
uﬂ(x)uy(x) Leacling to fluid velocities!

Vﬂ¢ ) | eacliﬂg to field “kinetic” terms!
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Wt action of SCG

s Nl BT R
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o Inthe spirit of .:clclington gravitgj one constructs the invariant action

\/ ‘ K_I[R,MI/(F) T Vﬂgb VU¢] o aQ[(X, ¢)Uﬂuy ‘ Azri & Nasri
2 PRD (2021)
HB(x, P)

S[, T] = Jd

e Matter will appear as a Pemcect fluid
described bﬂ the parameters ol (x) and B(x)

&0 LWy Ny

e When comparecl with the Pure|9 atfine models Azri &Nasri PRD (2020),
Azri &Demir (2018)

duﬂuy Vea Voo A Kiolie

KB V(g) “Potentiall”



J How to get the gravitational equations?

|
, , | ,
- Pirstvary w.r.t the connection, and remember that 5173,/ s a tensor!

5 = 0 => Vﬂ< : VKT, $)] (K‘W“’) = ()

B(x, P)
| >

Covariant derivative w.r.t

K, (T, $) = k" [Ry(D) =V, V,h] — S (x, p)u,u,

»‘-"‘\.‘."\"-ﬂ' e o

the connection!

This dgnamical equation s at the heart of
“generating” the metric in the SCG!
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Generating the metric
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» Notice the emergence of the inverse of K, (T, D). Theremcore, the latter must not vanish!

; i e

« Inthe vacuum case, this necessitates a nonzero cosmologica! term!

o One introduces the Fo”owing (invertible) two-rank tensor such that

1
KB(x, P)

VIKT, )| (K =4+/]gl g

», “up it ‘.‘»‘_"‘\""’\.‘.‘_“ Sy s

It is from this iclentitg that the field
equations of the SCG will take the

“familiar’ form (Einstein equations~|i|<el)
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Generating the metric
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* The Previous equations can be reverted to

R,(8) = 87 | (x, p)u,u, + Bx, P)g,,| + Y, 4V,

V,4/1glg") =0

Recall that the connection is symmetric!
l

-4 therefore, the last iclentity implies that
, g

| evi-Civita connection of 8u/(*)

ne connection Ffw(x) s reduced to the
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Gravitational field equations

+ The “generatecl” tensor field will Plag the

role of the metric tensor (&)

Since the connection is sgmmetric!

U "ﬂf"’;,: D 1
V}L(\/ ‘g ‘ g 5 ) = 0 “‘ Fﬁﬁ(x) o Eg £ (aﬁgazj a5 aagﬁy = aygaﬁ )
Recall that
1

KT, )| (K~ = p
%(X,qb)\/\ TP (K Y =+/lgl g

On|9 those field conﬁgurations where the tensor
K, (), 1) has the signature (-,+,++) are considered!

Signatu re?!
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Gravitational feld equations

“
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+ One constructs the Einstein tensor

| _ | : |
R, — EgWR = 87 Qiuﬂuy -+ (5527 — %’) gt Vﬂgb N EgWV’Iqb V.,

Uy

In addition to the scalar fields, Per{:ect fluid
source appears in terms of its energy-

momentum tensor

|
. T,uv = gziuﬂu,,+ <5Q[— 99) 8y

| e Notice the GR-limit in which
Ad(x,0)=p+P
| B(x,0) = (p — P)/2



_ J The equation of motion for the scalar feld

|« Variation w.r.t to the scalar field leads to

s feding)r 0RB (X, P)
gb—47r< o il 5 b 5 )

-1

Here we have USCCI tl’1€ CXPT’CSSiOﬂ O{: tl’1€

it generatecl” metric!

Thé sgstem will then clevelol:) Potentia|~|i|<e terms. Needless

to say, in the absence of matter, this equations wil simplg

ClCSCf'ibé ad Propagating massless scalar ]inlCl



i: Damour~EsPosito~l:arese model from SCG
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= Although the scalar-connection gravitg can be considered
as an alternative theorg of gravitg ditferent from scalar-

tensor theorg, it might be relevant to Procluce the latter

for certain cases!

« Based on the Previous remarks on the limit of the theorg

(GR), one may choose

d(x, ) = (p + Pel? "

3 : i.e, with a sole parameter /3
Bx, ) = —(p = P’

To linear order in Perturbation (about the GR solution!)

oS¢ ~ — 4rfs (—p - BP) i, Scalarization!




- Non-minimal to minimal coupling

j

“
i
:

o The SCG action can be written as

I @@)RWD) = V0V 0] —
. B(x)

Slp,1'] = [d

This describes the non-minimal coupling c‘gnamics where the

Scalar fields interacts “explicitly” with the curvature!

The non-minimal coupling function can be absorbed easilg
without geometric transformation as in STG (bﬂ using metric

transformation.) Here, this is realized }39 Pemcorminga simple

~ field-redefinition VoV, — o (@)V,eV,¢



e J Non-minimal to minimal couplmg

s The SCG action reads

A TR =V, 4V, 0]~ 07 (@ @,
X

5[, ] = Jd :
o AH) B

.« Notice that the parameter (kinetic-like term) of matter is

"(.

, rescaled bg a)_l(¢),Wl'1iISt the Potential~|i|<e term is rescaled
. by o e

.« The Pre\/ious s’cuclg can be realized now as

o~ A(x) > d(x, )
02 B(x) > B(x, §)



- General setul:)

— el P TR MR-

* Here, one may not follow the Previous mechanism based
on the transition from minimal to nonminimal coupling

which leads to speciﬁc rescaling of the fluid Parameters!

s Rather, the geﬂera! setup s based on the fact that the

matter Parameters can bc—: couplecl to t]’!@ scalar N

diHferent ways. One generic case is to take

A(x, ) = (p + P)e/ PP .
) .e, with different parameters fy, f,
B(x, $) = —(p = PeP?

To linear order in Perturbation (about the GR solution!)

5p = 47 | (28, = ) p — (2B + 1) P| 60




| General setup: Spontaneous scalarization

— el P TR MR-

o Interms of the equation of state

e & P+ 2p
o ~ —4n(f, —2p,)p [1 A ﬁza)(p)] o

° Thus) the spontaneous scalarization mechanism in this

class of SCG s to be determined in line with speciﬁc

} bounds of the two parameters f;, §,

* One Aistinguishcs diHferent scenarios:

o Forp, = — 2, the eHective Potential that drives spontaneous

scalarization arises on19 tlﬁroug‘ﬂ the energy densit9 of matter.

However, in this case the complete suPPression of the instabilitg will not

be quitc-‘: similar through both parameters & and &!



General setupz Spontaneous scalarization

e The second scenario is when the dynamics is driven only by pressure,
Y i o

this arises here when 8, = 2,, thus

0P ~ — 8rf Pog

If B, < 0, which is a trivial choice to eventua“y
suppress the unstable modes, then a negative

eHective mass square —8mf P requires P < 0.

This cannot describe a Phgsical High clensity

object such as a neutron star unless the

negative sign Is conventional, e the inward

gravitational Pu”!

e B i T e Tt i S = R NN




| General setup: Spontaneous scalarization

— el P TR MR-

« aneutron star can be aPProximatecl to a nonrelativistic

matter where the energy clensitg term dominates, hence

op =~ 4n (2,52 s ﬁl) p o

o kB, < B2 spontaneous growth occurs when the GR solution
¢d=0is unstable due to the negative (eHective) mass squared.

This has an etfective wavelength
3 T
i

| , = \/\2ﬁ2—ﬁ1\p

In terms of the compactness L

R is the radius of the star!

P R
,:‘ of —
| V126, - piIC



| General setup: Spontaneous scalarization

— el P TR MR-

« In order to fit various observational constraints such as those

coming from the Pulsar—-white dwarf binarg, it mig‘ht be necessary

even for SCG to embodg a massive scalar field. The system, then)
would gain an ettective mass as
mesz =47 (2,52 — ,Bl) Dk mé

%
+ Jo accuratelg Probe the SCG, one main|9 has to examine various

classes of the theorg by Providihga generic Phenomeno!ogjcal

stuclg of other relevant forms for o and % and aclosting sPeciﬁc

equations of state of neutron stars Azri & Nasri (in pr ogress.)
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- Summarg

o The aimisto Provicle a scalar-connection gravity (5CG) where unlike the

famed scalar-tensor theories, gravity is not mediated bﬂ the metric tensor a

Priori !

s Inthe B gravity 's mediated bﬂ a scalar and a connection. It is the latter

which is n

e InoCG s

due to an

ecessary for the curvature, thus, gravity !

mal Perturbations around the GR (unstable) solution grows up

and pressure of matter scalarization !

s SCG leads to an equivalent Prediction of scalar-tensor ‘cheorgJ name

Damour-

Lsposito~Farese model of spontaneous growth, for Particu

cases! The general setul:) leads to ditterent Preclictionsl

induced effective Potential Proportional to both energy clensitg

Yy the
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