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Plan

Generalization of Brans-Dicke gravity
e Same assumptionas BD : o~ T , ¢~ G2
1

Hg ~ G/\//')Q =

g@’ ~ po (Ruyo ~ H(;l present cosmic horizon)
H,0

e Same assumption as BD : 2nd order eqm

e Difference : T%,., # 0 (the r.h.s. will be determined from

consistency — complete BD), with caution

Attempt for finding the corresponding action of the new theory
(action of new vacuum theory is found; action of new full
matter theory is only found in special cases)

Corresponding cosmology, applications

(avoidance of singularity, inflation, late-times acceleration)

Study of cosmological perturbations



» Brans-Dicke eqm:
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v 167r>\<;5 v p v
O¢p = 4nAT

Ty =0

v

Second order eqm
¢~ Gt
Simplest eqm for the scalar field (maybe add a potential)

v
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Probe matter moves on geodesics

v

Consistency — TH,



» Two ways to derive the BD eqm :
e From consistency of 2nd order eqm —

e From a uniquely defined action

/d4X Vi R—Tguu¢7“¢7y) +/d4X vV—8 Lm
Matter minimally coupled (conserved)

¢~ [Gn]~t ~ [M]?

= “E2 only option for the kinetic term, wgp ~ [M]°

(if interactions of L,, with ¢ are allowed, plenty
of actions can be written with limit the BD one in the absence
of interactions—the number of such actions increases in the
presence of Gy or a new mass scale v/)



Proof

>
(1)
(2)
» Bianchi of (1) :
G“yqb;u - 87T Tuy;u EE 8’“’7‘“1/;;1, (3)
= Tuu;u - %T”,,qb;u = %TMVQS;/J - Tuu;u (4)

v

Derivative of (2) in (4) = O(¢..), (O¢).,
Ruf/@;u =0(¢) — (@), , (1) . (2) =
O(¢:) = (O¢)., + %(A_QB)QS;MQS;;L@&;V - %(C+2E)¢;VD¢
+%TC¢W;V¢;M + %(2T“V_T5“V)¢;u (5)
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|:A,+ B/+%C(A—2B)— %(A"F B)} ¢;u¢;u¢;u

[A+E’——c C+2E)—= E}¢ O

1
+[A+2B+c’+ 2= c]quu
(

¢
+(C+E)(dg).,
1-8nC

¢

Tho, — %CT(?;V) —0

_|_

T, —

ig(b

O¢ = 4 \T = T=47T)\

(6)

(7)



» (7)in (6) =

[A’+B’+4—7TC(A—2B)—%(A+ B)] PH b

[A+E’——C(C+2E)—EE— ., 006

¢ Tb]
+[A+2B+C’+ C2——C} b

¢
+(C+E)([@9),.

i 8 c
Tl = ——=T"6,u) =0 (8)

+

Basically, we use a method to exploit fully the information that the
Bianchi identities set on the undetermined functions which define
the eqm.

We cannot vanish the various coefficients, although functionally
independent, since we do not know how matter interacts



» Zero matter limit 7%, =0 = ¢ =0 :
the system should still be meaningful with the same
A, B, C, E, a vacuum theory should be defined, and no new
equations of motion should arise

A’+B’+%C(A—2B)—%(A+B) —0 (9)
8w 1
A+2B+C C’--C=0 10
+2B+ +¢ 5 (10)
7dluzj;,u - 1_27TCTHV¢;,LL
s 0 e 1.
HA+E - C(CH2E) - S E - ](;5 O¢ + (C+E)(0¢)., = 0(11)



> Thow = F( )T vd + h(O)T b + m(8) T,y
general energy-momentum conservation equation with 3
interaction terms T',¢.,,, T, Ty

» Egs (9), (10) have one freedom, e.g. C
Eq (11) contains an extra arbitrary function E
= arbitrariness of 2 functions picked up by hand (infinite
consistent theories)

» Only way without arbitrariness : single violating term
T ~ Thou — unique theory
Ty ~ T — unique theory
Thw ~ T., — unique theory



First theory : TH. ~ T"o.,

Vil

AC+BC%%§C@4—2B)—
8w

1
¢

(A+B)=0

AQB+O+—C%iC:o

¢ ¢
41
A+E' ——
¢ ¢
C+E=0
1-8nC
TMV;M = Zﬂ- TMI/¢;M

The system can be solved exactly

c(c+26)-2e—Lc—o

AP

(12)
(13)
(14)

(15)
(16)



» Equivalently

(A+ B)’+%TC(A—2B)—

(T—A—%;Cz—(L—i)
6w

A+B+ - c—g

¢ 2X¢
E=-C

1-87C
T“V;;L = ¢

> Define X=A+B,Y=A—-B

T“yqs;u

(A+B) =0

(17)
(18)

(19)
(20)
(21)



X’+2—7TC

) ¢
Y:2Ch—%k2—2@—§
X::—%;C2+§%$C
E=-C
T“u;u _ 1_§WCT“V¢;H

» Differentiating and combining =
167 2
c’+?c2—$c =0

1
(BY-X)—=X =0

)

1
—C-X
¢

(22)
(23)

(24)
(25)
(26)

General solution :  C(¢) = %;}2 , v~ [M]* integr. const.

= A(9), B(¢), E(¢)



Gh=T(Tn, 4T

¢
T“V:m{2[(1+)\)1/+4ﬂ(2—3)\)¢z]gb;“gb;,,
—[(1+2\)v+47(2—3))4?] 5MV¢:p¢;p} + %;52 (¢, —6",06)
06 = 47T
Thu=s—enThéy & (671 v +8r¢? TH), = 0

P(v+81¢?)



The system is consistent (Bianchies are satisfied)
For v = 0 reduced to the standard Brans-Dicke

Given that T}' contains up to second derivatives, and given
O¢=4nm AT , this theory is unique for this single interaction

The strength of the interaction in the wave equation is
controlled by A, while in the non-conservation equation by v
In the decoupling limit A — 0, Brans-Dicke should reduce to
Einstein, which is not the case since T#(BD = 126W3)\A¢{ 3
(moreover in this limit, a solution of BD does not always
reduce to a solution of General Relativity with the same T7%)).
Here, this can be done, redefining v=A"2, then for A—0
GM,/ = 871'(23_17-”,/, Tu,/ =0, D(]ﬁ =0, (¢_1Tuy);u =0

and for the solution ¢ =constant we get Einstein




Second theory : TH ~ Ta¢,

Vil

Guy - %(TMV—FTMI/)
2_3A—4yu . 1. 1
oo B _Z8E P Z(pH _gH
T = emng (@10 50,070, ) 45 (6", ~5,00)
O¢ = 4T
1
Tuy;u = $T¢§V

14 integration constant
For ;v = 0 reduces to BD
For p = % the theory had been found in the past



Third theory : TH ~ T,

Vil

Gt = %”(Tm’m)
2—3\—80 / . 1 . 1 . A+2042n¢?
TH = = =~ (pPp.,— =" dPob. — g 2 T sH O
v 167\ <¢ @ 25 v9 ¢'p>+87r¢ v 8T oH¢
O¢p = 4nAT

Tuu;u - (0-+77¢2)TV

e 0,1 integration constants. For 0 =7 = 0 reduces to BD
® no ¢, in conservation equation, so even for slowly varying ¢,
the geodesic equation does not arise



In standard derivation of Brans-Dicke, R in Bianchi is just
replaced by R*,¢., = O(¢.,) — (O¢)., and R by the trace of the
gravitational egm — instead of replacing G/ from the gravitational
eqm — therefore both [I(¢.,,), (O¢)., appear in the consistency
relation

[A/“‘ B'— %(A“‘A'B)} ¢;u¢;u¢;v

[A+E’—%(C+4E) i

+(E+ o) @)+ (C- - )0lga) + T4, =0

}qb JOp+(A+2B+C)o b,

The result is an algebraic system for the unknown coefficients (not
differential) with more equations, which give Brans-Dicke.



» In the presence of a potential V/(¢), repeat the process :
O¢ = V/(¢) + 47T

Gl = ....(same)

v W ¢ K _
¢(V+87T<z52)T vOin v+ 8w A G
> A different eqm, e.g. O¢ + F(¢)P*¢.,, = 4w AT gives

different theories

(T
Th.=



Generalized vacuum Brans-Dicke theories

» In Brans-Dicke, the vacuum theory is obtained by setting
in the matter eqm (= ¢ =0, G} = 126;1)(;))
where X\ does not control any coupling.
If set 7 = 0 from the beginning of the “wrong” consistency
approach, there is continuity with the above limiting process
of the matter theory (with the difference that A appears as

integration constant).

» In Complete Brans-Dicke,

(more general that the
vacuum BD), but does not exhaust the vacuum theories with
O¢ = 0 (which are derived with the “correct” consistency
process).



The consistency condition is eq. (6). Set O¢ = 0.
Consistency equations :

A/+B’+%C(A—2B)—$(A+B) =0
8m 1
C'+=—=C’-=C+A+2B=0
¢ o)

= one arbitrary function of ¢
Of course, the unique T} found before in the matter theory
satisfies these egs,



Vacuum Action

>

= -3
- = d4 . ul/
—= Sep= 16 XY= <¢R 26 & Pu, )
» Symmetry transformation :
Q2 — |V+87T¢2|
lv+8mx?|

o c=sgn(v+8mx?) >0

= = (blanoar /it 8m02 -2 ar o/ Im vt B )

e = sgn(u—|—87rX2) <0 : x==44/ g sin [arcsin ( ?ﬁqﬁ)—q]



Total Action ?

» Simplest candidate
S=5S;+ [d** /=g J(})Lm

To give the correct gravitational eqm under 6,5 =

J(¢) = 1 y/|v+8mé?]

V8r [#]
» However, 6,S = ¢ =4nA\T + %Lm
Thus, this total Lagrangian is valid only if on-shell the
numerical value of L., vanishes, e.g. for relativistic perfect
fluids, action functionals have been constructed where the
matter Lagrangian is proportional to the pressure (for
pressureless dust this on-shell value vanishes)

» Even in the Jordan frame the matter is not minimally-coupled,
due to the existence of the interaction

» It is possible that a general complete Lagrangian of a different
form exists



Canonical form of the action (meaningful also in vacuum)

>

NIw

4 v 2(8m) ~2
S = /d Xy — |: 71/—1-8 ¢2) gh ¢,u¢,y+4¢ |V—{—87T¢2|Lm(w gﬁ)\vw):|
5 +81¢?|\ 3
2= (1),

| 4
o c=sgn(v+8mx?) >0

S = 16n /d4x Vo [R - —eAg” T @

21(8n)* ~ o
+ ‘e 2|\ o 47_(_2]/2 \/2|_)\ | ( 8k w):|

8w

2
o—00 = 4| o In ‘47T¢—|—\/27T\/V—|—87T(]52‘ , @ X \/W
‘ 7 2nve” 70‘




o c=sgn(v+8mx?) <0 :

/d4x\/ R—I——e,\g” & 0@
4(8m)?

" lv| sin (v/2]A[ o)

167‘(’

Ln(@%Eon, W)

2 8 . NI
e i) 2 ey



Cosmology
» Complete Brans-Dicke

2, K _8r 819
B =35 vher® 0T 38 (v+8rg?)?
- 8rr ¢ (142 )r+4m(2—3))¢? |
oH 432+ B = T, @ 2

P = [+ ) rere?
¢2
V4812

4m v+41(2—3))¢? pe

+ (2H + )]

¢+ 3Ho + 4rA(3p—p) =0
V .
)+ 3H SR A—
p+3H(p+p) ¢(V+87T<Z52)p¢
» Brans-Dicke
8 ¢ 2—3\ 2
H2 gy B0, p@ T oAe
TR T3 T T o @2
. o K1 2-3X ., .
2H + 3 + 55 = ¢(87Tp+—4)\¢ 92+ 2Ho + )
¢+ 3Hp + 47 \Bp—p) =0 , p+3H(p+p)=0



e Non-conservation equation is integrated :

Px ‘(25’

p= 23(1+w) /[v+8r¢2|



Early-times evolution

e Scalar field equation is integrated :

$a® =c

¢ integration constant, ¢(a) monotonic function
e Hubble equation :

da dwpa \2 4m £F: 26)\p* 2 36
g8, "m9a N o™ 1 /v +8m¢2 —0
<d¢+1/+87r¢2) 3\ 1/+87r¢2< T Py |) 2

and is integrated for any  (here k = 0)

Y = a%y/|v+81¢?|

2

<dz ->2 167 ) <1+2()\/')$ > n 4k (
bk b)) 4
do 3\ v+8m¢? c? c? |v+8m¢?|

4




» Case I If v+871¢% >0, \¢p >0

4+, /=2
2c2 1 0‘47?(;5—#\/277\/1/—1—87?(;52‘ M

a*(¢) = —_— -
Al v+8mg? {1—0‘477(%-\/ 27T\/V+87T(232|:t\/ 3[AT r
1 3
t= 7 [at0)ds

o > 0 integration constant

v>0,A>0:

Universe can emerge at zero cosmic time at a finite volume
and avoids the cosmological singularity both in density and
curvature (absent in Brans-Dicke). Additionally, it can exist a
transient accelerating era (inflation) with exit into
deceleration.



» Case Il If v+81¢? <0, \¢p >0

c2 1

a%(¢) = Mo TP8md? {1 + tan? [aj: \/% arcsin ( %T‘ gb)]}

o integration constant

v<0,A>0:

Again, there exist non-singular solutions in all volume, energy
density, curvature, starting with acceleration and entering into
deceleration (even for very small A > 0). Also, this branch

(v < 0) provides correct phenomenology at late times (so we
have a unified picture for all times with a unique mechanism
of energy transfer between matter and scalar field)




» Case lll: If v+8m¢? >0, \¢p < 0

# = g T [t (o oo 27 e )|

o integration constant

v>0,A<0:
Again, non-singular, with finite a, p, R and a transient

acceleration within deceleration




» Case IV: If v+81¢? < 0, Ap < 0.

2
1 1
5 c .o [a - 8w

arcsin (

&f = sinh
2|A|ps V|| —8mg?

v<0,A<0:
Again, non-singular, with finite a, p, R and decelerating.

VI



Due to the interaction term, entropy production can occur at early

times.
From dU + pdV =TdS , U=pV =

T . v

V° = Srered)’?

Thus, it can be S > 0 for the previous solutions. Initially, S is
shared between all relativistic species, but as universe cools down,
massive particles freeze out and S is only shared to photons. These
photos propagate in universe and observed today with high
entropy/baryon and T ~ 1/a. Of course, not too much S and
matter should be produced to comply with observations.



K 8
H2+ 3_2 = %(p‘i‘pDE)
: o K 8m
2H +3H —i—;:—?(p—FPDE)
3¢? . ¢ v+4m(2—3))¢?

_2Y 9 12
V+87T¢2H¢+2/\ (v+8mp?)2 ¢

_ ¢ (L2\)v+4n(2-3))¢° - ®?
PDE =X (v+8m?)? o v+8mp?

PDE = —

(2H¢ + ¢)




1\ 3H 8
<5P) +?(P+P) mﬂ¢——

1 - 3H 8
(5 PDE) + ?(PDE + PpE) = - ¢2P<Z5 Q

similar-+differ from standard relations :

p+3H(p+p)=-Q
ppe + 3H(ppE + ppe) = Q

e (p+ ppe)/¢ strictly conserved instead of p + ppe
e the form of @ here is determined by the theory itself



e Ignore the separable conservation of baryonic matter (small) —
no fittings with data

Ignore the radiation (small)

Flat case, Kk =0

Choose the units with ¢g = 1

From Qpeo ~ 0.7 = do(\,v)

From Qn0~ 03 = p.(v)

Solve numerically the system (g)2 =, d=.. , withp=..
derive phenomenological quantities ppg, Qm, Qpe, wpe, q(2)



-0.6

Figure: A = 10, v = —100 (more generally : A >0, v < 0, v+8md? < 0)
Consistent with Case |l of Radiation era
Oralso A <0, v <0, v+8m¢? > 0, |v| ~ 87>



e Standard kinetic terms of Brans-Dicke cannot lead to
acceleration (at least for realistic values of w) and some potential
is added; here only the modified kinetic terms and the modified
conservation equation give an interesting cosmology

e Energy transfer can be either from the scalar field to dark
matter or opposite

e Additionally, ¢(t) increases up to very large redshifts, i.e. G(t)
decreases (as expected since today it has a small value)

e No physical divergence (e.g. a, H,...) at finite time because of
the pole of the quantity v + 8m¢?

e Additionally, (ﬁ_,!o < 1072, necessary to be consistent with the
bounds of variation of Newton's constant



0.5+

Figure: A = —10
Evolution of g for fixed A < 0 and various v
Role of v in obtaining late-times acceleration : for intermediate
v < 0 we have a recent passage into acceleration



Cosmological Perturbations
> Background metric (k =0) ("= £) (H

If
L.

= aH)

d5® = —a’dr? + a°(7)djdx dx’

¢=p+0¢

» Evolution of linear perturbations (forward) from deep within
matter domination (neglect radiation) : z = 1000,
N, =1Ina =-6.91 (/=)

| 4

4m v+4m(2—-30)? o 8rp 8rp.e N

- +
3\ (v+8mp?)? v V+87T<P2(’D 3H2\/|v+8mp?|

EH,+4_7T(1—|-2)\)I/+47T(2—3)\)QO2 2 8mp ( 4 \pype=N B ,> 1
VAN +8me2)2 7 u48re? \}2\Jut8ng?|

=0
N

’H/) ,_ATAppe”

/!
ov (24 )y - At
=]

H



v

v

v

v

Two ways to be integrated numerically:

e e N2 replaced from the constraint — ¢’ = ...
Initial conditions ¢;, ¢!

o 2=, H =.. — first order system for o, H
Initial conditions ¢, H;

Qpp,i <1 = |l <1 = po = (3/8m)aH | /lv+87¢7]

Initially, ¢ ~ p; — H? ~ a3H?a=3 (Einstein in matter era)

Parametrize H; in terms of the dimensionless Qm:

aH? = A2 Q.
A=1
v = —100 (in units G3)



A2 T2 ~ 2 2
> O = Binvlir] I‘:;:;: & Qu(a=1) :Qm,/%w—&:—l)
constraint for g
Ha=1)~ Hy , Qu(a=1)~0.3
Qn’u vi : @(t =0) = g satisfies the constraint
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Plot of the background quantities for Q= 0.17, w; = 0.029

Compare H(a) to ACDM, with larger separation at earlier
times

Plot of Q(a)’s, stable matter dominated phase gradually
overtaken dy DE

Plot of g(a), transition from deceleration to acceleration
recently

Plot of wpg(a), phantom behaviour today
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e Plot of the distance moduli x = m — M of our model and of
ACDM, compared to Union2.1 compilation from the Supernova
Cosmology Project

e Our model fits the data with remarkable precision, comparable
to ACDM, without the presence of a potential

e Viable background history — evolution of linear (scalar)
perturbations



» Perturbed metric

goo = —a°(1+2AY)
goj = —a’BY;
& = 32(5,-j + 2H; st,'j + 2HT Yu)

A7), (T) HL(T) Hr(7)
V(R R) o7 Yim iy vy = (b= ) Y
¢=(7) + X(T)Y
» Perturbed energy-momentum tensor

TS = —p(1+4Y)

TS = (p+p)v—B)Y

i i 3 i
T, = (p+wY)d; + (p+p)0Y

vwibp=wY, 3(p+p)a(r)



> Linearized non-conservation equations

v . v(v+24mp?)

. : op _
g + (14 w)(kv+3HL) + 3H(5—W)é " o r8re?) X Rlvren Rz X

. W op/dp
V= B+ (1 3w)H(v—B) + 1 -(v—B) = T ki — kA+ ko

B v W,
(v +8me?) 14w 2




> Linearized gravitational equations

0 - 0 component

. H 3
o [32a - B - 3w — 2 (e BF) | = S = dn(-pas 4 )

_ 24mp? —v
~ 2\(v+8mp?)3

W{ [v+am(2-30)¢2] (PA—3) - 4m(2—3\)ogx |
2

brpp vt —2
(v+8mp?)? v+8mp?

s [l/+47r(2—3/\)<,02]<,b2x

[k + 31X — p(6HA — kB — 3F1,)

0 - / component

47rcp2

L el
v+8mp?

o(MA— Fy— SHr) = (% — Hx— $A) + (L4 w)pa(v - B)

3
4mp

YO [V(1+A) + 47(2—3))¢?] ox



i—j (i #J) component

@ | —K?A— k(B+HB) + Hr — k*(H_+ %) + H(2HT — kB)

8mp?

~ I W (k8 )] + Tor(Lwlpsto




i — i component

. K2 k- .. : k2 Hr
2 J— J— _ — _
24(% +20 — =) A— S (B+2HB) + HA — AL —2HH — = (Hi+5 )}
—(H*+2H)x = 8n(a°w + 72)
v—247p?

= o [(14H20\)v+47(2—30)p? | 2
2 2A(V+87T(102)3 [( + )V+ 7T( )(ID ]90 X

2 T2k — . 2K? "
L [—@B—2(¢+H¢)A—¢A +x+HY+ —x+ 2<,0HL]

v+8re? 3 3
_907‘?’{ [(14+22)r+47(2-30)¢2] (pA—X) —47(2=3N) x|
A(v+8mp?)2
2up

Hp+AmA(B3w—1)pa®] x

(v+87p?)2 [



» Linearized scalar field equation
d¢ equation

K+ 2HY + K2 — 23A — G(AHA+ A — kB — 3H) = 47T)\(1—3§—Z>pa2é

As for the background, also for the perturbed equations, one is
constraint



» conservation

S i op v . v(v424mp?) |
J+(1 kv—3® ——w)j = _
J+ (1+w)(kv—30) + 37-[(6/) W>N (V+87T<,02)X 201 8707)? X
W op/dp v w
1- ki — k¥ + ko = — k
(=S < 1+WV 1+w t ko= o(v+8mp2) 1+w X

» 0 — 0 component

90(37-[2“»' +3HD + k2d>) — g’}-[QX = 4 (—pa’y +71)
24mwp? —v 27 .2

2A(v+8mp2)3 [v+4m(2—-3))¢° 9"

ot 423N (pV =) — 4m(2-BA)ppx |

2

L RPN
(v+8mp?)2 v+8mp?

T1 =

[k + 31X — p(6HW + 30)



0 - / component

. 47Tc,02 : .
Vo) =——(x—Hx— oV
+4777“0[ (1+>\)+47r(2 3\)¢” }sox+ (14 w)pay
)\(V—|-87T(,02)2 k

i—j (i #Jj) component

8mp? 127
o-—Vv)=—T"— 1
o( ) I/—I—87T(,D2X+ 2 ( +w)pa’o

I — i component

k2 k2 .
290[(%2”% — SV SO+ b 2Hb 4 WU — (2427

= 8 (2w + 72)
v —247p?

= [(14+20)v+4m(2—-3X)p?] X + -....

D187



tion
qua

0¢p e

> 0¢ equation

EF 25
H 20V — p(4H 3 T —3—)pag
. 4
\ij_|_ q>)_
/g
S(4
(
>V
2.,
kX
.+
. 2 X
.+
X



v

v

no anisotropic contributions (o = 0)
i —j (i #J) component

X I/—|—87T902
d-—Vv=—7— | D(p)=
D(y) (?) 8T
GR : o=V
lensing potential : &, = %

comoving density perturbation : A =9 + %(1+W)v
Derive differential equations of ¢, x,J,v

0 - i/ component

e (115p)ers ()

4
[V(1+X) + 4m(2—30)p?] x + KHo

/

L wE
Av+87mp?)?

(1+w)pav



0 - / component

o, 87TpA+3 Ar(v— 2471'(,0)

= 4 (2—3X)p?] ¢

8m v 3902g0’ 20?D'¢!  2-3)\ o
+y+8w2{4w+3 Top TTap2 T D ¥ <2D +¢/+30)
vp' 1¢ 3¢’ .,
- L 3(14A 207 g,
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conservation equations : also in terms of ®,x,J,v

<

» dp = 0 in the scales of interest (confirmed in the sub-horizon
approximation).



» Initial conditions for perturbations

— Set ®; = —1, x; = 0 as if we had minimal deviations
from GR
— Set & ; = 0 since in GR ®, V are constants initially —
2k2
vi = 3a H ¢+1 . A= —th-i
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> v, P, are scale-dependent, particularly at early times
(contrary to GR)

» Oscillatory behaviour of x mainly at early times, more
pronounced for smaller scales - higher k's (also observed in
other scalar-tensor theories).

Understood from ¥ = ... : equation of a damped harmonic
oscillatory with a driving term, progressively the oscillations
get damped by the Hubble friction term.

More analysis is needed to see if these oscillations leads to
instabilities at early times.

» Today, the equilibrium position of x is shifted from zero to a
positive value due to the driving term in ¥ = ...., which tries
to displace x from the equilibrium position set by the initial
conditions (as § grows, the driving term will become more
important)



» & oscillates at early times (could contribute to early-times
integrated Sachs-Wolfe effect with impact on CMB)
|® | grows at late times, despite the accelerating background
(yielding late-times integrated Sachs-Wolfe effect opposite to
that of ACDM; needs further study). In GR & decays with
the onset of cosmic acceleration due to expansion

» & W oscillate around —1 at early times
W becomes positive at late times — significant for §



Sub-Horizon approximation

> Length scales of wavemodes much smaller than Hubble radius,
k> aH

» Quasistatic approximation : discard time derivatives of
perturbations compared to spatial variation

» 0 — 0 component :

A @? 4
b=-——— —
© k2'0§5 * 1/+87T<,02X
algebraic in y instead of differential
> | — i component:

8mp 127 a2

b-—Vv=—""-
1/—|—87T<,02X+ o k2

w

= w=0
» J¢ equation:
a

k2

w

a2
X 477)\pr — 127\



2 2(1 _
k_2q):_4_7r v+ 8mp- (1 2)\/2) 08
a %) v+ 8mp
k2 4 2(1 2
Koo 4 v+ 8mp® (1+A/2) 08
a2 © v+ 8mp?

1
b, = —
+ )\(‘DX

— if x grows at late times (or is scale independent) then &
also grows (or is scale independent)



Growth Rate in sub-horizon approximation

>
H! 4 v+47(24+X)p?

5// e 15/__— 25:0
¢+ (H * >~ 2 p(v+8rg?) 78

>

H! 4 v44m(24+N)p?
T (H * ) 2 p(v+8re?) 7
f = Z'I:g linear growth rate

_ vHAT(24HN)?
Geff = o(v+8mp?)
perturbations) passes to negative values recently (does not

happen in ACDM, GR)
VU x Geﬂ‘

» = § o k? (as in sub-horizon of GR)

(effective gravitational coupling of

> = x, P, P,V scale-independent in agreement with
late-times behaviour

>» v+ Hv—kU=0 = vk
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Plot fog(z) numerically for recent z against ACDM and data

_04(z.k)
= 98 5(0,k)

» Our model predicts less growth than ACDM due to that
recently Geg < 0 (W > 0)
Gesr persists independently of parameters/initial conditions for
any reasonable cosmology (more study is needed)

Amplitude of fluctuations og(z)



Conclusions

>

Allowing non-conservation of matter in BD (with the same
simple wave equation for the scalar), consistency gives three
kinds of violating terms. Assuming a single interaction term
each time, we extend BD theory to three uniquely defined
interacting theories

New massive parameters appears as integration constants,
which when vanished give back BD.

The general family of vacuum solutions with [J¢ = 0 can be
found, but the most interesting member of this family is the
vanishing matter limit of the full matter theory.

Although for special cases the action has been found (where
the matter Lagrangian is non-minimally coupled even in the
Jordan frame), it remains open to find the generic action (if
exists).

General solutions have been found in radiation cosmology with
complete avoidance of initial singularity, a transient
accelerating period and entropy production.



At late-times, acceleration arises in agreement with the
correct behavior of the density parameters and the dark
energy equation of state. This happens with a sort of unified
description of the universe history (inflation, matter
domination and late-times acceleration) under the same
mechanism of energy transfer between matter and the scalar
field.

Variation of ¢ is very slight over all history in agreement with
the bounds of variation of G.

Nice fitting with Supernovae

All these, with just modifying the kinetic terms and the
conservation equation, no extra ingredients (potentials,
varying wgp, non-minimally couplings, e.t.c.)

Initial and scale-dependent oscillations of scalar field
perturbation are damped and lead to non-vanishing present
value



» Lensing potential exhibits unusual growth at late times, in
agreement with sub-horizon approximation

» Less growth is predicted compared to ACDM due to W > 0
recently



