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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

EFT formalism

o EFT action:
S = o [ Vg [ AR 2M(0) - ()™

+M3()(5%) — M7 (1)0g ™6 K-, — M3 (t)(5KH,)?
—WI3(t)6 KM, 6KY, + M*(t)6g*™6R®)

+m3(t) (8" + n*n”)0,8°°0,8%] + S [Vm: guv]
[Creminelli et al. (2008); Park et al. (2010); Gubitosi et al. (2012);

Bloomfield et al. (2012); Bellini & Sawicki (2014); ...]
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

EFT formalism

o EFT action:
s - 2712 d*xy/ = [ Q)R — 2A(t) - T(£)5g®
K
+M5 (1) (6g%)% — M (t)5g™ 5 K", — M3 (t)(6K* ,)?
—WI3(t)6 KM, 6KY, + M*(t)6g*™6R®)
+m3 (1) (g™ + nn")0,8°°0,8%] + S [Ym: guv]
[Creminelli et al. (2008); Park et al. (2010); Gubitosi et al. (2012);

Bloomfield et al. (2012); Bellini & Sawicki (2014); ...]

e FLRW metric: a(t) or H(t)
e Model space: dim(Q) = 10

0= {Q,/\, [ My, iy, Wy, W5, K1, moy, H}
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shie

EFT formalism

@ Background evolution:

ko Q K2Pm + N+ T
H+ S +Hs = —/———0
T2y 3Q
ke € Q A — k2P,
2 AT X _ 47 hm
3H? +2H+ 5 + 5 +2Hg .
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

EFT formalism

@ Background evolution:

ko Q K2Pm + N+ T

H2y 2y = Xm0
T2t 3Q
ke Q Q A — k2P
2 Ao AL [ m
3H +2H+32+Q+2HQ —a

e Effective modifications (quasistatic sub-Hubble limit):

p(a, k)z—% = gl(a)%+gz(a)+g3(a)%§
K#pmacA g4(a)% + g5(a) + g6(a) &
v(a, k) = ¢ g?(a)% + gs(a) + gg(a)ié
v g1(a)%5 + g2(a) + g3(a) %
GR:p=7y=1
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):
g1L§ +8&+ g3i§

wak) = =Hp———%

8y T8 + 82
k> a’
81z T8 18

v(a, k) =
glﬁ—i + & +g3f(—§
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):

2

+o+t 8
pla k) = —————K
+ 85 + 862

2

+g+ 8%

Ya k) = ————%
+ &+ 835z

@ Example: Brans-Dicke gravity
81 =8 =81 =0
8 =8 =8 =1

 wt4
£ = 3w
P
& = i
w425
8 = S f3M?
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):

2
to+ e
k=0 : plak) = — 8788
+ 85 + 862
2
+8+ 8o
k—0 : ~y(a,k) = ng’;z% 1
+ &+ 835
@ Example: Brans-Dicke gravity
81=8 =8 =0

B=8g =g =1

 wt4 G
£ = i3 me
P

& = i
w42
8 = S f3Mm?
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):

2
+g2+g3%% 20+ 4

k— oo: ula, k) =
k) +85+ 8o 2w +3

2
+ 8+ 8otz w41
%

k— oo: y(a, k) =
+to g w42

@ Example: Brans-Dicke gravity
81=8 =81 =0
& =8 =8 =1

 wt4
£ = i3 me
P
& = i
w42
8 = S f3Mm?
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):

K2 2%

k— oo: p(a, k) = —gliz £2 g3,;§% 1
84z T8 + 86z
LSRRI i

k— oo: y(a, k) = M% 1
iz +t8& T8
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Example

e Effective modifications (quasistatic sub-Hubble limit):

K> a°

k=0 : p(ak) = B=2"8788 o,
8y T8 + 8z
gl te e

k=0 @ y(ak) = S22k, 4y
iz +t8& T8
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Linear shielding

e Effective modifications (quasistatic sub-Hubble limit):

K2 a°
81z T8 T8z

- k2 32
g7 +t8& T8

k? a°
8z T8 1T85

- k2 32
8z T8+ 86iz

Classifying linearly shielded models in EFT

M;: If g1, ga, and g7 nonzero, g1/g4 = g7/g1 = 1.
EFT = g3/86 = g0/83 = 1.

u(a, k) V(a’ k)

Mi: If gi=ga=g7=0, go/g5 = gs/g2 = 1.

M u(a, k) = 7(a, k) =1 on all quasistatic sub-Hubble scales.

v

L & Taylor (2014)

Lucas Lombriser Self-accelerated scalar-tensor gravity & GW



EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Linear shielding

Conditions on EFT functions

1 _ . _
(05 T m% = E(Q == 1) o5 Mf = _Q0 + ZHM??
ar : M?P=0 ap 6t/\/l32 = ...
o3 I\:A32:.__22 ) ) a7 I'_j
oy o M3 =Q— H(MZ +3M3) ag 1 Mp=...
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Linear shielding

Conditions on EFT functions

1 _ . _
oy m% = 5(Q -1) o5 /\/Ii” = Q4+ 2/-//\/]32
2 . \j2
ar : M?=0 ag 1 OMz=...
a3 l\:432:.—/\_/722 ) ) a7 —?
oy o M3 =Q— H(MZ +3M3) ag 1 Mp=...

Mi = (A0 A)\As

Mnp = AsnAgn Ay

Mm = (A1 N A, O.A4) U (./41 NA, N As N Ae)
U(As N As N A7 N Ag)
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Linear shielding

4 .
e My is always free
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EFT for scalar-tensor cosmology EFT formalism
Screening
Linear shielding

Linear shielding

Model space

e Mj is always free
e dim(Q) =6 in M
dim(Q) =5 in My
dim(Q) =5in (A1 N AN Ay) C Ming
(Q)

dim(Q) = 4 in other two My models
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e Mj is always free
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@ We can choose H = Hacpwm: M looks like ACDM 11
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Linear shielding

Model space

e Mj is always free
e dim(Q) =6 in M
dim(Q) =5 in My
dim(Q) =5in (A1 N AN Ay) C Ming
dim(Q) = 4 in other two My models
@ We can choose H = Hacpwm: M looks like ACDM 11
@ Application to Horndeski (2I\Aﬂ2 = —M2 = M3, mp = 0):
a3 satisfied: Mg
dim(Q) = 3 in My
dim(Q) = 2 for (M N Ag) C M

Other My reduce to k-essence
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A Dark Degeneracy

Self acceleration

@ Re-parametrise (Horndeski) modifications: H

T +4M; Q- (M3Y
OK = ——————=5_ N = ————=5—
H2(S2+ M3) Q-+ M3
ap = 7’-,9, + A_/,13 aT = —2 M22
P T 2H(Q + M2) T oy me
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational waves

Self acceleration

@ Re-parametrise (Horndeski) modifications: H

T +4M; Q- (M3Y
OK = ——————=5_ N = ————=5—
H2(S2+ M3) Q-+ M3
ap = 7’49/ + Mf ar = —2 l\_/722
P T 2H(Q + M2) T oy me

o Self acceleration (a = 0.6) (d?a/dt*> > 0, d?3/dt* < 0):

d?3 1 1N\ d?a  aH? [
——=— {1+ z= )5 +—— =
iz /Q 2Q ) dt? 2 Q

/
am

1+ ar

<0

ay + 2 0(1)

/
B
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Self acceleration
A Dark Degeneracy D rate LSS

vitational waves

Self acceleration

100 From top: -, = 0.8 !

acceleration of scale factor

— -Hg2d%a/dr?
0.01} ====- —Hy2d2a/d7*

-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
Q=14+Q.a", n=4
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Self acceleration
A Dark Degeneracy

Self acceleration

100 From top: -, = 0.8, 0.4
g
E 10
Q
9 1
g
.2
g
5 0.10
Q
2

— —Hy>da/dr?
0.01} ====- —Hy2d2a/d7*
-2.0 -1.5 -1.0 -0.5 0.0

Ina

[L & Taylor 2015]
Q=14+Q.a", n=4
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Self acceleration
A Dark Degeneracy D
G

Self acceleration

100 From top: -, = 0.8, 0.4, 0.2
g
E 10
Q
9 1
g
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g
5 0.10
Q
2

— —Hy>da/dr?
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[L & Taylor 2015]
Q=14+Q.a", n=4
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Self acceleration
A Dark Degeneracy D SS
G

Gravitational waves

Self acceleration

100+ Erom top: —Q, = 0.8,0.4, 0.2, 0.1

acceleration of scale factor

— -Hg2d%a/dr?
0.01} ====- —Hy2d2a/d7*

-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
Q=14+Q.a", n=4

Lucas Lombriser Self-accelerated scalar-tensor gravity & GW



Self acceleration
A Dark Degeneracy D SS
G

Gravitational waves

Self acceleration

100 From top: —Q, = 0.8,0.4,0.2, 0.1, 0.05

acceleration of scale factor

—_— _H(;zdza/dtz \\
0.01}f === —Hy>d2a/d7 |
-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
Q=14+Q.a", n=4
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Self acceleration
A Dark Degeneracy D rate LSS
Gravitational waves

A linearly shielded model

A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
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A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
e Q. < —0.1: fixes 2nd EFT function
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A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
e Q. < —0.1: fixes 2nd EFT function
@ Apply linear shielding conditions: fixes 3rd & 4th EFT function
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A linearly shielded model

A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
e Q. < —0.1: fixes 2nd EFT function

@ Apply linear shielding conditions: fixes 3rd & 4th EFT function
@ Set ¢, = ¢ = 1: fixes 5th EFT function
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A Dark Degeneracy

A linearly shielded model

effective field theory coefficients

0.3

0.2

Q,=-0.1
0-1

— - AGH?)
== T/GH?)

Self acceleration
Degenerate LSS
Gravitational waves

0.05F a, =-0.1 A
~ 000
2
g
& -005]
=
=]
E T am
—0.10F 7T aT
=== ap 5
----- ag \
-2.0 -15 -1.0 -0.5 0.0
Ina

[L & Taylor (2015)]
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A linearly shielded model

A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
e Q. < —0.1: fixes 2nd EFT function

@ Apply linear shielding conditions: fixes 3rd & 4th EFT function
@ Set ¢, = ¢ = 1: fixes 5th EFT function
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational waves

A linearly shielded model

A self-accelerated, linearly shielded Horndeski scalar-tensor theory

@ Choose ACDM H(t) (in Jordan frame): fixes 1st EFT funct.
e Q. < —0.1: fixes 2nd EFT function

@ Apply linear shielding conditions: fixes 3rd & 4th EFT function
@ Set ¢, = ¢ = 1: fixes 5th EFT function

@ Free of ghost and gradient instabilities
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational

Stability & physicality

=
—_
(=3
S

0.010 1

0.001 1

physicality conditions

1 0—4 1

10—5““\““\‘
-2.0 -1.5 -1.0

Ina

[L & Taylor 2015]
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational

Stability & physicality

1 4
=== Qs =M2(6a}+ax)/(1+ap)*> 0
2 0.100 :
S
g
5 0010 /__/-‘/f
z /../"
£ 0.001 7 ]
-
1074 R E
s
o
-
10—5-““\““\““\““
-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational

Stability & physicality

1 ____________________________________ -
=== Qs =M2(6a}+ax)/(1+ap)*> 0
2 0.100 == 0<c?=1(settoct=1) |
2
£
5 0010 /__/-‘/f
z -
£ 0.001 7 ]
2 7
(=9 '/‘
1074 R E
S
e
-
10—5-““\““\““\““
-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational

Stability & physicality

1 ____________________________________ -
=== Qs =M2(6a}+ax)/(1+ap)*> 0
2 0.100 == 0<c?=1(settoct=1) |
g -=-- 1-80r=1-M? < |
£ 0.010 L]
(5] .
2
E |
z
=
a
10—5 S S S N SR SRS
-2.0 -1.5 -1.0 -0.5 0.0
Ina

[L & Taylor 2015]
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational waves

Stability & physicality

1 ____________________________________ -
=== Qs =M2(6a}+ax)/(1+ap)*> 0
0.100 == 0<c?=1(settoct=1) |
“=es 1-80r=1-M? < 1
----- 0<l-ct<1
0.010

physicality conditions

Ina

[L & Taylor 2015]
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Self acceleration
A Dark Degeneracy Degenerate LSS
Gravitational

A dark degeneracy

scalar perturbations

Ina

[L & Taylor 2015]
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A Dark Degeneracy

Breaking the dark degeneracy with GW

@ Propagation of gravitational waves:

H/
hU—i— (aM+3—|— > h’ (1+aT)k,2_,hU =0
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A Dark Degeneracy

Breaking the dark degeneracy with GW

@ Propagation of gravitational waves:
H' / 2
hU + a1y1+3-|- hi; + (1 + ar)kyh; =0

o Different propagation speed: can be tested by comparing
arrival time of signals
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A Dark Degeneracy

Breaking the dark degeneracy with GW

@ Propagation of gravitational waves:
H' / 2
hU + a1y1+3-|- hi; + (1 + ar)kyh; =0

o Different propagation speed: can be tested by comparing
arrival time of signals

o Different damping of GW amplitude: can be tested with
standard sirens
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celeration
A Dark Degeneracy rate LSS
Gravitational waves

Breaking the dark degeneracy with GW

-0.51
=< -1.0r
3
>
2 _1.5+

-2.0

GR
_2.5 L L L
-15 -10 -5

logsolar]
[L & Taylor 2015]
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A Dark Degeneracy Degenerate LSS
Gravitational waves

Breaking the dark degeneracy with GW

-0.5F ﬂj
of 1
©
&

g/
(7]
T
5
S ]

0.0 I R
[ self acceleration

]
= -10F £ 1
= I3
> L
L2 -1.5¢ © 1
-2.01 1
t GR standard sirens
-2.5——— ; '
-15 -10 -5 0
logsolar]

[L & Taylor 2015]

Lucas Lombriser Self-accelerated scalar-tensor gravity & GW



Conclusions/Outlook

Conclusions & Outlook

e Modifications of gravity can cancel on linear small scales.
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e Modifications of gravity can cancel on linear small scales.

@ Linearly shielded, self-accelerated, self-consistent Horndeski
scalar-tensor theories can be degenerate with ACDM in the
cosmological background and the LSS.
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Conclusions/Outlook

Conclusions & Outlook

e Modifications of gravity can cancel on linear small scales.

@ Linearly shielded, self-accelerated, self-consistent Horndeski
scalar-tensor theories can be degenerate with ACDM in the
cosmological background and the LSS.

@ GW cosmology will break this degeneracy and discriminate
between a cosmological constant (or dark energy) and a
scalar-tensor modification of gravity.
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Conclusions/Outlook

Thank you!
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