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Plan of the Aag

Seecture I: From cosmologg to black holes

|
e What cosmologists care about

o 5creening mechanisms

b« Dl >

e Model builc:lingtoo|~|<it5

o Where we stand now
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Plan of the Aag

| ecture 2: What | think is interesting

o Strong field vs. cosmologg VS, theorg
o Outstancling Problems this communi{y can resolve
¢ Bestta rgets Forjoi nt eHorts

e Possible ideas
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: Cosmological gravity after GWI170817

Outline

Motivation: dark energy
Whg we need to screen

Princil:) es of screening

1 ;
. Cl’lame econ mechanism

Symmetron mechanism

Unified cJescriPtion of screening
Vainshtein mechanism and galileons
Horndeski and begoncl

Vainshtein breaking
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) Dark energy




| Cosmo|ogg 101: how do we descril

an exl:)ancling universe”?

BN

ﬂxecj reference grld P
‘ le—=stisr> O/ i
| ﬁ
| a(t1)y e
: a(t2)y
a(ty) a(ty) @




Cosmologg 101

(l:riedmann equation: 3M2 ( > Z,Oz

/

| dcnsitg of Particle species |

; , A e o
;Accelcratlon equatlon: TR Z (pi +3F;)

| a
ol /

pressure of Particle sPecies |
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What stuff can we Put N~

fic]uation of state: Pe=-p

SPeecl of sound: e 8_p =

w

e Matter/ Dark matter — w=0

‘-—4

| e = ng

e Radiation — w=1/3




What does this do?

Q| &

1
| Acceleration equation: — VE Z (p; + 3F;)
| o

1

Equation of state: RS =)

ey
R e (s
; o= L pdup

Deceleration unless w < —1/3 = c? < —1/3

Whg’? Simple: gravity Pu”s things together!
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Dark energy s real

é Dark Sl acceleration of the cosmic expansion

i it adadil

COMPOSITION OF THE COSMOS

Free Hydrogen -
and Helium
4% =

, Made from -
{ %”we dont 1\0’“ \

- EXPAND VOUR HUERSE




DE vs MG

Matter

Geometrg * , |
DLE: new exotic matter

‘ MG: NCW termS/ DOF (quintessence/ K-essence/...)

/ /
sy —AgW + 8nG 1y

Cosmologlcal constant

(clrives acceleration but ﬁne—-’tunecb

(DE: zero due to sgmmetrg/dgnamics)

If your life doesn’t make sense, buy some Dark
Energy and balance your equations. We won't
promise that the rest of the world will make any
more sense, but at least you’ll have beer.
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Cosmological scalars
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| b+ 3Hd+ m2p + 81BGp = 0
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Friction Driving Forcing (Ffrom MG)
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Cosmological scalars

| ¢+ 3Hp +m2p + 81B3Gp = 0

Tl gl

Friction Driving Forcing (from MG)

| Want:
 m ~ Hy under-damped, field rolls today)
; /6 2 ]- (MG non~nog|igib|e)




) Wlﬁg we need to screen




Yu kawa forces

V3p + m2d = 81 8Gp
Strength of fitth-force a = 2=

Tt

GM

V(- [1+28%e g
| r \
{ Structure Force range T %

l:ormation\
Cosmologg MpC < )\ < 105 MpC ‘__ _XPaﬂSiOﬂ
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Yukawa forces 7

Cosmologg

Ruled out 139
Shapiro time-de ay
(PPN in general)
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This is whg we need to screen

satisty fifth-forces drive acceleration

\

Cosmologg

screened Partia”g screened
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3) Principles of screening, E
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Where is the Problc—:m?

| ff_quation is linear:
¢+ m?¢p = 8w SGp

/ \

‘,‘g.b.—|—3Hgﬁ+m2qb—l—87rﬁG,0:O V2¢—|—m2¢ = 81pGp |

| cosmological oscillator solar system Yukawa

need non-linearities - scale Aependencel

»
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Where is the Problem?

| V3¢ + m2p = 813G

/

Poisson Part

source term

cosmologg - needs to be big ﬁ

gi\/es in\/erse~square e fifth-force - needs to be small
i

f
’ mass term

cosmologﬂ ~ neecis to be sma”

fitth-force needs to be big

2 T R A ComEarne g




Suggests solution

Non-linear Potential

1 (environment-del:)enclent Mmass,)

chameleon mechanism |
V20 + F(86,0%¢, . .0V+ m2¢ + V(6) & 87B(6)Gp

|

§

| change kinetic term non-linear couPling

. (non-inverse square) (environment-depenclent source) |

Vainshtein mechanism sgmmetron mechanism
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o M§1/d4x\/jg

Action

LR
PR

— 5 VupVio —V(9)

+ Som[A2(6)gum]

scalar-tensor theorg with Coupling A(p) = eP?

' ]q{:thﬂCOrCé:

Cl"IOOSC

Fr

V(o)
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Etfective Potential

V(9) V2 = dVer
do
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E:nvironment—-«clepenclent mass

2haxladl
Meg —

(o) low p

sma” mass

gOOCl 1CO!” cosmo!ogg

n-+2

o (P) ox prt

V(9)

\/ 200a

higlﬁ p
arge mass

for EPE}WA-FOFCC‘
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| Screening: the thin-shell etfect

|

!

low densitg
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Screening: the thin-shell effect

screening radius

I's

N

SCFCCHCCI

V(o)
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5creening: the thin-shell etfect

SCIrecric Cl Ts




£(R) and chameleons

M2
S_

d'ey/=G [R+ f(R)| + Sn[d]

Introduce Lagrange multiplier:

‘ M2 Sa z 2
= d*zy/—g |[R+ f(x) 2L (R—X) + Smlg]

o7

 Action is ec]ui\/alent because x =
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£(R) and chameleons

M 2

diz\/—3 _R+f(x) iy (R—x)_ + Sld] |

I Wegl rescaling: Quy = AQ(X)!JW Az(x) — j}{

| Canonica”y normalize: ¢ = —\/ghl 1+ £ {x)i

| 1 : 5
| i d4ZE\/ R 3 §VM¢V'LL¢ = V(¢) Six Sm[e 3¢g,uu]

bf'(¢) — f(d)
(1+ M= f'(¢))?

V(Cb) =
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£(R) and chameleons

M2

(\V)

W

o d*z/—§ R——VugbV“gb V(gb) + SmleY3%g,,]

e

chameleon w:t

‘ \/5
'Have to choose f(R) e. g Hu & Sawicki:

ﬂ <z chameleon with ,

L f(R) =—a = ZA b

| b el { g

 V(g)=(1+ b) M5 (\/g%) —1 < <A
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5) Symmetron mechanism




Action

:‘ S = M§1/d4£€\/ _g

_R | ‘
. %qubvuqﬁ —V($)| + Sm[A%(¢)9,0]

| 2
scalar-tensor theorg with coupling Alp) =1+ a¢—

;ﬁ]ctl’lﬂCOrCé: Fs = B(¢)Vo B(p) = ap
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Etfective Potential

V3¢ = dgf
Vert (0)
Vers ()

P>M§1/04

' sgmmetrg restorecl ‘

2

| o p < Mél/ o
mmetsy broken

g
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Etfective Potential

| B(¢) = a¢

O=10=""ri=8
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| Screening: the thin-shell etfect

|

!

low densitg
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Screening: the thin-shell etfect

Vers(0)

UﬂSCFCCF!@Cl




5creening: the thin-shell etfect




8) Unihed clescril:)tion of

screen! ng,




Astrophgsical scrcening

I.e. what everyone in this room cares about

| e o2 GMRN T S M)
s e [ M<r>]

(chameleon)

P
= a? GM(R) Mz ans
el [/

(sgmmetron)‘

cosmologg: Mefy ~ U~ Grpc_1

ignore mass on small scales
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Astrophgsical scrcening

2, GM(R) |
e chel M

Fr = 28

Do

parameterl: §

fitth-force strength

Paramctcr Doy

selﬁscreening Parameter |
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Self-screeni ng, Parameter

SCFC@ﬂiﬂg FBChUS Cl@PCﬂClS on O]DJGCt "

7 Doo
= 5%
Doo
clcl:)ends on comiosition |

R
7 47TG/ ro(r)dr

this cleteés i

- = :
- . - e A A 5 e . e - — —— ——c— —— — -
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Self-screeni ng, Parameter

GM
R

| Screened when: o < PN =

' This tells us where to look:

main—-sequence red giant neutron star
G5 O et i [ dn ~ 1071
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Weak equivalence Principle

_op2GM(R) [ M(rs) |
gy ey
=
Q=plis

depencls on internal structure

\/lOlathﬂ O{: WGB‘( CC}UIVBICI’ICC l:)l”ll’lCll:)Ifi1

———— e r— TP PR T T e — e - B e s B — ——  — —— e . . P T —— -~ ———
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Weak equivalence Principle

R _qu)ext QMV¢eXt
scalar Charge
(I)ext

grawtatlonal charge ¢ext

WEP violated i Q # 1,0

o » :lj!‘l""" ’ S - el e — e e X - 3



Force between two objects
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PPN

Normalization of G fixed here

\

GM GM\*
goo = —1+2 > 25( = > Sl

GM
j Jij = (1 g QW?> 0ij

| PPN does not include WEP violations!

—_— i ——— e —— T — — — e —_————

M e e e o e



Example: massless scalar

| M?
f S Tpl d*zy/—g[R — V., oVFEG| + Sm[e%qbgw]
Do PPN for the Sun:

V2¢ =8nBGp = ¢ = zﬁaTM

G o GM
& = Goo = =1 =2(1 + 28] 2

Gl = b e




Examplc: massless scalar

GM GM
goo = —1+2=— —25( 5 ) o

G

: R
T G —
- <(]1 ﬂgféﬂgj\ rr ) 05 b

B
1 + 232

- T — e EE—— o e T . —ee . — — s
———-——:mv_"mw. e = AT ——T T — —



Chameleons: naive

GM . GM
¢:25QT goo = —14 2(1+25Q)T
G 3 1 —-280Q GM '
4 it i
By i ( 1+28Q r )59

; 1 +28Q

What is the value of G7

- = :
- . - e A A 5 e . e - — —— ——c— —— — -
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WEP violations are iml:)ortantl

GM-M
Fog=(14+2Q:Qg) T2® =
®,D
measurecl Vall.li
G
G =
S R TR R AP A I




iy i

This etfects the measurement

value Probed bg exl:)eriments |
Yef = 2(1 +2Q0Qe) =1 |




Constraints weaker than expected!

G M,
R;

!f Screened IZ)OCIH: Q; ~

Qo 107" Qe ~1057

1—25@

v—1~107°
1+25Q

Yot = 2(1 + QoQa) — 1 = Yot — 1 ~ 1072

e A N R R N T T O e ——E T ——— el s - - 3 :



|

Further complications for PPN

(

!

‘¢ Measuring Parameters sensitive to c]uaclruple moment |
" (assumes Laplacian structure) |
o Solar system clgnamics depencls on all Planets |
g (heed to account for WEP violations)

i* Perturbations from Jul:)iter important
| (WEP + §+~bodg Problem)




; Black holes

; -l : ?'
5= M2 [ d'ey=g |5 - 3Va0V6 - V(O)| + Sul42(@)gu]

!
n

Classic no-hair theorems
Black holes look like GR

| Mag be effects it accretion disks are Present

)

(Davis, Gregory, Jha & Muir14, Davis, Gregory & Jha 16) |

(Neutron stars bjghbﬁg@erwd} 7

B e

Epapa -
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Outstancling Problems

e Canwe include WEP in PPN?

e Can we atleast have a chameleon-PPN?

o '.f:c]uivalent calculation for 5]




7) Vainshtein mechanism

and galileons




Vainshtein mechanism

- - e — — e

m ¢+ V(¢) = 87(¢)Gp

‘ focus on ditferent kinetic terms

|
|

Problem: highen-cierivatives introduce ghosts




Example (Ignoring dimensions)

f S:/d%( ?)*

| Introduce auxilia:y field X

S:/d4i’7(2X ¢ — x°)

| ‘.'f:c]uivalent because EOM: x = ¢

(1 — ¢2)
Field redefinition:
| ¢ = (¢51 + ¢2)

__-.-—.{.MWW—.—- -y —— e e ——T r——— T T o — ~ ——— S— e i
- ! > e . g - .

&\HE\H
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Example (Ignoring dimensions)

lntegrate bg Parts:

-

wrong~sign kinetic term

ghost!




( lmloose Galilean sgmmetryz

Gives four unic]ue terms:

|

:
;

Galileons to the rescue

Lo = 0,00" ¢
L3 = 0,00"¢(
L4 = 0,00"¢|(
T

— TN

T T——T

O =0 l=bT e

cluaclratic

cubic

O

$)* = ViV, V'V g

Pcluintic

T - g

e —— — e



Gives second-order cquations of

e.g. cubic:

—— T — F‘—r'-,f!”c’m —‘?-VQ—_-e.n~ — - —

motion

1

_5 u¢au¢ =i au¢8u¢

e ——— Ty e A ———— T ——

¢

A2

- BT

¢)° — V,0V+0| = —8raGT



Vainshtein mechanism

‘5 Take non-relativistic limit + 5Pherica| 59mmetr9:

N S ro'?’
7“2 T _} ff\Q — 87T6G,0
. FPoisson galileon
|
, Integrate once:
s ro’ e G
reo 4 A2 —6 -

e = (e e ——— : _— —



Vainshtein mechanism

o5 ro’ e G

¢’ + -5 =26

r2

GM

Use F5=p¢; Fyn=—
2

ks (Tv)3 F 2_252
FN | /5 FN B

L Vainshtein radius
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Vainshtein mechanism

r < ry

r=>Try

__—.——-(.MWW—.—-—- —_— - - -—
! P - . -

Haaaear

3
p
rv

&
|
N
@
\V)
T\
N

— =24* dynamical suppression

\ orcler~unitg
(goocl for cosmologg)




GR:

Vainshtein mechanism

theorg IS non-~linear

T"Sch theorg is linear

o — - - - et —— g, T —E T — . T ——



Vainshtein mechanism

Vainshtein:

screening

theorg is non-linear

Vv theoxy is linear

o — -— - - —— e~ T —E T — . T ——
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Weak equivalence Principle "

WEP is satisfied: M7 = —MVCIDGNXt — QMY o

Q=1

Harder to find novel Probes!
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Outstancling Problems

Hig]ﬁlg non-linear (hard to coml:)ute)

Onlg have solutions for sgmmetric cases

2+

bodg Problem ditficult, need numerics

Need to extend PPN (Rgan McManus)

Perturbation theorg otten fails

—

1
=]

La

uations not quasi—-linear e we”—-Poseclness?

D ancl solar sgstem tests harcl to moclel

— T T A ComEarne g P — - — ——
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8) Horndeski and
begoncl




Motivations

1) Galileons defined on Minkowski space
|

e.g. quartic £, = 9,00"¢[(0¢)* — V,V,oV*V"¢]

Can commute on Minkowski but NN U Ro‘yﬁv

' Get terms like: VMR‘VLQBV“¢VO‘V%

third-derivative of the metric = ghostl

»
o i e — e . s 3
e TR T T ————Ttum -



Motivations

| 2) Cosmologg - want a framework to model build

(

{

Requirements:

i

e | orentz-invariant

e Second order EOM (no g‘nosts)

e Stable (no tac‘ﬂyons, gradient instabilities)
e Free functions

o Screening mechanisms (Pass SS tests)

o Falsifiable

Cul e R A . e rp e - > B e



Horndeski Action

‘Want most general action with second-order EOM
|

j qui ntessence

cubic cluartic counter term

is-csscnce
E \ \ v

| 4G4 x [([@9)? - (VuV.u9)?] + Cs(¢, X)GH' V.V, ¢

!
| 1

uartic inti e ;'
Ny G quintic counter term

- g
e —— — - ~ - e —— e —— — - e
= e = N ——E Ny — o - e - — e ———T e —— T T T R ——




|

Features of the Horndeski action

( Cosmologg: ¢ = o(1) , ,
| time-varying G

B 0 ¥

ey
3. +Gy X D, X)GM'V ,V,¢
f —1G5 2 M RV .6 1+ VOV, 6V o)

' Spee O{: GWs #°¢c

- > .
. - - - - ———
T —— o — - i a e 3 o

Vainshtein screening




' Eegoncl Horndeski

:
:
.

‘Motivation: want healthg | orentz-invarant theorg

{

19w, ¢} =3 DOF

e

| Horndesk begoncl Horndesk
' 2nd order EOMSs naivelg higher—-orc er
52O extra Hamiltonian constraints

2 PE s




Example: quartic galileon

' = [( gb)Q tx (vuvu¢)2] o 4VH¢VV¢ [\/M\/V¢ Qb T vuvagbvavugb] '.

N\

ECHOHCJ Horndeski T (total derivative in flat space)

£ =X [(0,0,6)° - (8,0,9)°]

, counter term e
{|<|”s l’ligher—-orcler IO

N

yi— §X2R =X [(v,uvl/¢)2 ot (vuvu@ﬂ

]
D s — - — — —— — — San — e
- ——— 'mw.-.'~“‘. " - s - SE— T— T LIPS
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begoncl begoncl Horndesk

PDHEIGOST
Degenerate Higher»()rc er Scalar Tensor Theories

(also called EST, Extended Scalar-Tensor)

_wagrangian 1S clegenerate = ditferent DOF counting

o \ector-tensor
e Scalar-Vector-Tensor (STeVe)

00000000




|

Cosmological Parameterizations

(;Too many theories, not enough data!

iCan Parameterize cosmologg on linear scales:

Hoches‘q/ / % T = c?r =
Pal ,
e /HG (Op)" (8@4 0 speecl of tensors

beyoncl orndeski: ag

free functions of time

 DHOST: av B; By 85

A R R e T N P T e T T e S ST e ———

Igc”ini & Sawicki 14



', % Black holes

No hair theorem!
?( (Hui & Nicolas 14)

| Assuml:)tions:
%

o Asgml:)totic flatness

i , Gauss-Bonnet
. Shlﬁtﬁgmmetrg
|
| Loop-laole:
; (Sotiriou & Zhao '14)

Subsector equivalent to f(9)G

= a—— e




Break assumptions

! | ots of examples:

o Asgmptotic (A)dS

o “Stealth solutions” (Schwarzhild + non-trivial scalar)
¢ ¢(t,r) = qt +1(r) (s this physical?)

o Kerror sPinning?

e Fab four (solves CC Problem but too well)

—— — —— - - — ’
— T T W e e rae g - — - -~
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9)Vainshtein brcaking




- it .- S

Vainshtein brcaking

ry
| .

UﬂSCFCCﬂCd SCFCCHCCI UﬂSCFCCﬂCC!

IF dark energy 1S begoncl Horndeski or DHSOT
() will stick to BH)
Then Vainshtein mechanism is broken |
Works outside objccts

Doesn’t work inside objects

Can test cos_moologg on small §E§|€5!

T ‘-m



Vainshtein breaking

ds® = (=1 + 28)dt2 + (1 + 20) 6;; |

d® GM T, dM
dr 2 4 dr?

SCT‘CCI’I@CI UI’]SCT’C@I’]@CI

dV  GM 57y dM
dr 72 4r dr

UﬂSCf’CCﬂCCl
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This can be used to test Cosmologg

d® GM 7Y,d°M 44— stellar structure,
i et A T rotation curves
d¢ GM 5Y,dM Lensing
— = &
dr r2 4r dr
4oy?
R H ,
: c2(1+ap) — ag — 1 Cancllrectg
s e (&H 2 QB) Probe cosmology
2 e

5[cp(1+ ap) —ay — 1]

— -Qf.'fr':qgm—w——f"" o e T ——TT S — e DD S Ay et e~ B, s et —— . e ™., W I —— =~ ——



Neutron star tests

'Vainshtein breaking also works in neutron stars
‘
e Vainshtein breaking clepencls on cosmology

e Need to calculate this to have relativistic system
28 Calculation is Model and backgrouncl«:lependent!

? e Will use de Sitter backgrouncl for simPIicitg
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Step I: write down a model

| canonical scalar+EH+CC

/

o / d*zv/—g [M2 (R — 2A) — ko V.9 V*é

| X
+fa (2w¢v'/¢ ViV ¢0¢ -V, VoV, ¢ + = (O¢)* — (V;Nucb)z])]

|
.f
:

begoncl Honrdeski quartic galilen

(ginjplest model we ?o'un_cil_}j
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Step 2: find dS solution

need static sllcmg
| Mtz + MM dr? + r2dQ)3

= 111(1—H2 2)
gb = vot | 0 In (1 — H2r2)

2H

WERE e A
ky = —2 p2 1 2N 2 =t
Vg SH=MF Model parameters
M3 (1 A ) gjve cosmologg
3

fo= -2
6 H2M?,

——T TN T}';r!m’m—‘q—v-—__e.n~ - M — — T e —— Ty - — e ——— T - —— —— .~ N, TR T —— =~ ——
L Sg MV - - .



Step . add matter

T, = diag(—¢(r), P(r), P(r), P(r))

Perturbations :

sourced bg
v(r)=1n (1 — H*r?) + év(r) / star

Alr) = —1In (1 — H2r2) + OA(r) /

¢ = vot 22];] In (1 e H27°2) + 0¢(r)

:
- T — - S— > ——— e e T — e — e L o >
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Stel:) 4. match to weak feld

| a) Derive equations = |ong, needs xAct

‘ b) Take sub-horizon limit — needs Mathematica
C) Take weak-field limit 4@ GM T &M |
d) Determine G and bg matchingto dr o rZ S G

d\If GM 5Y o dM
Bonus 3 A JT TR 4: 7
| Solutlonan e téﬁé’rM ZXA Schwarzch lcl de Sitter

TJY—!SIm :es Q]_— 1

e 2o
Note: JE]’NS lsapr ertgo ‘%[81 oclel not general

——— T
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Drawbacks

o Mode|~clel:>enclent

o Onlg works for exact de Sitter (no static FRW slicing}

e Intensive (de Sitter, sub-horizon, weak field, TOV)

e Hardto get = BN Parameters

(unless exact Schwarzchild-de Sitter)




Future idea: Fermi-norma

coordinates
e [1 & i H2)\xﬂ de? + [1 — H?|z[?] dz?

e Sub-horizon limit of FRW
e Perturbation of Minkowski

e Not unique (so what?)

e Could do PPN!
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What was GWI708177?

Less than
3 minutes
% @ Seconds

0- e_eﬂx‘" - Gw Classical short to months

EM170817 GRB view
VIEW

Gamma. x-ray,
radio waves

|

® o o Cocoon —————=
NS Relativistic jet
Ejecta/kilonova ===

Gravitational
Orbital decay waves ?
Fallback material .

UV optical —?

infrared light

Electromagnetic signatures
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What did we measure?

FGST

FERMI GAMMA-RAY SPACE TELESCOPE
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B O I S addio= -—-—-...__. -

ab dad gl

R T e

- GWIT0817

Nl s

EATLHNE IS . A T idA I 1
Lightcurve Zom Fersg /CDR (10 50 keV)

- W |

Jim

- 1 | h[ it 1g !
oo £ FHIREE d i | uncertaintg due to

Event rate [counts, s

1250 4

1750 4 Lightvurve Zom Ferrme /GBR (50 = 500 kel >
| NS Phgslcs
1250 1

X TR WL LR\, et 10 UL
7.'..::--r “m]?"“u“’lﬂjl"rJ T LUPGJ ‘l[T]J"H; WU i T4

Event rate {counts/s)

Lightcurve Sam INTEGRAL/STL ACS
120000 4 (> 100 keV)

11700 4

ditferent models for
GRDB Production

T15INI) A

Event rate (counts/s)

112500

300
200

no

Frequency (Hz)

5 '
-1 - —fh -1 -2 0 2 4 fi

Time from merger (s)
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Geometry of GWI170817

NGC 4995

——— ey 3 ————— e —E T = T T e — T — - e N = BESRIETSN e T — = . :
re— RO R T , ——— ~ e—— T —



Constraints on new DO

| Horndeski:

Q
s
|
Q

$)? — (V. V.9)?] + Gs(¢, X)G*'V .V, ¢

$)® — 3VFVY ¢V, V, 0¢ + 2V*V ¢ + VOV, dV*V a0

cT # C

|
|
|
. Strong constraints on: begonci Homcieski, PE@SEE

vector-tensor

=
b Eea . e 2

JS & Ja‘in 17, Bakeretal. 17, Ezcluiaga & Zumalaca’rregui 17, Creminelli & Vernizzi ‘17
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lmplications for DE

X)Up + G4(o)R

\

qumtessence can get acceleration no self-acceleration

K-essence stron gl 4 distavored (70)

(DE not MG) (Renk et al. ’17)
jreser\/es ligh’c-cone

Other theories: Juv = QQ(Qb X)g,uy

(can tune ?unctlons too)

Yo ‘-mw—{'ﬁ- e —T —— S LR

Baker et al. ]7 Ezqulaga & Zumalacarregu: A
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- s o Dy et it e e . e e g e ke -—h—.‘_'__, -

B it i, N g i

Ezquiaga & Zumalac’arregui ‘17

wWhat about strong field?

Horndeski

(fy 7 C

General Relativity quartic/quintic Galileons [13, 14] T
quintessence, k-essence [16 Fab Four [13]
Brans-Dicke/ f(R) [47, 48] de Sitter Horndeski [49]
Kinetic Gravity Braiding [50] G o 0" &1, f(¢)-Gauss-Bonnet [52]
Derivative Conformal (19) |17] quartic/quintic GLPV [18]
Disformal Tuning (21) quadratic DHOST [20] with A; # 0
quadratic DHOST with 4; = 0 cubic DHOST [23]

Viable alter GW170817

What does ruled out mean?

Non-viable after GWI1T70817

Ruled out as dark energgl

T -~ et -

— Sy TP

R
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" What about strong field?

( Horndeski + beyond is an ettective field theory:

{

cut-oH F DE is: A3 = (Mleg)% ~ (1000 km) ™"

\

ditferentif not DE  can’t trust theories

t on distances smaller
' than this

Horndeski DE is an IR-modification of gravity!

(modifies on large distances, low energjes, low cut-off)

———— — — — — —— g
—— — o= e a0 — —
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Strong field is fine!

'Use Horndeski theorg as a UV-modification of gravitg!

(large cut-oft imPortant on small scales, hig‘q energies)

Features:

o Asgmptotic flatness is fine

e Vainshtein breakingwith e < (O(1) for D

a

e Gauss-Bonnet is not ruled out!
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Vainshtein breaking tests

cosmologgl

dCID_GMITldQM
dr 72 4 dr2 cr ~ 1

d_\I/ - GM  5YydM
dr 72 4y

breaks Aegeneracg
Vainshtein breaking

Ty = g measures X’s




Galaxy Clusters




i Fnd of lecture |

| Take away messages:

|

| ® The universe is acceleratingl
‘ o Screening mechanisms needed or theorg 1S boring

& Chameleon, Symmetron: no hair, show up in NR regime |
| (PPN harder than you think?

}' Vainshtein: non—-linear, no hair
|

|
I

e Vainshtein breaking: neutron star tests?

o Horndeski + alive for strong field
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