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Questions

A Departures from spherical symmetrgtill not well understood? JeremySakstein
Als it possible to make a parametrisation of screening mechanis@$® B

A How does screening work inside composite objects like galaxies? If the Bglaxy IS
screened, does that mean everything inside the galaxy IS also screeiiddr:

A Do screening mechanisms that rely on spontaneous symmetry breaking produce
topological defects or other exotic objectgPhil B

A Can PPN/PPK/PPF/EFT/etc. parameters be relatedytproperties of screening
mechanisms? Or does screening depend on essentially different properties of the
relevant theoriesZ Phil B

A Vainshteirmechanism in curved ST (i.e. broken Galilean symmettig@el Z.

A The current status of #dody cosmological simulations of n@R theories, and their
importance in understanding screening effects on structure format#dexBarreira

Al would personally be interested in a (quick) review on the different screening
mechanismsDavideG.
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Why we need screening mechanism?

ABransDickegravity
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Constraints on BD parameter

ASolutions
(3+2,) B/ =88 r
A+, O o 0 A0 g
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¥ S3+ Wy 2 32w,
Y :—2+WBD F g'l F
1+ g,
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This constraint excludes any detectable modifications in cosmology



Screening mechanism

ARequire screening mechanism to restore GR

S:ﬁd“x%/R%;(y)( P My NP )E

recovery of GR must be environmental dependent

Amake the scalar shoranged usingV (y ) (chameleo

Amake the kinetic term large to suppress coupling to matter
using W, ()) di(aton/symmetron or N(By ) kimouflage
N(D? ) (Vainshtein)

Break equivalence principle
remove the fifth force from baryons

~ 14
1 X( BY/) boayon* LCDM) (interacting DE models Einstein frame)



Chameleon mechanism

AScalar is coupled to matter
Depending on density, the mass can change

It is easier to understand the dynamics in Einstein frame
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Thin shell condition

A If the thin shell condition is satisfied, only the shell of the BRze
contributes to the fifth force  khoury& Weltmanastroph/0309411
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Solar system constraints

ASolar system constraints
ro,~10gcm’

I ~10%gcm®
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~ 925,000,000,000,000,000 km
Rc 6aM pIY o 6 aV pl Y@ The Milky Way

DRc: fgal_ g gJ

The sun has a potentiaY , ~10°
The thin shell suppression eases the constraings=0O(1)

f
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This i1s a model (potential) independent constraint



From galaxy to cosmology
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Screening of isolated object§z=c 1o

Object P Screening Status

Earth 1077 Screened by the Milky Way

The Sun 2x107° Screened by the Milky Way

Main-sequence stars 107°-107> | Screened

Local group 10 Screened

Milky Way 0(10°°) Screened

Spiral and elliptical galaxies | 107°~107> | Screened

Post-main-sequence stars 1077-107% | Unscreened in dwarf galaxies in cosmic voids
Dwarf galaxies 0(107%) Screened in clusters, unscreened in cosmic voids

SaksteinarXiv:1502.04503



Chameleondymmetrondilaton

AEinstein frame
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Vainshteimmechanism

AVainshteilmechanism

originally discussed in massive gravity
rediscovered in DGBraneworld model
linear theory w,, =0

Py =86 r
p?Y ilpGr% °E

even if gravity is weak, the scalar can bediopar r ~m* ~ |-|0-1
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Vainshtelrradius

ASpherically symmetric solution for the scalar
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Vainshtelrradius r~mt*~H,*

Object R e T [m
Universe ~ 1.2 x 10°° ~ 4.5 x 10> ~ 8.6 x 107
Milky Way ~ 0.9 x 10*'  ~ 2 x 10" ~ 3 x 10%*

Sun ~0.7x10° ~3x10° ~3.5x 10
Earth ~6x10° ~9x107° ~5x10'° | _
Atom ~5%x107" ~18%107%% ~3x10" Li, Zhao, KK, arXiv:1303.0008
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Solar system constraints

AThe fractional change in the gravitational potentialz%
The anomalous perihelion precession

d = r/Jiez “ae ¢
Iife

Thevainshteinradius is shorter for a smaller object
Lunar laser ranging: the Erattoon distancer..,, =4.1 310 km
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breaking oVainshteirmechanism

A(X 0] S é Iﬂopﬁ(ﬁésm GleyzesLanglois PiazzayernizzarXiv:1303.0008, 1408.1952
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Toy models

ATwo representative (toy) models
A The background expansion is the same as LCDM
A One parameter to describe deviations from LCDM

Chameleon: f(R) |fg, F10*,10° 1¢F

<4 [ SRR L
S=fd' X/ -9g— e FRI=R 2 L4l

Vainshtein normal branch DGP H,r,=0.57,1.2, 5.¢
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1. Beyond a static spherically symmetric solution

AHow does screening work inside composite objects like galaxies? If
the galaxy is screened, does that mean everything inside the galaxy is
also screened@ PhilB

ADepartures from spherical symmetrgtill not well understood?
JeremySakstein



No superpositior chameleon
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No superposition Vainshtein




Superposition rule

ANewton gravity

6 , Y=t oy g

AThe fifth force within thé/ainshteinradius / (r)=CM r
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Apparent violation of equivalence principle

AAnomalous angle of perihelion advance

B
Q‘FDGP 31 — A / h A y
= —— =1.J1 arcsec/vr
P 37T | kHD'f'c) : . ’
Agpep 31 ~
e ®
M\ MaNY? e\ 3/2 A
Q1(0) ~ —0.56 (1—14) [1—0.13 (E) ( - ) ]
different mass bodies wifirecessat different rates
cf. Earthmoon M, /M,=1/80 - Q, =0.0¢

Hiramatsy Hu, Koyama, SchmiatrXiv:1209.3364



L Inearisation

Alf body B is outside of theainshteinradius of body A

body B still feels the force from body A as we can add a constant gradient to the
solution Galileonsymmetry)

b/ =B, +f Bj,~const. nearbody
long 3':>

wavelength
mode

Hui, Nicolis SyubbsarXiv:0905.2966Hul, Nicolis arXiv:1201.1508



Shape dependences

AVainShtein Bloomfield,Burrage Davis,arXiv 1408.4759

Vainshteilmechanism does not work for ortemensionalbbject

(HZP)Z '( M A)‘( . QOLO % :46274i :cylindrical % — 43 (;)S/Q:Spherical
G v G v

AChame|eon Burrage Copeland, Stevenson arXiv:1412.6373

Variation of the Chameleon Force F,

Fifth force is enhanced for a larg#ipticity
because the gravitational force suffers far
more from the deformation

F,/F =0.3056 F,/Fg =0.22795 F,/Fe =0.22093



Time dependence chameleon

APuIsating matter Silvestriarxiv:1103.4013
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Time dependence symmetron

ASpherically symmetric nestatic solution Hagala Linaresvota arxiv 1607.02600

the effect of adding incoming waves

. . -1
to the screening profile 0 [0
on the PPN parameter < s
E 102 _(E
f(rmax’t) = g(r max) -ASIn( t,) <% 102?
<

1072
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0
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Time dependence Vainshtein

Brito, Terrana Johnson, Cardos@rXiv 1409.0886

ADynamical evolution
static screening solutions are attractors and “*; 4
they are stable against small perturbations, .. ¥

ACauchy problem jj/

perturbations around a screening profile with *

0

an incoming wave packet

1 1 N
L 1 4% T 15|
Ssr /d X [22 0, 0md, 0T + M, O ]




Timedependence— Vainshtein

ASpherically symmetric nestatic solution Wwinther, Ferreiraarxiv 1505.03539

If the simulation starts with the profile 0.0002 s
a=0.1
of the scalar away from static solution, 0r oo
it will quickly start to evolve towards it o000z | 08
-0.0004 | -0.8
=0.9
. . IS -0.0006 [ =1.0 4
AProblems with voids .| e _
solutions for the scalar cease to exist = oo | —
deep inside the void a$V <0 00012 1 :
-0.0014 :\\ i
((jj/r I’2 o), Zal’ ﬁ /1 %&F 8 1 10.0016 |- Ly -
-0.0018 S

0. 0001 0.001 0.01 0.1 1

this problem per5|sts Wlth time dependence /R (R =500 Mpc/h)



2. Nbody simulations

AThe current status of #dody cosmological simulations of n@R
theories, and their importance in understanding screening effects on
structure formation.Alex Barreira



N-body Simulations for MG

AMulti-level adaptive mesh refinement
Asolve Poisson equation using a linear Gebisiglel relaxation
Aadd a scalar field solver using a Horear Gauss Seidel relaxation

ECOSMOG Li, ZhaeyssierKK JCAP1201 (2012) 051

MG-GADGETPuchwein Baldj Springel MNRAS (2013) 436 348

ISISLlinares Mota, Winther A&A (2014) 562 A78 .

DGPM, Schmidt PRD80, 043001 « exists on
' this patch

Modified Gravity Simulations comparison project E%, — Fn2

Winther, Shcmidf Barreiraet.al.arXiv 1506.06384 &7 =

this patch

1000 F ™ 1000

Function data
exXists on some
patches of finer

level(s)

Function data
exists on all
patches on

coarsest level




Models n=1|f, |=10° 16 .10

AFull f(R) simulations

solve the noHinear scalar equation

2
& - l‘_f.'_r I . ) - -
vzofﬁ — _T{’R(}(R) -+ SWGO!‘}:\I

ANon-Chameleon simulations
artificially suppress the Chameleonlmearisingthe

scalar equation to remove the Chameleon effect

8t 5 .
3 a~o0pm

V35 fr = a6 fr —

Oyaizu et.al. PRD78 123524 2008, Schmidt et.al. PRD79 083518 2009



Sn apS h OtS at Z=0znzo. Li, kK, arxiv:1011.1257

Alf the fifth force is not suppressed, we hi —2/r =

Full Simulation Non-Chameleon
If |=10°
oy R e
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Chameleon
Chameleon Chameleon starts

S N apS h OtS is working ‘0 hibernate stops working
xS . B L .

Zhao, Li, KK, arXiv:1011.1257



Screening of dark matter hal@ i T s is0s oser2
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AScreening depends on mass of dark matter AScreening does not depend on mass of
halos dark matter halos

AMassive halos with a deeper potential are  ATheVainshteirradius is always larger than
more screened the size of halos



Screening of dark matter hal@e:«x. zneo. avivisos.oeeza

AEnvironment D =d/rg, d:distance to the nearest halo with,, >M
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Environmental dependencee ui «oyama o125

ADifference betweerensingand dynamical mass
environment: D=d/r,

Y (r)/dr F +°
D, (1) =N/ Q v B
dY , (r)/dr 2
0 e ¢ | .-
| _ } H
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oy -8 S S
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L / A i
CHE | |
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340

1 O(1) difference

no difference

1 O(1) difference

no difference



Creating a screening map

1 It is essential to find places where GR is not recovered
} Small galaxies mnderdensaegions cabre Vikram Zhao, Jain, KK

1 SDSS galaxies within 20@c arXiv:1204.6046
35 A= 10 Mpc *l*f-S - — A l= 3 Mpc .
-5.0
5.5 -§-5
6.0 * 2fm
D H s ’ u..
] e ; +1-7.0
-1.5 = | =
4 -8.0 o0
-8.5 26 -
9.0 -

151 154 157 160

RA
| feo E10°  GRiis recovered



¥ {(Mpe/h}

Morphology

EER

-
s
FA

% (Mpe/h}

ORIGAMI finds shatrossing by looking
for particles out of order with respect to
their original configuration

Halo particles have undergone shell
crossing along 3 orthogonal axes,
filaments along 2, walls 1, and voids O

Neyrinck Falck& Szalayl 309.4787



M OrphOIOQy dependenceFalck Koyama, Zhao and Li 14004.2206

AVainshtein AChameleon
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Code

DGPM

ECOSMOG

MG-GADGET

ISIS

ISIS-NONSTATIC

Code paper

Base code

Density assignment
Force assignment
Adaptive refinement?
Timestep

MG solver

Gravity solver
Parallelisation
Programming language
Models simulated

Schmidt (2009a)
Oyaizu (2008)
CIC
CIC
No
Fixed
Multigrid
Multigrid
OprPENMP
C++
DGP

Li et al. (2012, 2013a)

RAMSES
CIC/TSC
CIC/TSC

Yes
Adaptive
Multigrid
Multigrid

MPI
FoRrTRAN
f(R)/DGP

Puchwein et al. (2013)

P-GADGET3

CIC

effective mass

Yes
Adaptive
Multigrid
TreePM

MPI

C

F(R)

Llinares et al. (2014)
RAMSES
CIC
CIC
Yes
Adaptive
Multigrid
Multigrid
MPI
Forrran
f(R)/Symmetron

Llinares & Mota (2014)
RAMSES
CIC
CIC
No
Adaptive
Leapfrog
Multigird
MPI
ForrraN
Symmetron




3. Topological defects

ADo screening mechanisms that rely on spontaneous symmetry
breaking produce topological defects or other exotic object&hil B

symmetron

r>r
r< o




Yes - non-Sta'“C S| m UIatlonS LinaresMota, arXiv:1302.1774

Llinares PogosianarXiv:1401.2857
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4. Parametrisation

Als it possible to make a parametrisation of screening mechanigms?
PhilB

ACan PPN/PPK/PPF/EFT/etc. parameters be relatedytproperties of
screening mechanisms? Or does screening depend on essentially
different properties of the relevant theories?Phil B

AVainshteirmechanism in curved ST (i.e. broken Galilean symmetry)?
Miguel Z.



Chameleondymmetrondilaton

AEinstein frame

1 1
_ 4 — | - = 2 2
S = / d'ey/=g [WGR 5(V9) v<¢>] + Sun(A%(0) gy
m* = V(o) 8= Mp Al A o |
do b=0 Brax Davis Li,Winther arXiv:1203.4812

assuming the cosmological scale field is in the minimum of the effective
potential, we can describe full ndmear dynamics of the theory

3 (Y Pla)

- AL ha) = — —————p(a)da + ¢
% Smin -0 ATT;; O( ) mp1 S, (1.-7712((1.) /Om( ) De
3 [ B%a) .
V=V - — EaC) 2 (a)da,

= >
Mmpy Ja,.. am?(a)



Horndesktheory

Laa = K(¢, X) = G3(d, X)Od + Ga(d, X)R + Gux [(00)* — (V. V,0)7]
+G5(0, XG0, VIV 6 — éGSX (O¢)* = 306(V,.Vu0)* +2(V,.V,0)*]

AQuasistatic approximation Kimura, Kobayashi, Yamamoto arXiv:1111.6749

ds® = —(1 4+ 2®(t, x))dt* + a*(t)(1 — 2V (¢, x))dx> ¢ — o(t) + do(t, x) Q = Héop/d
V2 (Fr¥ —Grd — AQ) = fl o 4 D5 (V2OV?Q — 0;0;90'0" Q)
202 a2 H?
GrV2W = ; pmb — Ay V7Q — %Q(” Q2 = (VQQ)j — (8;0,Q)*.
: y : : o o« : o 3
P (VAVRQ - 0,0,000°Q) — =) O := (V*Q)" ~3V°Q(0:0,Q)" +2(0:0,Q)
AgV20Q — A\ V2 — A,V2D + ff;z 02 _ ilp (V2UV2Q — 0,0;W0'0"Q) U 1= QEVIR - 2VIQA0Q00D +200,00'0° Q0013
a;B 5 (VOVPQ — 0,0,00'0°Q) af s (V2OV2 - 0,0,00'0)0) Galileonsymmetry
_af§4 o %uw) 0, Q- Q+c # X




AQuasistatic approximation
AWeak field limit & v, and Q ~ ¢
AKeep nordinearity of the second derivative (0%)2 and (52¢)?

AAIl terms ine.o.mcan be written as a total derivative
VQCI)VQQ — 828J(I)878JQ — 87, (81®V2Q T 8](1)818362) )
U® — g, (a’i@Q@) —20,0V2Q0'9Q

4287 <1>a,€ana’faZQ) |



Fr =2 {G4 — X <§5G5X + G5¢)] ,
Gr = 2[Ga — 2XGax — X (HdGsx — Gss )|,
o —

—¢XG3x +2HGy —8HXGyx — 8HX?Gyxx + $Gap + 2X $Gapx

—H?¢ (5XGsx +2X°Gsxx) +2HX (3Gsp + 2X Gspx)
£ =2XKx — K+6X¢HG3x —2XGsy — 6H?>Gy + 24H?X (Gax + XGuixx)
—12HX¢G4¢X — 6H(/.5G4¢ + 2H3X¢(5G5X + 2XG5X)()

P = K —2X(Gsp + $Gax) + 2(3H? + 2H)G4 — 12H? X Gyx — 4HXG4x
—8HXGyx —SHXXGyxx + 2(d+ 2HP)Guyp + 4X Guage + 4X (¢ — 2HP)Gapx
~2X (2H%) + 2HH¢ + 3H?$)Gsx — AH?X?$Gsxx + 4HX(X — HX)Gspx Noninear

+2 [2(HX) + 3H?X] G5 + AHX $G544.

6 e Gr E+P
AO—W—FE‘F}—T 207 2H SH2
A= TG

S
AQZQT_Ea
linear

By = %{QBG:%X +3 (X + QHX) Gaxx +2XXGixxx — 30Gsx + 20X Gagx x
4 (H+H2> dGsx + ¢ [2HX - (H+H2) X] Gsxx + HOXXGsxxx
—2 (X +2HX) Gspx — $XGsgox — X (X = 2HX ) Gspxx }

Bi = 2X [G4X + ¢ (Gsx + XGsxx) — Gsg +XG5¢X} ,

By = -2X <G4X +2XGaxx + HpGsx + HpXGsxx — Gsg — XG5¢X) ,

Bs = HpXGsx,
2

92X . .
Co = 2X°Gaxx + == (20Gsxx + $X Gxxx — 2Gsox + XGroxx)

C1 = HpX (Gsx + XGsxx),




ALinear solution

01(t,p) = D+(t)oL(p), D (1) Lo dP+() | L(t)D4(t) =0,
0:(t.p) = —D (1) (1)L (p). 4 it
a2H2
Oy (t,p) = ——— D4 (t)ka(t)dL(p) ,
sz L(t) _ (AOFT - Al)pm
Wi(t,p) = ——5= Dy (t)mu ()51 (p) 240G + 2004591 + A2 1)
02 H2 R(t) = AgFr — A3,
Ql(t7 p) - pg D—|—(t)H’Q(t)5L(p) S(t) = AoGr +A1A2,
T(t) = AiGr + AsFr,
Z(t) = 2 (A0G7 + 241 AsGr + A3F7)
PR
rell) = Faz
)
rull) = oz
P T

’{Q(t) - H2Z7



Effective Field Theory

M2 =2 (Gy —2XGux + X Gy — GHX Gsx )
. d .
HM?on =— M?
H*MZag =2X (Kx +2X Kxyx — 2G34 — 2XGayx) +
+ 120X H (Gaxy + XGaxy — 3Gy — 2XGugxx) +
12X H? (G4X F8X Guxx + 4X2G4XXX) _
— 12X H? (G5¢5 +5XGrpx + QXEG.B@XX) +
+ 46X H® (3Gs5x + TXGxx +2X2Grxxx )
HM:ap =20 (XG3x — Gu — 2X Gupx) +
+ 8XH (Gyx +2XGyxx — G5¢ — XGS@X) +
+ 20X H? (3G5x +2XGsxx)
A[f(l”[‘ =2X (2G4X — 2G5Q5 — (G) — @H) GSX)



To do list

AExtend EFT to higher orders

keep relevant operators for th#ainshteinrmechanism

AStudy higher order interactions in beyoktbrndeskiand its extension)
cf. EFT contains one more paramet,

VA {(v%)z _ (v..i_vm(vf-vm} — 4nCip,
, el . - N KK SaksteinarXiv:1502.06872
ViR - VAU — {(v%)z +3(V,V, 1) (VIVir) +H4(V,V27)(Vim)| = 0,
20 o i .3. -
Vir — Al {(V“W)B —3(V2m)(V,V,;m)(VIVIir) + 2(V,V,;7) (V. Vir) (VEVIr) | +

{5(v2<1>)(v%) = 5(V,V,0) (VW) + (V20)(V27) + (V,V,0) (VW) +2(V, V20)(Vim)| =0



5. Strong gravity

Theoretical Physics Implications of the Binary Black-Hole Merger GW150914

Nicolds Yunes,! Kent Yagi,”? and Frans Pretorius?

GW150914 constrains the properties of exotic compact object alternatives to Kerr black holes. The
true potential for GW150914 to both constrain exotic objects and physics beyond General Relativity
is limited by the lack of understanding of the dynamical strong field in almost all modified gravity
theories. GW150914 thus raises the bar that these theories must pass, both in terms of having



Black Hole solutions khorndeski

ANoO hair theorem  Hui NicolisarXiv:1202.1296

shift symmetry ¢ — o+ ¢ V,J' =0 BabicheyCharmousigrXiv:1604.06402

Consider a shift symmetric galileon theory as (1) where G, G3, G4, G5 are arbitrary
functions of X. We now suppose that:

(i) spacetime is spherically symmetric and static (10) while the scalar field is also
static (¢ = 0),
(ii) spacetime is asymptotically flat, ¢’ — 0 as r — oo and the norm of the current
J? is finite on the horizon,
(iii) there is a canonical kinetic term X in the action and the G; functions are such

that their X-derivatives contain only positive or zero powers of X.

Under these hypotheses, we conclude that ¢ is constant and thus the only black hole
solution is locally isometric to Schwarzschild.




Test ofVainshetimechanism

AApparent equivalent principle violation

stars can feel an external field
generated by large scale structure but a

black hole does not due to no hair
theorem Hui, NicolisarXiv:1201.1508

central BH lag behind stars

r=01k E |v_"(1)cxt| U.Ull-’I.‘-:-Jpc_g
PR )\ 20(km/s)? /kpe 00




Shift-symmetric
Galileons
| Gi(X)
(G;x contains only (:; x contains ne-
positive powers of X gative powers of X

BabicheyCharmousisirXiv:1604.06402

No asymptotic flatness Asymptotic flatness

No kinetic term Kinetic term

Y
( No hair
Hui-Nicolis theorem




Neutron stars

Sa = f d*x\/—g [lﬁ)R — %(Bg“” — nG*)0,,$0, ¢

250 SLyd

2.0r

M [Mg]
n|
0

1.0f & d==0
- f5--(eo=0032,n>0
-~ ®  ¢=0032,7<0 )

0.5F-5--gu=0064,7>0 hS
— B =0064,7<0
GR
0.0 : : ' ' ' '
8 9 10 11 12 13 14

R [km]

15

Go=BX., Gi=r+2x.

2

o(r,t) = qt + ()

Maselli SilvaMinamitsuiji, Berti,
arXiv:1603.04876

Gy =Gs =0



Neutron stars

R Lo = Cbmbu =X
S= [ d'z\/=g | M> (—A)kﬁ L ’ ,
/ + g [ pl 2 22 i f4 4,bH £4,bH =—-X [(D¢)2 o (¢;w)2] T 2¢M¢V [Cb,uz/DCb - ¢ua¢ay]

M _ 0 2 2
e o(r,t) v0t+2Hln(1 HT)+90(T)
4 SLy4 e GR
e T =-0.03
3 e I =-0.05

BabicheyKK ] anglois Saito,SaksteinarXiv:1606.06627




de Rham Tolley WesleyarXiv 1208.0580
Chu, Trodden, arXiv:1210.6651

Binary pulsars

CubicGalileon
Radiative Vainshtein suppression = (PTEE 0% = G(M, + M)/
A B C D E
Pulsar 1913+16 B2127+11 | B1534+12 JO0737-3039 | J17384-0333
Taylor-Hulse double pulsar

M /M 1.386 1.358 1.345 1.338 1.46
M /M, 1.442 1.354 1.333 1.249 0.181
Tp/days 0.323 0.335 0.420 0.102 0.355
¢ 0.617 0.681 0.274 0.088 3.4 %1077
CL] L Monopole | A5 x 10722 [ 83 x 1072 | 1.2x 1072 | 81 x 1072 | 2.1 x 10~
SE | Dipole 10~ 10~ 10~ 10~ 107
S| Quadrupote | 2.0 x 1072 [ 22x 1072 | 14 x 1072 | 9.7 x 1072 | 2.4 x 107
‘g—tp 24 x 10712 | 3.8 x 1072 | 1.9 x 107" 1.2 x 10712 2.2 x 10714
o 5.1 x 1077 [ 1.3 x 1078 | 20 x107P 1.7 x 107+ 107
Ref. 29 31] [32] 33, 34] [35] [36]




