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Abstract: <span>When recent observational evidence and the GR+FRW+CDM
model are combined we obtain the result that the Universe is accelerating,
where the acceleration is due to some not-yet-understood "dark

sector”. There has been a considerable number of theoretical models
constructed in an attempt to provide an "understanding” of the dark

sector: dark energy and modified gravity theories. The

proliferation of modified gravity and dark energy models has brought to light
the need to construct a"generic" way to parameterize the dark

sector.

& nbsp;

We will discuss our new way of approaching this problem,

looking at linearised perturbations. Our approach isinspired by that taken in
particle physics, where the most general modifications to the standard model
are written down for a given field content that is compatible with some assumed
symmetry (which we take to beisotropy of the background spatial sections). Our
emphasisis on constructing atheoretically motivated toolkit which can be used
to extract meaningful information about the dark sector (such asitsfield
content). We find, for example, that the observational impact of very broad
classes of theories can be encoded by avery small (less than 5) number of
parameters. It is these parameters which we hope to measure with observational
data.</span>
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Introduction

Einstein’s field equations with FRW metric yield

3 Ir:('r(/) + 3P) (l-:>_ H? NT..'{(;N I,(.) — -{H([) 1 l,)

Also do for fluctuations about FRW (now study structures)
Gy = (;3(7—) {1;,,,, + Fup (T, x)]

Provides a set of predictions for

Distances to (e.g.) supernovae
Cosmic Microwave Background fluctuation spectrum
structure... how many galaxies of each size should there be?

(all quantities which we can & have observed)
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Introduction

General Relativity
FRW metric

Standard matter content
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Introduction

General Relativity
FRW metric

Standard matter content

[ Inconsistent! }
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Introduction

Re-examine ingredients that went into the cosmological cookbook

Maybe GR is not the gravitational
theory on large scales’
Applying to cosmology is an
extrapolation of the validity of GR as
the gravitational theory.

Modified gravity

Gravity...? h

General Relativity

Geometry...?

Homogeneous & isotropic

Content...?

Baryons, photons, neutrinos,...
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Introduction

Re-examine ingredients that went into the cosmological cookbook

Maybe GR is not the gravitational
theory on large scales’
Applying to cosmology is an
extrapolation of the validity of GR as
the gravitational theory.
Modified gravity

Gravity... ? h

General Relativity

?
Geometry... Maybe the universe is not

homogeneous/isotropic on large scales.

Homogeneous & isotropic :
Inhomogeneous universes

Content...? Maybe there’s more to the content of the
universe than we realized
Baryons, photons, neutrinos,... Dark matter & dark energy
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Introduction

Re-examine ingredients that went into the cosmological cookbook

Maybe GR is not the gravitational
theory on large scales?
Applying to cosmology is an
extrapolation of the validity of GR as
the gravitational theory.
Modified gravity

Gravity...? h

General Relativity

Geometry... ? Maybe the universe is not

homogeneous/isotropic on large scales.

Homogeneous & isotropic :
Inhomogeneous universes

Content...? Maybe there's more to the content of the
universe than we realized
Baryons, photons, neutrinos,... Dark matter & dark energy

ructur i : .
SAFUSEIIS format on cosmic acceleration
& galaxy rotations...
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Introduction
Assume FRWV is correct

Assume GR is correct

Require 24% dark matter

|
73% dark energy Invented!

>=wp  wWye < —1/3

Perhaps “observed’ acceleration is actually manifestation of non-GR
gravity on large scales...
... lesson from Newton & the Sun...
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Introduction

Accelerating universe
Dark energy, inhomogeneous universe or modified gravity?

Same matter content causes
gravity to respond differently

Dark sector
Something causing apparent acceleration

Model zoo

A\, quintessence, k-essence, galileon, F(R), elastic dark energy,
massive gravity, Einstein-aether, ... Lagrangian engineering

(See 1106.2476 for a great review)
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The model zoo

R — 2N cosmological constant

L
L=R+ F(R)
L =R+ F(R,Ry, R", RuvapR" ")
L=R+0,00"d+2V(¢)  quintessence
L=R+F(R)+ 0,00"p + 2V (o)
L=R-2f(—30,00"¢, o) K-essence

]
L=R— 1/"’”/ F.,+AA"A, —1) Einstein aether

& many more besides
... Lagrangian engineering
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The problem
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ds® = (1 4 20)dt* — a*(t)(1 — 2d)da

T B L.
|

CFHTLenS parameterization
G(k.a) = [l . /1(/1'.um\l’(;]\a(/.'.u)
(P (k,a) + ¥(k,a)] = [1 +X(k.a)| [Yer(k.a) + Por (k. a)]
Pick scale invariant & parameterize out time dependance
e Qa(a) OQa(a)

Y] = Jin O pla) = g Q;\
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CFHTLenS parameterization: de” = {1+ 2" a1 —28)de
O(k.a) = [l '{—/1(/{.::)1\l’(;]{(/.'.u)
(P(k,a) + V(k,a)] = [1 +X(k.a)| [Yar(k,a) + Par(k, a)]

Pick scale invariant & parameterize out time dependance

o ' B;O*CM!;*
\ v Sz\(”) Q\(H) B RsD
Pl 2.0 O p(a) i O B cririens
. B crHTLens + RSD
ISW
T
1212.3339]
i > 3
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CFHTLenS parameterization: SBCNS (L PG ~r —
®(k,a) = [1+ p(k,a)| Yer(k,a)

(P (k,a) + ¥(k,a)] = [L +X(k.a)| [Yer(k.a) + Por(k, a)]

Pick scale invariant & parameterize out time dependance

ar T T -
BAO + CMB +
. « Sa(a) OQa(a) B rso
4((f) — () £}\ ,“(”) ,”\I 52\ B crHTLens
: B crHTLens + RSD |
ISW
Coupling, n(k.z)
T
1212.3339°
i 2 3

Scalar field model: only 5% deviation <
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Lagrangian for perturbations

Nothing extra: L = L(g,,)

1 |
' o3 g "

8G = 81GET,, + U,

. ] a
SUM — _; W;wud + (.ﬂu/gm)' (),(]n_d

—

has maximum ofS CO(I?PUH(‘H[S n iSOU'OpJ"C S‘D(IC(‘

Elastic dark energy, massive gravity, ...

H‘;.irl‘ o'’ u v’ + P(u"u”4"" + uu4")

YO { i) . yfeisen [ 2 ) Y3 ( 3 ) 1/
2P {y "k ™ 4 Mgy W {i: = m (_q"” g ghiP gw it )
(4 P ':,Hi HY el '_’\:;ﬁ | f’l Y 4
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Lagrangian for perturbations

Scalar fields (one derivative) L = L(g,,.¢,V,0)

o : _ L e :
Loy = A(69)° + B"5oV .60 + ;C"” V, 00V 00

I L. L [ v e i
T2 [J/’”””an’f-’mr/w + VW 6¢dg,, + W wi"!l;u»f’!iuj |

l".(r",”, = ;\',T(:'(S"/;”, Y '}.‘.j

T T J l J e | b / i l / 2 T / 2
SUM = — (Vf” dp + YH V,.rw) - (W“"'“’ + g*PUH )0!/,.,;.
2 3 5

e =

. . . . (74 before isotropy!)
Quintessence, k-essence, Lorentz-violating theories,...
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Lagrangian for perturbations

Formalism can be extended to include...

® Lorentz violating theories v

® Massive gravity v/

® Multi-field dark energy v/

® High-derivative scalar field theories

® Vector field theories

@ Curvature tensor theories

® Bimetric

@ Couplings between known & dark sector

& identify “generalized” boundary terms
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Lagrangian for perturbations

Scalar fields (one derivative) L = L(g,,.¢,V,0)

o i : : L e - :
Ly = A(6d)* + B*0pV .00 + :;C’"” V, 00V, 00

| L P | A .
T2 [J/’”””an’f-’m.f/w + VW 6¢hdg,, + W “"0.(;,.,,,».(;,‘&} |

(‘.(r“,“, — ‘\]*’T("(Yl;”; | Al -1""‘

Y T J l g & s | / % l / b T / Y
SUHY — _) (V/H (5(;,) + J/,r\;u v“()(r.)) o ; (Wn,f;u’ 3 ””"’[rf” ){)!/”J_
N2 3 5

e

. . . . (74 before isotropy!)
Quintessence, k-essence, Lorentz-violating theories,...
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Connection to massive gravity

Siay = /(ll.r\/T O°R + 167GO* L, l]]/\f’f”""‘()"r]‘”,,(iy,\.g

. o 3
‘jff;u' h;u* i -\—uﬂ-ml

v ar Lwutu’u*u” + By (uf a4 + u“u”y*Y)

- 4( ';-,.-u{"j, ) 4 Dy yHY ~° g 2EA “,-m”ﬁ- w

(isotropic space)
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when

Connection to massive gravity

Sy = /(11.1'\/7 {QBH + 167GO*L,, — %VW”’”‘i()'.r/,,,,()“(;,,,; ;
| 0Guy = Nup + 2V 160
wHvel — A vubu’u®u? + By (uHu’ %P + u®uP )
FACWul*yP I ByY) 4 DRV AP 4 QM APV
¢" decouples, components become bulk & (isotropic space)

.h\' . i)’]\' f'!\' Jr'. 1” }{'(J { :;IJW\ T :,"ll\‘:'

shear moduli of elastic medium 5DoFs

Becomes identical to components of
elasticity tensor of relativistic
elasticity theory (see Carter...)
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Connection to massive gravity

Sigy = /111.1'\/7 l:QEH + 167GO*L,, — llVV’””"f(ﬁ"r/;,,,()‘;/”,; ;

\ ) (
‘j”,nu' /",m' i -\—\,u‘-ml

WHYAE = AypuFu”u*u” + By (uFu” v + u“u"y*")

i ]( ‘:"‘.,'”{rlﬁ; )')(N““) i f) -\Ilf”’«;“ ) | _)/’\ -\;/I(M‘} I )1

0 iIsotropic space
when ¢ decouples, components become bulk & ( pic space)
shear moduli of elastic medium 5DoFs g omes igentical to components of
: ' ' , T - elasticity tensor of relativistic

Aw p. Bw Cn P H(P +3Dw + 2Ew) elasticity theory (see Carter...)

when &' decouples, becomes non-canonical
scalar field theory 3DoFs B,, = -C\v = -p, Dy =-Ew=-P
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Connectic*n to massive gravity

Sy = / d'av/=g {Ohl? + 167G Ly, — tW"*8g,,0gas

. _ ol c
"ﬁ;.rr h;u' = '?'TI;IHI“J

s - o3 ., F 3 /
v\,ﬂvu.f :.'ll\‘”“”‘ 1™ 3 4 !)’1‘._(”11”117. V.3 4+ u®y ..‘IfH' J

' ] 7 oxf3 3 s e w8
+-l( 1\‘“‘”‘}‘”“ ) /) -i'-‘ :--.3]'.1\' ;" ll-

isotropic space
when ¢" decouples, components become bulk & LESROPICEPEcS)
shear moduli of elastic medium 5DoFs Bocomes Kenticallto eomponen
_ ! ) clasticity tensor of relativistic
.'ln' " “n (.\\ [ l’ H‘I’ 1 -'”Jn ""'.\

clasticity theory (see Carter...)
when & decouples, becomes non-canonical

scalar field theory 3DoFs p,, - ¢y, - DI = g

)

LV massive gravity with time translation invariance is elastic dark energy

. massive gravity is the manifestation of rigidity of spacetime

masses determined by bulk & shear moduli of elastic medium
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Perturbed dark energy momentum tensor

Everything boils down to 5G = 87GET,, + SU,,
QU = Y’”’(ﬁ‘(;’) Al W““”"'f()‘,(]ud

with \ :
Y=A+BYV+CVV +DVVV +---

(suppressing indices)

W=E+FV+GVV +HVVV + ...

Lagrangian contains “too much” information for cosmological
perturbations, but it is useful for understanding what the free
functions mean... symmetries & couplings
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Perturbed fluid variables

Lo — SUM

i 0, )
V,00
v“v;;(j‘(ﬁ;) 4 ~ )
0
\ ’ —— < g )
0Guy 0P
V“(S_(/’,”, 1 [
vu v.")’(s,(];”f
. Phenomenologically
] ' ) “active” variables

“fundamental” field content
of dark sector

[ ()'(;r“;, — (5'[)”””“ -+ 2(/) -+ l))p“,u,,) + (5[)»-}}”, + ”‘,“; J
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Pertur*;ed fluid variables

ﬁ{'.’} — UMV

( Y0) )
V.00

vuvuf)‘@

r

RN
dire*correspondence 0

: see paper) 0 5P
N L T A T ’{H}

Vadgpu |0 ) Free variables
vn-vﬂaguu
. Phenomenologically
k : ) “active” variables

“fundamental® field content
of dark sector

'

[ 00U, = dpuyu, +2(p + P)vguy) + 0Py, + [l,,,,}
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Equations of state for dark sector
perturbations

{ OURT= dpu, ey, H 2(p + Pive iy + 0Py, + I, }

evolve vig
gravitational field
equations

;uz

X Y . l
().(},”; - —)()l!“ (lk + 2’1(!' ll“) + ._{l II'.'/ + ]l

Perturbed conservation equation §(V,U",) =0

Il oY
= —(1 + w) (V“v“ -+ -h) — 37‘((—[— ~ w)(?
2 op

= 1
'b - _H ]- = 3“«" Vo Ei= Vn ,:: e H"’n R e e W Ty I e e —— l
. ( ) (Vad — Hna) p(l+“‘)v.) l+“'V [T,

T Sy [ Ry 1 YO TS . -
uu,, L G = Ny = Uy, =0 JUG— u“l[,,,, = ()
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Equations of state for dark sector
perturbations

[ oUuy = opuyuy + 2(p + Pog,uyy + 0Py, + 11, }

Would like expressions of the form

5P =6P(68,0,5.0,h,m,...) [1=11(5,0.5,0,h.n,...)

... these would close the set of perturbation equations.

... they are equations of state
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Equations of state for dark sector
perturbations

[ oUuy = opuyuy + 2(p + Pug,uyy + 0Py, + 11, }

Would like expressions of the form

5P =6P(68.0,6.0,h,n,...) [1=11(5,0,5,0,h.n,...)

... these would close the set of perturbation equations.
... they are equations of state

QUESTIONS:
» Are there generic forms of these expressions for wide
classes of theories?
» Is there a specific form for given field content ...?
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Equations of state for dark sector
perturbations

Example ST G 1 AT
”1"_""”/ [ﬁ;“p l lB:u;H'v” { '.\:” i_‘u-fvnvf * :D“,-um ;’”'VI,V”V o

WRy ALY 3 ey 3 O LAY [T
Wivad — garad 4 peuvadyg

0o 4

Contains: massive gravity, (| derivative) scalar field theories, KGB

imposed with (a) second order field equations
(b) reparameterization invariance

Page 34/50



Equations dgf state for dark sector
perturbations
Example o

Y = ﬂ.\’m + EBn;wv” + (Cn.i;wvnvi i D;m,f;wvnvnv 2,

wnppra,d ma s ey 1 e
o (LU = EHvo i F,m ) \-}p

TTIIE A TLES
I I“l‘!l ™~ J-'”' ' ‘).‘IHL

Contains: massive gravity, (| derivative) scalar field theories, KGB
imposed with (2) secon&l order field equations
(b) repardmeterization invariance

X . Activation matrix
Perturbed fluid variables:

) y
0" A 21

0 () oY) scale independant

r_ (9P _
i — — o '} Y
'sp o

entropy perturbation

Rearrange

Page 35/50
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Equations of state for dark sector
perturbations v .')w{,\—w.

L= L(6, X, 0p) —=endorder 1 A(p, X)06 + B, X)

field equations

“Kinetic Gravity Braiding”
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Equations of state for dark sector
perturbations Pt LV““TM

L=L(¢,X,0¢) —=dorder _, r — A(h, X)Oob + B(g, X)

field equations

“Kinetic Gravity Braiding”

Signatures in activation matrix Aoo = Azy = Ay = Ayo =0

scale dependance parameterized for

\

wl' = (A —w)d + (A2 + f’f\nA'z)("H + o(A1A6 — f\-'?)j’
‘Jrﬁ(/\;;(g/‘) == ,-\;;/\(',(T/f -+ \ I(}H)
o X -/41

All freedom parameterized by 7 time dependent functions
Finding 0 = 0 would tell us something important
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Equations ag state for dark sector
P

rturbations L (.u» .),.
_ o7 i/
Different “classes” of|theories Write perturbed pressure
& field contents of the dark sector as‘enuopy|peraurbabop

U : v; = o0

(ﬁ = C(g,u/) T x
L wl =( k — )0 wll =(w - \) [r) - 3(1 + u')-‘q] ]
scale

= independ
L‘C o C(QD,X)} ndependant

L wl' = (o — w) [(5 —3H(1 + w).’i()] j

|
) —
':.’ — _'; ;“(f);’,(j)
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Equations df state for dark sector

perturbations o (,5,, ) )_
. i — ;‘f[’ = 1 (
Different “classes” of|theories Werite perturbed pressure
& field contents of the dark sector as entropy perturbation

r)[ '”, ~ = ('),0

(E=EeG0)) L
wl =(n —-8)0  wll=(w-)\) {r)‘ - 3(1 + n')_fz[]

scale

(,C - ﬁ(d), )c') N independant

/)

L wl' = (o — w) [(5 — 3H(L + ’11,').’391 ]
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Equations df state for dark sector
perturbations

Explicit mappings...

L= ﬁ(gl-w) e Dw + § Ew + %P sty 2P - Ew P+ Bw
Pt Bw

e a9 - v
'.ll'\" — "”il - _p‘ Ijl\' —i _'-.)J“l = [). ( w = .l’“'l! — __[)-

)
== 74l ) . Nea
Dw =4dmz=3- P - g H Ew = —-2m3 = p + P.
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Obserw}ational signatures

100000

=108
K =0.01
K =0.001

K = 0.0001 “No extra fields” ' \

10 : '
0.0001 0.001 0.01 0.1

k [h/Mpc]
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Obser#ational signatures

100000

k=108
K =0.01
K = 0.001

K =0.0001 “No extra fields”

10 | ,
0.0001 0001  0.01 0.1

k [hMpc]
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Obsen}ational signatures

100000 |

s
"_/\.3‘2:1.0 —_—

032 =05
032 =0.01
cs> = 0.001
cs® = 0.0001

elastic dark energy‘\_

10 A " " | || P |
0.0001 0.001 0.01 0.1 1

k [h/Mpc]
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Observational sighatures

0.35 ¢ —
C. =1.0 ' 2 4
03 | A Tl
Qgm0 0.8 ¢.2=0.1
0.25 L2 ,
) c, =0.01 c.” =0.01
e " = X
G 02| c,” =0.001 2y 0.6 c.? = 0.001
3 ; - 5
Q_ 0.15 | (:-.‘- = 0.0001 O c.” =0.0001
= 2 04|
0.1}
0.2
0.05 |
0!
0 L ik et —————— ettt
10 )0
1 10 100 1000 10000 1 5 100
[
0.08
K=1 0
0.07 |
K= 01 U }
0.06 |
k =0.01
2 0.05 | N 0.2
33 Kk =0.001 %5
g 0.04 | = .03 yet
) K = 0.0001 % o
< 0.03 | 4
0.4 x =001
0.02 | i
- K = 0,001
0.01 K = 0.0001
0.6
0 b B 1 10 100
1 10 100 1000 10000

\
These metric-only theories have distinctive & ‘“large” signatures!
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Final remarks

» Perturbations in the dark sector need parameterizing

» Current methods are not particularly “physical”

» We construct Lagrangian for perturbations after picking a field content
» Derive general perturbed dark energy momentum tensor

» Identify maximal amount of freedom
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» Current methods are not particularly “physical”

» We construct Lagrangian for perturbations after picking a field content
» Derive general perturbed dark energy momentum tensor

» Identify maximal amount of freedom

» Close fluid equations via equations of state for dark sector perturbations
» Derive for different field contents

» Compute signatures... constrain parameters with data
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Final remarks

» Perturbations in the dark sector need parameterizing

» Current methods are not particularly “physical”

» We construct Lagrangian for perturbations after picking a field content
» Derive general perturbed dark energy momentum tensor

» Identify maximal amount of freedom

» Close fluid equations via equations of state for dark sector perturbations

» Derive for different field contents

Still developing

» Compute signatures... constrain parameters with data
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Equations of state for dark sector

perturbations i (,,-,, |
w w o
f’-‘r} )
Different ‘“classes” of theories Write perturbed pressure
& field contents of the dark sector as entropy perturbation
UY; ~ v; = 0;0

N\

(ﬁ - L:(_fj,,,,) J
L wl' =( v —w)d wll =( w "-)[h' 3(1 + w) u]

(£=L(g, X))
L wl' = (a — w) [(5 —3H(1 + u').')’()]

|
X .)T“”TN")
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Equations of state for dark sector

perturbations ) (,w |
u w 1o
fj-‘r} )
Different ‘“classes’” of theories Write perturbed pressure
& field contents of the dark sector 43 BiEopy perturasion
U ~ v; = 0,0

N\

(E N E(.‘/;m) J

L wl' =( k —w)d wll =( w "-)[h' 3(1 4+ w) u] ]

(£=L(g, X))
L wl' = (a0 — w) [(5 — 3H(1 + u')&)’()]

0 L= L{X]

I
A T“UTNU
)
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Equations of state for dark sector

perturbations

Explicit mappings...

£ — L(!j,”/) » l)n~ } ':: ["‘\\' { ;l{[’ \ - 2P /'.-n‘ - {J + /31\
p+ Bw p+ Bw w(l +w)
Aw = ms P, DBy 2ms = P, Cw = 4m3 P,
o 2 . >
Dy imz =0 - P _;;r. Fw 2ms = p + P.
£ p— L‘,((‘u’). 41,) | , L‘ L.‘ L‘
o = (14200522 3 s ,[l + ‘1( s - )] -
Ly JHL xV24 L x L ¢ o —w
_ I
A T“f]JT“m
)
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