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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 be isotropy 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

1 [ 1\ 4 Sl : -
” 5 (p 4 31) (”) ‘H~ I P = -;H([J t l,)

(1l ) (1 3

Also do for fluctuations about FRW (now study structures)
Yuv — ”2(7_) {]hw + ]1!,,,(7'. 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
o d

+

o

[ Inconsistent! ]

(by
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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

r r rmati : ,
structure fo _Een cosmic acceleration
& galaxy rotations...
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Introduction
Assume FRVV is correct

Assume GR is correct

Require 24% dark matter

|
73% dark energy Ventec:

=wp wee < —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
Assume FRVV is correct
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Require 24% dark matter
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Perhaps “observed’ acceleration is actually manifestation of non-GR
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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
L =R -2\  cosmological constant
L =R+ F(R)
L=R+F(R R,R", R,,asR"")
L=R+0,00"0+2V(¢p)  quintessence
L=R+F(R)+ 0,00"p+ 2V ()
L=R-2f(—50,00"p. ) K-essence
L=R- l/«‘*“’ Fo +MAMA, —1)  Einstein aether

& many more besides
... Lagrangian engineering
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The problem
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LI Y A ) e _ ds® (14 2W)dt* — a=(t)(1 20 ).

Ok, a) [l + /1(/;.::)1\l’(;]\a(.{.‘.u)
D(k,a) + V(k,a)] = [1 +S(k.a)| [Var(k,a) + Por(k, a)l
Pick scale invariant & parameterize out time dependance

OQala O (a
Y(a) = X A (@) pla) = i Ala)
(A (A
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CFHTLenS parameterization: ds® = (1 4+ 2W)dt* — a*(t)(1 — 2d)dr*
Ok, a) = [l%—ﬂ(h.uﬂ‘bgn(k.u)
D(k,a) + V(k,a)] = [1 +S(k.a)] [Var(k,a) + Por(k, a)l
Pick scale invariant & parameterize out time dependance

3 ) B:\0+CMB'+
Qala) Oa(a) W Rs0
A A

(a) 220 /f(”) fLo) B crHTLens

Sz\ Sl\ 1llen
‘ ‘ B crHTLens + RSD |

T

1212.3339°
i 2 3
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CFHTLenS parameterization: do’ = (14 207 - a(1){1 — 20)da”
O(k,a) = 1+ p(k.a)|Wor(k, a)
[‘I’(/;.u) } \l’(/\'.(f” = [l ! .\j(/.'.u)] {\l’(:n(ﬁ'.u) ! <l*(;|<(!.'.u)]
Pick scale invariant & parameterize out time dependance

HI’ T T T
BAO + CMB +
RN D) 0 () ne
4(”) () /l((!) Lo |
(}\ (2\ B crHTLens
o o B crHTLens + RSD |
ISW
1.05
1,045 m
1.04
1,035
™ 1.03
‘_
1,025
L=
@ 1,02
1,015
1.01
1.008 1212.3339
1 -
10" 10 10" 10° 10" . . J
h/Mpc) 1 2 3

Scalar field model: only 5% deviation
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Lagrangian for perturbations

Nothing extra: L = L(g,,)

1 |
IS BN X
£{2}. — gwl ()'(}I!']/()‘(}(}I.“II-))

f)‘(l""”, Hﬁ(:’rfll}“, i ;\( If.”.

, ! N\ g
UM = —= [ Wre? 1 U g8 ) 6ga

—

has maximum Of—S COH?])OH(‘H[S n lS()U'O[)JC S[)('IC("

Elastic dark energy, massive gravity, ...

Wi wh " uu” 4+ Pl " A 4wt
D1 / \

)l R TR TR i AL TREN TR 1\{1:“‘ ) H.fl_)(_r}"”‘.l‘j” i Itﬁ"m”.fj ;IV)
F(B = P — gu)y"y™ + 2(u + P)y* P
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Lagrangian for perturbations

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

N : : [ : :
Ly = A(5d)* + B"opV 00 + ;C"” V, 00V, 00

I L P | (3 e X
_{_1 [y”}”jv”()(,‘)()_ql”/ + Vll’f ()(.,-'f)()'(]’ﬂ”i + ;Wf” “'{()-(j!”,()_(]“.{} .

"S(l'";'pja — E\]F("()"I;,:I | I"[ "l‘r..‘

~ v 1 ~ b J .
()(,-‘"”/ — _; (V/”)(jf,') + J/,H/H v”()(’.))

(W{" ;!I/ ,(](}‘ (r!f’j)(>-/(|*;.
2

9
5

—_—

. . . . (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)

N : . L e « :
Lo, = A(d¢)* + B"opV 00 + ;C‘”' V,, 00V 00

I Lo T | 3 i
_{_1 [yr\iu/v”()(‘,)()yl”/ + VIH (5(.,-")()'(],”/ + ;Wf” “'{()_(h”,()_(]“j} .

oG, = 8nGoT,, + oU,,

. 1 - YOLLY -
SUTHY — -5 (V’”’(ﬁ(,’) + Yy V,,O(,‘))

l )‘!
(W{“)’;!I; .(](}‘-;(r!"l’j)(.lfl’i.
2

9
5

—_—

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

G /d‘.;-\/T {Q'—’h’ F16mGO* Ly — IWHP59,,0G0s | -

{‘-”,'H' h}u' i .—)Tu:‘ir’l
AL o3 ) VI ] ) o3 ) 7
)4 %a Lhwvuu " uu” + By (ufu’ v + u“u” ")

i ](‘,,I_”{fl,\.-f)(;!”l’) | /J-.-‘*‘j”}*,”; | ‘)/'m“.’m”“.'f“‘

(isotropic space)

Page 24/50



Pirsa: 13010019

when

Connection to massive gravity

1 e ) 3 v s 4 J f Y .
Sy = /(ll.r\/—y {Q“h’+ 167 GO Ly, — llV\/’”” 00,0003 | -
‘i.”;w h,m‘ { I-)\—t;:'\(-.m
A9 /( ) / 5} ) / ( ] { 61 /
WHYEE = Ayputu’u®u” + By (uHu” " + uuPy*Y)
- 4( -\\_”(n,\l.f)l;x”f{) | /‘)\_\_,\‘jﬂf‘,\lrl.: L9 F ,\I;rlnhl.f}v
0 isotropic space
¢~ decouples, components become bulk & ( pic space)

Aw p, Bw Cw=P P H(P + 3Dw + 2EW)

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

Siay = /d‘.r\/ q {o'—’/f F 16T GO Ly, — IV 59,,0G05 | -

{‘-”,'H' j?}”, i I—)Tu:‘ir’l
AL o3 /¢ 6] ) Vo3 } 14\
whe Lhvutu " uu” + By (ufu’ 4" + u“u” ")

i ](‘,,I_l,!(rl,\l.f)(;f”f') | /)-.-‘-""l”}‘,“; | ‘)J.'\\A.!I‘f\‘\.lf}}‘

0 isotropic space
when ¢ decouples, components become bulk & ( pic space)
shear moduli of elastic medium 5DoFs  g.comes igentical to components of
_ . ' , o _ . elasticity tensor of relativistic

Aw po Bw Cw =11 H(P +3Dw + 2Ew) elasticity theory (see Carter...)

when ¢' decouples, becomes non-canonical
scalar field theory 3DoFs p,, — v = . Dy = Eyw = P
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Connectic*n to massive gravity

Sy = / d'zy/=g {Ohl?qt 167GO* Ly — WP 09,,0903 -

WHYAS — AL ufu’ u®f? + By (ufu’ 4% 4+ u®u’~*")

) L f 1 ’ [ : . P - {' o }.Jf’
+4Cyyu' \':x](“ R Dyt o+ 20

isotropic space
when ¢" decouples, components become bulk & SoEOPIRPES)
shear moduli of elastic medium 5DoFs Becomes ienialo e

: . : clasticity tensor of relativistic
Aw==p. Bw=-Cw=P P=-HP+3Dw +2Ew) clasticity theory (see Carter...)

when & decouples, becomes non-canonical

scalar field theory 3DoFs p,, - ¢y, — BIAI oy ==

_‘
LV massive gravity with time translation invariance is elastic dark e

f}C‘!'gy
~. massive gravity is the manifestation of rigidity of spacetime

masses determined by bulk & shear moduli of elastic medium
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5 R c
r\_rh,,, ll“,; o -)-Tltl"\l"l
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Perturbed dark energy momentum tensor

Everything boils down to 3G, = 87GT,, + 0U,,
UMY = Y’”’(S(f) + W“V”d()‘!]nd

with

\

Y =A+ BV +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

L STTHY
Ly — 00

( Y0, )
V,00
V. V,00 PN
0
\ 0 e < ’ )
0G0 0P
Vadguw ol
vuv.idﬂ/uf
. Phenomenologically
\ . ) “active” variables

“fundamental” field content
of dark sector

{ oU, = opuyuy, + 2(p + Pvgu,y + 0Py, +1L,, J
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Pertur#ped fluid variables

ﬁ{-_,} - SUM

( Y0) )
V.00

vuvuo‘(j)

, T
dnre*correspondence 0

: sec paper) 0 5P
N oo e o — { IT }

vr\- (sgyu l H ) Free variables
vn-vﬁ()g;w
_ Phenomenologically
\ : ) “active” variables

“fundamental® field content
of dark sector

[ 0U, = dpuyu, +2(p + P)vu,) + P, + [I,,J
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Equations of state for dark sector
perturbations

{ Wiy = dpu,uy, 4 2(p + Riviiy) = 0Py, - 10 ]

~ . 1 (”) evolve vig
()g’”, = '_)(_')N“Nk = .2“(,,“,,) -+ :—"h"“”, + h gravitational field

jr
equations

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

: Il g 0P
0=—(1+w) (V“v” +=h| —3H| — —w |d
2 op

} ¥/ 1 = w
Va = —H(l — 3w)va + (Vad — Hn,) — ——V. 0P — — 1
( ) ( ) p( ]_ + “") X l + w v.“ I._[ 0

ap

A e EE MR M b s U e . -

5 utu, = -1 u Up = U, = ut iy =) [[n” P 'u.“[I“,, =0
P
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Equations of state for dark sector
perturbations

[ oU,, = dpuyuy, + 2(p + P)vguyy + 0Py, +11,, 1

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
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Equations of state for dark sector
perturbations

[ oU, = dpuyuy, + 2(p + Ploguyy + 0Py, +11,, 1

Would like expressions of the form
5P =6P(68.0,6.0,h,n,...) [1=11(6,0,5,0,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 gy 4 Vb
Y = AR 4 BV, + COPY, Ty + DPORY TV,

Wy ? i o3
v'f“ il ]TJII‘ - 1 lﬁrl;l {‘JT’J

0G0

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

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

Page 34/50



Equations gf state for dark sector
perturbations
Example et

- . » oyl ’ ey S
Y = ArY L Bom v” 4 C° 1 pap V,,V‘: + Draimp VI,T..T A

wn v o 3 3
WyHvo :_..‘M-"u +.‘_:;‘Hhun v”

I “Ilhi - J'-"J'l . ')”tuf

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

< : Activati i
Perturbed fluid variables: / g

0 Al A () A 40

{)“ - Aoy A 0 () n':_-, scale independant
r)[’ .'1:;] .'t:;'g .’1;;:; .'l;” tif')
wll” { 12 i;

R WE = w10 + web® + wah + wyh, wl’ = (’J: f u-)fs
earrange :211(,"3)16 i /))1A . 3293) entropy perturbation
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Equations of state for dark sector
perturbations e ,')w“\—,,(-

L=L(p,X,0¢) ==, £ — A(p, X)Og + B(g, X)

field equations

“Kinetic Gravity Braiding”
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Equations of state for dark sector
perturbations e ')w,,\—“(.

L=L(¢, X, Op) ==L, r — A(p, X)O¢ + B(o, X)

field equations

“Kinetic Gravity Braiding”

Signatures in activation matrix Aox = Azy = Ay = Aye = 0

scale dependance parameterized for

\

wl = (] —w)d + (Ao + o Ak2)0° + (A A — \3)h
+0(A30p — A3 Agoh + \,60°)
ox Ay

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 ) (.w ) :
: e r‘iﬁl )
Different “classes” of|theories Werite perturbed pressure
& field contents of the dark sector aslentopy/perpurbanop

oUY: ~ v; = ;0

e

L wl =( x — X)r) wll =(w - A) [d‘ - 3(1 + u‘)-'q] ]

scale

— independ
LE' = L(¢, -l’)} ndependant
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Equations ct state for dark sector
P

rturbations i (,,-,, ) )_
wl = — —w |
ap
Different “classes” of|theories Werite perturbed pressure
& field contents of the dark sector as entropy perturbation

r”.”, ~ = f'),”

(Z=EGo)) x
wl =(rn - 8)0 wll=(w-)\) [r‘i - 3(1 + u‘).-‘q}

scale

(,C = /(o) X) ) independant

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

Explicit mappings...

KN A A=UW 4 —
Pk

L= E(g;_w) Dw + §Ew + 1P 2P = Ew o + Bw

et e ~ v
.'l';.\f = Mg = =N, B]\_‘ — —l;nl — [). ( w = _h”-l! o _[).

I)n- = -IIH._-'; = 3 - P — :i[l [‘.‘1\- = -21n:‘_': =l 4- [J.
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Obser\}ational signatures

100000

Xe=108]
K =0.01
K =0.001

K =0.0001 “No extra fields” \

10 | .
0.0001 0001  0.01 0.1

k [h/Mpc]

Pirsa: 13010019 Page 41/50



Obser\}ational signatures

100000

K=0.1
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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Obser»}ational signatures

100000

/x/
' C32 =10 ——

032 =0
032 =0.01
cs> = 0.001
cs® = 0.0001

elastic dark energy \

1) == T ; P
0.0001 0.001 0.01 0.1 1

k [h/Mpc]
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Observational sighatures

0.35 ¢
c.“=1.0 ' :
0.3 | c.“=1.0
¢ =01 0.8 | c.2=0.1
0.25 | 2 :
i c; =00 c.” =0.01
] " = - | .
G 02| c,® = 0.001 %y 06 c,® = 0.001
Q , = )
G 015 | ¢, = 0.0001 1 ¢.? =0.0001
O A 2 04
0.1}
0.2 |
0.05 |
O L - P — - —aasad . e e e (J .] lU WUU
1 10 100 1000 10000
|
0.08 r
T 0
0.07 |
K =0.1 0.1
0.06 |
k =0.01
o 0.05 | , 0.2
o K =0.001 25
S 0.04 | e 03 vl
) Kk =0.0001 23 < =01
< 0.03 | -
0.4 x =0.01
0.02 |
08 K = 0,001
0.01 | K = 0.0001
U L - el ettt . — S - 06 ) ’ ) ) )
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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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

» 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 ) (,w |
w w 1o
(SJ{} )
Different ‘“classes” of theories Write perturbed pressure
& field contents of the dark sector B3 SATIORY perairoation
SUY. ~ v, = 0,0

=g
L wl' =(k —w)d wll =( w '-.)[0' 3(1 + w) u]

(£=L(g, X))
L wl' = (o — w) [5 — 3H(1 4+ w), f()] ]

I
.1. T“UT‘.;U
)
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Equations of state for dark sector

perturbations . (,w |
w w 1o
(S[J )
Different ‘“classes” of theories Write perturbed pressure
& field contents of the dark sector B3 SALrOpY pertircation
SUY. ~ v, = 0,0

ez
L wl' =(x —w)d wll =( w '-.)[0' 3(1 + w) u] ]

(£=L(p, X)) |

J
L wl' = (o — w) [5 — 3H(1 4+ w), i()] ]

=0 L=L(AX)

I
Y Tlff‘.)T‘l[{..)
)
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Equations of state for dark sector

L=L(g) _ DwtiBwiiP . 2 Ew
e { /)’H‘ A f)’n-
Aw = mg 0, By 2m7 = P, Cywy lmf

9 2 : o

D imz =03 — P — - pu, o 2ms;

L= L(d.X) | » . )

O | +4 ‘.’.YL"\'\ ¥ : — [l + A ( ,‘ : .\ )] .
L x SHL vvV2A L vy L. a— w

perturbations

Explicit mappings...

A
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