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normalized velocity

Newton law

with projector

the dynamical part of
dark sector moves along
timelike geodesics

Uy = Oup/m
ma,, :J_f; Vaim

m = m (p)
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normalized velocity Uu 0w = 'ugﬁ / T
Newton law ma,, :J_Zt V)\m
with projector J_/u/: Juv — Uy Uy

the dynamical part of o
dark sector moves along m =1m (gp)
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Friday, April 17, 15



normalized velocity Uu 0w = 'ugﬁ / T
Newton law ma,, :J_f; V)\m
with projector J—lﬂ/: Juv — Uy Uy

the dynamical part of o
dark sector moves along m =1m (gp)
timelike geodesics

p— @ dp=dp/m(p) uy = 0.

g™ 8,u¢ 0y,¢ =1

Constraint or the Hamilton-Jacobi equation
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How to implement this
constraint?




Mimetic Matter

Chamseddine, Mukhanov (2013)
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metric ¢, in a scalar field ¢ :
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Mimetic Matter

Chamseddine,

Mukhanov (2013)

@ One can encode the conformal / scalar part of the physical
metric ¢, in a scalar field ¢ :

Juv (gv ¢) — g,tw g

auxiliary metric

S [Guws &, P = /d% \/Tg<

@ The theory becomes
invariant with respect to
Weyl transformations:

Juv — 0% (2 ) Gy

1

—§R(9) + Z (g,

~o 3 (9a¢6’5¢

)

S]LLL/:::SJLLL’(£j7qb)
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Mimetic Matter

Chamseddine, Mukhanov (2013)

@ One can encode the conformal / scalar part of the physical
metric ¢, in a scalar field ¢ :

Juv (gv ¢) — g,tw gaﬁ 8a¢85¢
yd

auxiliary metric

S G 0n0] = [ ' |V=7 (~3R(0)+ 2 (0.0,))

2 - guvzguu(§a¢)

@ The theory becomes The scalar field obeys a
invariant with respect to constraint (Hamilton-Jacobi
Weyl transformations: equation):

G — () G g"" 0,0 0,0 = 1
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- Guv=9uv (§7¢)
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S [§MV7¢7 (I)m] — /‘dllaj

v

1

_iR(g) + Z (ga (I)m)

with 9uv (§7 gb) — g,uu gaﬁ Oa @ 85¢

)

guvzguv(§7¢)

1s not in the Horndeski (1974) construction of the most
general scalar-tensor theory with second order
equations of motion
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S [Gyus 6, By = / a'a

v

1

_iR(g) + Z (g,q)m)

with 9uv (§7 gb) — g,uu §aﬁ Oa @ aﬁ¢

)

guv:guv(§7¢)

1s not in the Horndeski (1974) construction of the most
general scalar-tensor theory with second order
equations of motion

But it is still a system

with one degree of freedom

+ standard two polarizations for
the graviton!
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Dissformal Transformation

Nathalie Deruelle and Josephine Rua (2014)

One obtains the same dynamics
(the same Einstein equations),
if 1instead of varying the Einstein-Hilbert action
with respect to the metric § v

one plugs 1n a dissformal transformation

9w =F (W, w)l,, + H(V,w)0,Vo,V
0 F

with w = ¢*"0,¥0,¥ and w?F— (H + —) ()
Ow W

and varies with respectto £,,,, ¥
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Dissformal Transformation

Nathalie Deruelle and Josephine Rua (2014)

One obtains the same dynamics
(the same Einstein equations),
if 1instead of varying the Einstein-Hilbert action
with respect to the metric § v

one plugs 1n a dissformal transformation

G = F (U, w) L, + H (¥, w) 9,09,V
%

F
with w = ¢*"0,¥0,¥ and w2 F— (H+ —> ()
Ow W

and varies with respectto £,,,, ¥

Mimetic gravity is an exception! And
it does provide new dynamics!
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Mimetic Dark Matter

Chamseddine, Mukhanov; Golovnev; Barvinsky (2013)
Lim, Sawicki, Vikman; (2010)
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Mimetic Dark Matter

Chamseddine, Mukhanov; Golovnev; Barvinsky (2013)
Lim, Sawicki, Vikman; (2010)

@ Weyl-invariance allows one to fix Yuvr — Yuv

one implements constraint through A (¢#”0,¢0,¢ — 1)

S [gus0A @l = [ d'ay=g (—%R (9) 2 (9. ®m) + X (9" 0,60, - 1))

The system is equivalent to standard GR + irrotational dust,
moving along timelike geodesics with the velocity ¢4 = 0, ¢
and energy density p = 2\

Dark Matter
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Mimicking any cosmological evolution,
But always with zero sound speed

Lim, Sawicki, Vikman; (2010)
Chamseddine, Mukhanov, Vikman (2014)
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Mimicking any cosmological evolution,
But always with zero sound speed

Lim, Sawicki, Vikman; (2010)
Chamseddine, Mukhanov, Vikman (2014)

@ Just add a potential V' (¢) !
@ g“ g a,u¢ ay¢ =1 Convenient to take ¢ as time

@ Adding a potential = adding a function of time in the equation
2H + 3H* = V(t)

Enough freedom to obtain any cosmological evolution!
B 1 m4 ¢2
- 3e?+1

inflation as —m2¢2 potential in the standard case

2

@ In particular V (¢) gives the same cosmological
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Perturbations I

Lim, Sawicki, Vikman; (2010)
Chamseddine, Mukhan ov, Vikman (2014)

Even with potential, the energy
still moves along the timelike geodesics
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Perturbations I

Lim, Sawicki, Vikman; (2010)
Chamseddine, Mukhanov, Vikman (2014)

Even with potential, the energy
still moves along the timelike geodesics

Cg — 0
Newtonian potential:

d=C(x) |1 H/adt
a

Here on all scales but in the usual cosmology it is an
approximation for superhorizon scales

];ICQ (X)
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Next term in the gradient expansion

Chamseddine, Mukhanov, Vikman (2014)
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Next term in the gradient expansion

Chamseddine, Mukhanov, Vikman (2014)

v (O¢)°

“unique” quadratic term

V.V, oVHVY¢  isnot that useful:

/ 'z /=g by = / d's /=g ((06)° ~ R 60, )

0 =Lo =V, u"
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@ The scalar field still obeys a constraint (Hamilton-Jacobi

equation) g"” 8M¢ 0,0 =1
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@ The scalar field still obeys a constraint (Hamilton-Jacobi

equation) g"” 8M¢ 0,0 =1

Higher time derivatives can be eliminated just by the
differentiation of this Hamilton-Jacobi equation

There are only minor changes (rescaling) in the background
evolution equations e.g.

2
2 — 3

2H + 3H? = V(t)
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Perturbations II

Chamseddine, Mukhanov, Vikman (2014)
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Perturbations II

Lkman (2014)
2

5¢+ Hd §§A5¢+H(5¢:o

with the sound speed

2
S 2—3y

C




Perturbatlons I1

Chamseddine, Mukhanov, Vikman (2014)
2

5+ Hog a§A5¢+H(5¢:o

with the sound speed

2
S 2—3y

Newtonian potential:

d = 5o

C




Perturbations II

Chamseddine, Mukhanov, Vikman (2014)
2

5¢+ Hd §§A5¢+H(5¢:o

with the sound speed

f‘)/ 104
CQ p— 10° |

S 2—3y
Newtonian potential:

@ — 5& 10-8:

1 10 100
k [h Mpc™!]

Ramazanov, Capela (2014)

cg ~ 1077°

P(k) [h* Mpc?
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(no potential)
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Imperfect Dark Matter

Mirzagholi, Vikman (2014)

(no potential)

Ly, =euyuy —p Ly +quus + quuy,

\ L= 9gu —uyuy
energy flow g, = —7L1;V\0 |
expansion @ =V Mu“

. ]
energy density € = 2\ — 7y (6’ — 5@2)
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Imperfect Dark Matter

Mirzagholi, Vikman (2014)

(no potential)

Ly, =euyuy —p Ly +quus + quuy,

\ L= 9gu —uyuy
energy flow g, = —7L1;V\0 |
expansion @ =V Mu“

. ]
energy density € = 2\ — 7y (6’ — 592)

- 1
pressure p = —7 ((9 -+ 56’2)
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CHARGE CONSERVATION

no potential ® — ¢+ c symmetry

V,J* =0
Noether current:

J, = nu, + q,

charge density n — 2)\ — fye

noccfg
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Vorticity
for a single scalar dof DM?

in the frame moving with the charges (Eckart frame)

1

(O = §5aﬁwvfyj—gvﬁ;>\ —

3 PN WAV 50 u,

in the gradient expansion (without gravity)
Ty ~ (e +p)UUy — pgps + O (72)

p~cse+ 0O (77)




Raychaudhuri at work!

: 1
0 = —§92 — 0% — R, utu”
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Raychaudhuri at work!

1

H — —§92 — 0% — R, utu”
g = 5 S/VTL -+ SCS Pext D = SCSPeXt
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Raychaudhuri at work!

1

H — —§92 — 0% — R, utu”
"= 5 3" T 3C5 Pext P = 3Cq Lext
DM
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Raychaudhuri at work!

1

H — —§92—02—Rwu“u”
2 5 5
DM _a
T X A4

Geff — GN (1 36%)
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Mimetic construction and inflation

shift-symmetry breaking needed for DM
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Mimetic construction and inflation

shift-symmetry breaking needed for DM

v(P) : VM= %v’ () 67

easy to generate charge during radiation domination époque :

9 (! 3
na° = —/ dt’ a?WH2 ~ —a3prad (ter) Ay
2 J (tor— A1) 2
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Mimetic construction and inflation

shift-symmetry breaking needed for DM

Y(p) . VuJH= %v’ (p) 6°

easy to generate charge during radiation domination époque :

9 (! 3
na° = —/ dt’ a37H2 ~ —agprad (ter) Ay
2 J (tor— A1) 2

A _g(acr>NQZeq - Teq €V
K Qoq) 3 Zer T Ay T Ay
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Mimetic construction and inflation

shift-symmetry breaking needed for DM

Y (@) . VI = %v’ (p) 67

easy to generate charge during radiation domination époque :

9 [ 3
na° = —/ dt’ CL?WH2 ~ —agprad (ter) Ay
2 J (tor— A1) 2
M:g<aq>22zeq 7~ Tea eV
3 \ Qegq 3 Zer Ay Ay

5 G N bounds are mild:
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Mimetic construction and inflation

shift-symmetry breaking needed for DM

1(6) + V=57 (9)0

easy to generate charge during radiation domination époque :

9 [ 3
na° = —/ dt’ CL?WH2 ~ —agprad (ter) Ay
2 J (tor— A1) 2
M:g<aq>22zeq 7~ Tea eV
3 \ Qegq 3 Zer Ay Ay

Rappaport, Schwab, & Ny bounds are mild:

Burles, Steigman
(2007)

2
CS BBN g 0.02
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Mimetic construction and inflation

shift-symmetry breaking needed for DM

1(6) + V=57 (9)0

easy to generate charge during radiation domination époque :

9 [ 3
na° = —/ dt’ CL?WH2 ~ —agprad (ter) Ay
2 J (tor— A1) 2
M:g<aq>22z€q 7~ Tea eV
3 \ Qegq 3 Zer Ay Ay

Rappaport, Schwab, & Ny bounds are mild:

Burles, Steigman
(2007) Narimani, Scott, Afshordi (2014)

C% BBN S’ 0.02 3 (C%‘matter - C%‘radiation) S 0.066 = 0.039
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Conclusions

@ New large class of Weyl-invariant scalar-tensor theories
beyond (but not in contradiction with) Horndeski

@ Can unite part of DM with DE, strongly decouples
equation of state from the sound speed

@ Impertect DM, with a small sound speed, transport of
energy, vorticity and a perfect tracking of the external
energy. Essentially only one free parameter for the late

Universe.

Thinks a 475/ lfention!
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