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gz - - Motivation of this research
gy @ search for dark matter candidates , . &

Co?nponents of a flat Universe

*® in stapdard cosmology: ' . .
E

74% Dark Energy

] radiation (reﬁc vyandv) - Q. 010°<<Q .

L ' “
J matter - Q_=0.2-0.3

-
\ x vis*aryonic) matter - %, 10,02 h2

& * dark matter (CDM, WDM, sonfe HQ | . i
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gz - - Motivation of this research
gy @ search for dark matter candidates , . =

Co?nponents of a flat Universe

* in stapdard cosmology: ' . &
-
] radiation (reﬁc vyandv) - Q. 010°<<Q . 74% Dark Eriergy
' . ) »
J matter - Q_=0.2-0.3 .
: . . ™ -
\ x vismaryonic) matter - %, 10,02 h=2 .
a & 4% Atoms
& = dark matter (CDM, WDM, sonte HQ) ]
L -

5 - QDI\/I = Qm _'Qb -

Qdark energy (c8smological constant or quintessence) — Q. =1-Q_
. .
& ' - : >

» .
Every dark matter candidate has a typical signatyre in the Unjverse.

The Universe itself is a giant laboratory foF tésting mew physics.
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giae - - What is mirror matter ? _
[ ] . & | . -
Idea: there can exist a hidden mirror sector ofjilirticles and interactions which is

the exact duplicate of our observable world. (Lee and+yang, 1956; Foot,Lew,Volkas,1991)

i

Theony: product GxG' of two sectérs with the identical

_particle contents. Two sectors communicafte via gravity.
A symmetry P(G - G'), called mirror parity, implies that
both sectors are described by the same Lagrangians:.

. . ¥ "
Gapi= SU‘i' X !U(Z) x U(1) — standard model @i obse:rvable particles,

T L
G'gy =[S SU(2) x U(1)]" - thirror eounterpart with'.".analogou! particles .

" '
: ! i B :

rMirror photons cannot interact with ordimary baryons [ dark matter !

" x ]

Until now mirror particles can exist without violating any known experiment =

=> we need to compare their astrq)hysicel cbnsequencgh with observationsy

Their microphysics is the same (_:os.rlnology is_n_dt iche same !! -
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Q=02 +0Q +Q,~1

Qm:Qb—l_Qb'+QCDM:Qb<1+B>+QCDM

Q h'=42-10"(1+x")

. L
o BBN bounds
If partlcle.he two sectors O afid M had the same cosmeleglcqlﬂensmes di
IZI confl-lct with BBN (T ~ lMeV)II s
- . "

If T'=T, mirror photons electrons and neutrlncs AN, = 6.14

Bound on the effectivesaumber of extra neutrinos: ANV <10 TIT<0.64
k] : ‘ ' . ..1- : \
Due to the temperature difference, |n the M sector all key.epochs

proceed at somewhat different conditions than in the O 'sector!
S a w '
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During the Universe expansion, the
. two sectors evolve with separately
conserved ‘'entropies. :

'l. = ]
L]
X free parameter !
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During the Universe expansion, the
. two sectors evolve with separately
conserved ‘'entropies. :

'l. = ]
L]
X free parameter !

the contribution of the mirror species is.negligible in view of the BBN constraint!

-
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22 718q(T')+q,[T" ’
21 718q, |\T,'

22 7/8q,(T)+q, [T )3

21  7/8q, T
, s-a® |718q,(T")+q,|T"+7/8q,T,"
sa® [7/8qe(T)+qy]T3+7/8qui

A

Total entropy DOFs (x=0.5)

® g tot ordinary world
® g tot mirror worldx (x"3)
® g standard

g mirror in ordinary world

e’-e annihilation epoch changes I5'1ccording with X
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%

dangano et al. (astro—ph/0612150) .
show some tension between degrees BBN: N¥=31"}3

,of freedom gt different epochs. CMB+LSS+Lya+BAO: NT=46"1¢

standard model: N¢=3.046

_ # &

[ ]

L] ' : L] %

-
Mirror matter natwally predicts different degrees Qf freedom at_
BBN (1 MeV) and recombinatjon (1 eV) epochs! '
’ L
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Big Bang nucleosynt_hesis‘;

L
2 fundamental parameters: *

]

dégrees of freedom (extra-v families), baryon to photon ratio:

mas= fracion

maz= {raction

OFRDINARY *He ABUNDANCES

MIRROR *He ABUNDANCES

Fundamental
H U

ma= raction

' ' *Ha =1d
*Ha mir f=5
*He mir 0 =5
*He mir f=1
*Ha mir 0 =1

H
+

ORDIMARY METALS ABUMDAMNCES (ID"O uni=s)

MIRROR METALS ABUNDANCES (107" units)

T T T T T
melak sid

metakrHond
meiakH ord 0

=

mass frazion

metslerH 21d
metakH mir =5
melal=fH mir0 =5
melakH mir =1
metal=fH mird =1

E
-

“HLPW 2008 «




Big Bang nucleosynt_hesis‘;

[
2 fundamental parameters: *

]

dégrees of freedom (extra-v families), baryon to photon ratio:

mas= fracion

maz= {raction

OFRDINARY *He ABUNDANCES

MIRROR *He ABUNDANCES

maz | {raction

' ' *Ha =1d
*Ha mir f=5
*He mir 0 =5
*He mir f=1
*Ha mir 0 =1

H
+

ORDIMARY METALS ABUMDAMNCES (ID"O uni=s)

MIRROR METALS ABUNDANCES (107" units)

T T T T T
melak sid

metakrHond
meiakH ord 0

=

mass frazion

metslerH 21d
metakH mir =5
melal=fH mir0 =5
melakH mir =1
metal=fH mird =1

E
-

“HLPW 2008 «




de Liége

[

Baryon-photon decoupling
(MRD) epoch *

. L . L
TheWMRD In t!e M sector occurs earliersthan,in the O one!

X <X,,~0.046(Q2,h")"

L

For small x the M matter decouples before

dec

T I

~~y
dec

~T

dec

the MRE moment - it manifests aathe
- CDM as far as the LSS is concerned (but

= there still can be a crucial difference at smaller

scales which already went non-linear).

“HLPW 2008 «

T - Structure formation

T
~0.26eV = 142z, = 15%1100

0
= 1+z'~x (14+2,,)~1.1-10°x""




| The Jeans mass Al
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4
X

MJ’<adeC '):3.2°1014M®ﬁ_1/2(1+ﬁ)—3/2

4
X

M r(a eC'>NB_1/2
Fo 1+x

MJ(adec)

4

=0.6

= M,'~0.03M,~10" M,

MJ 'max <Xeq/2) ~ OOOSM] 'max<xeq)

M !

J max

(2x,,)~64M," (X,
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| The Jeans mass Al
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4
X
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4
X

M, (a,,')=3.2-10"M B "*(1+8)" (Q,h)°

4
X

M, (g )~
P 1+Xx

MJ(adec)

4

=0.6

= M,'~0.03M,~10" M,

MJ 'max <Xeq/2) ~ OOOSM] 'max<xeq)

M !

J max

(2x,,)~64M," (X,
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ST ' Dissipative effects

de Liége

-
The M Raryons density fluctuations should undergo the sttong cellisional

dangping around the time of M recombinatio e to photon diffusion, which_
washes out the perturbations at scales smaller than the M Silk scale M.'".

M, ~6.2-10%(Q,h°) " M,

Q,h°=0.02 = M~810"M,

M'~[f(x)/2] (R, h*)"*10% M,

X>Xeq

312 _5/4 : : "
Xeq H H

Xeg)~10"(Q,h*) " M,~3-10" M,

Differences*with the WDM free streaning damping: s .

-
the M baryons should show acustic oscillations in the LSS power spectrum;

such oscillations, transmitted via gravity to the O Qaryons, coyld cause
observable anomalies in the CMB power spectrum.
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b
aent adec ae

M _ >M.'"(a = growth
| 7 pert a “’) g Mpert>MJ'(adeC') = growth
M '<M,, . <M,'(a,,) = grow.+oscill.+grow.

M, <M’ =  dissipation
M <M.’ =  dissipation
pert S

“HLPW 2008 «



Temporal evolution of perturbations

de Liége

(Q,=1,Q =0.3,w =002 h=0.7; A ¥60,Mpc) 4 dependence

density contrast Ao

‘ T.}'l ,‘I‘ﬁ l("f J{% W{mwmwvmm

\M"'{ i

h?snll? 17 11, WW\W‘I’ .

'w

density contrast 1o

l..lunw'.« il m. - oy
.n Mﬁ. f:'h-iﬁi""“" A

|"f y

e

scale factor (a/aq,
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Temporal evolution of perturbations

de Liége

(Q,=1,Q =0.3,w =002 h=0.7; A ¥60,Mpc) 4 dependence

density contrast Ao
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thermal source at2.728 K. —— ]
COBE measurements ¢
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Mirror CMB_ - A

, |
Wg start.from a referemce model

0,=0.30, ©,=0.020, h=0.70, n=1.00 ——
x=0.3, no CDM
x=0.5, no CDM - - -
x=0.7, no CDM

%

-—» x=0.3,0.5,0.7
> 0,'=n0,(n=1,2,3,4,...)

| | I B | | I | | I | I\Ill\\‘l
0 200 800 1000 1200 1400
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Mirror CMB_ |

-

, |
Wg start.from a referemce model

0,=0.30, ©,=0.020, h=0.70, n=1.00 ——
x=0.3, no CDM
x=0.5, no CDM - - -
x=0.7, no CDM

A :
akd we replace CDM...

-—» x=0.3,0.5,0.7
> 0,'=n0,(n=1,2,3,4,...)

lowx - CDM

| i
small dependence on Q' o
0 200

400 600 800

1 1 1 1 1 | 1 1 Il ‘ 1
1000 1200 1400
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Fundamental

it -~ Large Scale Structure,

]

The power spectrum:

P(k)=(|s,[)=AK"

THe transfer function: T(k)

P(k) (arbitrary norm.}

& . ¥
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| " Mirror LSS

de Liége

i

'. [}
' .
-
] i
lowx- - CDM
x=0.3, no CDM
I [ ] ) x=0.5,n0 CDM - - - -
high dependence on x x=0.7, no CDM

.
high deWence on Q'
: r #

.Pﬁgher'gb’ - “deeper oscillationg

-
_ 5 &
o
L] x=0.7, ®’=2®, - - - -
x=0.7, ®, =3,
5 T - x=0.7, o, =4w,
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Comparison with observations

L]

0,=0.25, ©,=0.023, h=0.73, n=0.97 Q,=0.25, ,=0.023, h=0.73, n=0.97
x=0.3, no CDM } x=0.5, =0,
x=0.5, no CDM - - - SR x=0.5, 0’20, - - -
x=0.7, no CDM ) x=0.5, m,=3,

x=0.5, o,'=4@m, —-—

(LK)
(nK)

2a+1C,/2x]"
[a+1cC,/ 2r]"

o WMAP 0 ACBAR

800
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Comparison with observations 8

L]

Q,=0.25, ©,=0.023, h=0.73, n=0.97 80 Q,=0.25, ©,=0.023, h=0.73, n=0.97
x=0.3, no CDM VAR x=0.5, ®,=w,
x=0.5,no CDM - - - x=0.5, ®,=20, - - -

x=0.7, no CDM x=0.5, ©,=30,

x=0.5, o, =40, —-—
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- Mirror dark stars (evolution)

]

microlensing — Mass#e Astrophysical Compact
events Halo Objects (MACHOs)"

-

M=08M,
Y = 0.24,0.30,0.40,0.50,0.60,0.70,0.80
Z=10"

fastergevolutionary times!

-
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Mirror summary

Thermodynamics of ‘
the early Universe
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Mirror summary
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Nucleosynthesis o
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Gravitational
. Waves ' .
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