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Dark Matter review

Evidence of Dark Matter

@ Galaxy Rotation

Observed vs. Predicted Keplerian
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Evidence of Dark Matter

@ Gravitation lensing: seeing the invisible
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Evidence of Dark Matter

@ Clusters are filled with hot X-ray emitting intergalactic gas
Merging cluster: optical image
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Evidence of Dark Matter

@ Clusters are filled with hot X-ray emitting intergalactic gas
Merging cluster: gravitation lensing
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Evidence of Dark Matter

@ Clusters are filled with hot X-ray emitting intergalactic gas
Merging cluster: x-ray
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Evidence of Dark Matter

@ Clusters are filled with hot X-ray emitting intergalactic gas
Merging cluster: x-ray
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Evidence for Dark Energy

Supernovae were dimmer in the past
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Cosmic Concordance

o Qp =0.04,Q, = 0.001,Qpy = 0.23,Q = 0.73
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e In Wilson, Mathews, Fuller PRD(2007), Mathews, Lan,
Kolda, PRD (2008). Lan, Mathews, Com. Phys.(2009) it was
proposed that a unity of dark matter and dark energy might
be explained if the dark energy could be produced from a
delayed decaying dark-matter particle and just consider with
the supernova-redshift constraint.

@ We consider a simultaneous fit to the CMB, as a means to
constrain this paradigm to unify dark matter and dark energy.
We deduce constraints on the parameters characterizing
decaying the dark matter cosmology by using the Markov
Chain Monte Carlo method applied to the CMB data.
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Cosmological Model - Cosmic Evolution

Modified Friedmann equation in which we allow for flat and the
usual cosmological constant A.

a?  8rG A
H* =5 =—p+= 1

where, p is now composed of several terms

P =ppm+ pp+ py+pntpr+ pBv (2)
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Cosmological Model - Cosmic Evolution

ph = p(tg)a e E-ta)/ma (3)
t
pr = 3~ \pp(ty) / e (=) 7 3¢\ dt' | (4)
ty
t
pPBY = a_49/ H2a(t')*¢(t)dt (5)
ty

The integral term in the last equation gives the effective dissipated
energy (Weinberg71) due to a cosmic bulk viscosity coefficient (.
This term induces the cosmic acceleration once a model is
formulated for the bulk viscosity coefficient (.
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Cosmological model - Bulk Viscosity coefficient

The effect of the bulk viscosity is to replace the fluid pressure with
an effective pressure.

a
Peff = P — (3~ . (6)
a

533 —Ap | (7)

where Ap = p — p is the difference between the constant volume
equilibrium pressure and the actual fluid pressure.
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Cosmological model - Bulk Viscosity coefficient

op 4pyTe 30p\ | oU*
oo~ (57) a1 ()5 - @

The timescale 7 to restore pressure equilibrium in an expanding
cosmology from an initial pressure deficit of Ap(0) can be
determined from,

A
Te = p(t) dt ~ Crq

o Ap(0)" T [1+3(a/a)md]
where the coefficient CZ1 accounts for the possibility of higher
corrections to the linearized transport equation. The final form for
the bulk viscosity of the cosmic fluid is then (mathew 2010,
Weinberg71),

(9)

4pnTe pL+py]°
— 1— ) 10
¢ 3 [ P (10)
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Statistical analysis with the observation data

We have modified the publicly available CosmoMC package to
satisfy this decaying dark matter model as described above.
Following the usual prescription we then determine the best-fit
values using the maximum likelihood method. We take the total
likelihood function x? = —2logL as the product of the separate
likelihood functions of each data set and thus we write,

2 2 2 2 2 2
X" = Xsn + Xcms + Xiss + XBao T Xcms - (11)
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Type supernovae data and constraint:

D, = C(lth){ /0 “d [Q/\ +Q,(2) + Qom(2)

—1/2
L)+ () + () + QBv(z’>] } ,
(12)

Qp = A/3H3,

Q, = (87Gpmo/3H3)(1 + z)*,
Qpm = (87TGpDM/3Hg)(1 + 2)3
Qp = (87Gpp/3H3)(1 + 2)3,
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Type supernovae data and constraint:

This luminosity distance is related to the apparent magnitude of
supernovae by the usual relation,

Am(z) = m(z) — M = 5logio[Di(z)/Mpc] + 25 (13)

where Am(z) is the distance modulus and M is the absolute
magnitude which is assumed to be constant for type la supernovae
standard candles. The x? for type la supernovae is given by

Xon = Thmalam(z)* — Am(z)™)]
< (Cob)ilAam(z)* — Am(z)t) (14)

Here Csy is the covariance matrix with systematic errors.
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Type supernovae data and constraint:

Late decaying DM with bulk viscosity can produce cosmic
acceleration without Dark Energy or a Cosmological constant
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Cascading decays: Sterile neutrinos

V1 — Uy — U3 — Uy — Us — Vg —regular neutrinos or Late decays
due to time varying mass or a late phase transition
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CMB constraint

The characteristic angular scale 64 of the peaks of the angular
power spectrum in CMB anisotropies is defined by Page et al 2003

i =

I4: acoustic scale

z,: the redshift at decoupling

r(z.): the comoving distance at decoupling

rs(z,): the comoving sound horizon distance at decoupling.
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CMB constraint

c [* d7
r(z) = Ho/o H) (16)

The quantity rs(z.)is the comoving sound horizon distance at

decoupling. . -
rs(z*):/0 (—i_HZ()Z)(Z)dz, (17)

where the sound speed distance R(z) is given by

R(z) =1+ ig:‘;(l +2)7 2 (18)

and the scale factor at re- ionization is

1 + zx o / dz (19)

where Q¢ = 1 — € is the total closure parameter.
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CMB constraint

the redshift at decoupling z, proposed by Hu and Sugiyama 1996
z, = 1048[1 + 0.00124(Qp0h?)—0.738][1 + g1(Qh?)8?] , (20)

where

0.0783(Qpoh?) 0238 0.56
Bl 1 730.5(Qp0h?)07837 82 T 11 21.1(Qpoh?)1.81

(21)

The %2 of the cosmic microwave background fit is constructed as
X%MB = —2InL = ZXT(C_I),'J'X Komatsu 2011

XT = (la — IXVMAP, R — RXVMAPaZ* - ZXVMAP)v (22)

with [JYMAP = 302,09 , R{VMAP —= 1,725, and z/YMAP = 1091.3.
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CMB constraint

Table 1 shows the the inverse covariance matrix used in our
analysis.

Table: Inverse covariance matrix given by Komatsu 2011

case Ia R Zy

Ia 2305 29.698 -1.333
R 29.698 6825.27 -113.18
z, -1.333 -113.18 3.414
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CMB constraint

Table: Fitting results of the parameters with 1o errors.

parameter
Qp 0.112 £ 0.01
ty 105+ 2
Qp 0.0225 £+ 0.002
Qm 0.235 £ 0.01
Ns 0.0968 + 0.001
h 0.71 + 0.01
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CMB constraint
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Figure: The constraints of the parameters Q,,,h*> and ,h?, h based upon
the SN+CMB.
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CMB constraint
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CMB constraint
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Result and Conclusion

@ We have studied the evolution of the delayed decaying dark
matter model with bulk viscosity by using a MCMC analysis
to fit the SNIa and CMB data.
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Result and Conclusion

@ We have studied the evolution of the delayed decaying dark
matter model with bulk viscosity by using a MCMC analysis
to fit the SNIa and CMB data.

@ We find that this cosmology produces an equivalent fit to that
of the standard ACDM model, but without a cosmological
constant.
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Thank you very much for your attention!
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