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Structure and history of the Universe 
depend on mass/energy content

• Geometry of the universe

• Expansion history

• Structure formation (linear and non-linear)

• High energy astronomical sources

• Sources of gravitational waves
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The history of the Universe
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gamma ray bursts;
hypernovae;
supernovae;
cosmic ray sources;
mergers of black holes and of neutron stars;
dense and massive dark matter halos;
etc

Astronomical objects 
as high-energy and massive sources

Thursday, June 13, 2013



K=0 K=+1 K=-1

Global Geometry

K =
�
H0a0

c

�2
[Ωtotal,0 − 1]

Thursday, June 13, 2013



1

a

d2a

dt2
= −4πG

3

�
ρ+

3p

c2

�

where ρ =
�

i ρi and p related to ρ via the equation of state:

p = p(ρ) =
�

i

wiρic
2, i = r,M,Λ, �, · · ·

wr = 1/3; wM = 0; wΛ = −1; w� = [−1,−1/3)

The expansion of the Universe
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Expansion rate and distances 
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14 Anderson et al.

Figure 9. DR9 data (multipoles) before (top) and after (bottom) reconstruction with best-fit model (§ 4) overplotted. Note that the errors are correlated between

bins. The distance parameters (α, �)) of the best fit and the corresponding χ2
values are listed in the plots.

Table 5. Summary of the measurements of DA(z)(rfids /rs),
H(z)(rs/rfids ), and their cross-correlation, ρDAH , from the CMASS DR9

data. The upper and middle sections of the table list the values obtained

in this work from the pre- and post-reconstruction analyses of multipoles

and clustering wedges, respectively. Our consensus values, defined in

Section 6.2, are also given. For comparison, the lower section of the table

lists the results obtained in our companion papers, Kazin et al.(2013),

Sánchez et al.(2013) and Chuang et al.(2013). All values correspond to the

mean redshift of the sample, z = 0.57.

DA(z)(rfids /rs) H(z)(rs/rfids ) ρDAH

Before Reconstruction

(ξ0(s), ξ2(s)) 1367± 44 86.6± 6.2 0.65

(ξ⊥(s), ξ�(s)) 1379± 42 88.3± 5.1 0.52

After Reconstruction

(ξ0(s), ξ2(s)) 1424± 43 95.4± 7.5 0.63

(ξ⊥(s), ξ�(s)) 1386± 36 90.6± 6.7 0.50

Consensus 1408± 45 92.9± 7.8 0.55

Companion analyses

Kazin et al. 1386± 39 90.3± 6.1 0.48

Sánchez et al. 1379± 39 91.0± 4.1 0.30

Chuang et al. 1371± 41 88.9± 6.1 0.49

Reid et al. 1395± 39 92.7± 4.5 0.24

details. Kazin et al. (2013) explore the geometric constraints in-

ferred from the BAO signal in both clustering wedges and multi-

poles, by means of the de-wiggled template analysed here and an

alternative form based on renormalized perturbation theory (Crocce

& Scoccimarro 2006). Chuang et al. (2013) and Sanchez et al.

(2013) exploit the information encoded in the full shape of these

measurements to derive cosmological constraints. While Kazin

et al. (2013) and Chuang et al. (2013) follow the same approach

applied here and treat DA and H as free parameters (i.e. with-

out adopting a specific relation between their values), Sanchez

et al. (2013) treats these quantities as derived parameters, with

their values computed in the context of the cosmological mod-

els being tested. The consistency of the derived constraints on

DA(z = 0.57)
�
r
fid
s /rs

�
and H(z = 0.57)

�
rs/r

fid
s

�
demonstrates

the robustness of our results with respect to these differences in the

implemented methodologies.

Reid et al. (2012) used the full shape of the monopole-

quadrupole pair of the SDSS-DR9 CMASS sample to extract in-

formation from the Alcock-Paczynski test and the growth of struc-

tures. Based on these measurements they constrained the parameter

combinations DV(z)
�
r
fid
s /rs

�
= 2072 ± 38Mpc and F (z) ≡

(1 + z)DA(z)H(z)/c = 0.6750.042−0.038 at z = 0.57. From our

consensus anisotropic BAO measurements we infer the constraints

DV(z = 0.57)
�
r
fid
s /rs

�
= 2076 ± 58Mpc and F (z = 0.57) =

0.692±0.087, in excellent agreement with the results of Reid et al.

(2012).

Anderson et al. (2012) studied the isotropic BAO signal us-

ing the same galaxy sample studied here. As discussed in Sec-

c� 0000 RAS, MNRAS 000, 000–000

BAO: 
Baryonic Acoustic Oscillation 
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Supernovae as ‘standard’ candles
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dni
dt + 3H(t)ni =

�
Ci[f ] d3p

dni
dt + 3H(t)ni = β(T )(n2

eq,i − n
2
i ) .

Density of relic particles

 BBNS constraining on gr: ∆Yp ∼ 0.01gr
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ΩWIMP ≈ 0.1

h2

�
3× 10−26cm3s−1

�σv�

�

ΩDM,obs needs �σv� ≈ 3× 10−26cm3s−1
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∂2δ
∂t2 + 2 ȧ

a
∂δ
∂t = 4πGρ̄δ + (vel. dispersion term)

Depends on mass/energy content Depends on particle properties:
cold, warm, hot

Structure formation: linear regime
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WDM (m=keV)

CDM 
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dark matter: 1keV / 3 keV / 5keV / 7keV / CDM

Needs m>1kev

Predicted Lyman alpha forest power spectra 
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Structure formation: nonlinear regime

Thursday, June 13, 2013



CDM; MW-halo WDM (m=keV)
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Halo density profiles
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Final State Dominant Signals
W±, Z, gluon, quarks (u, d, c, s, t, b) p, p̄, D, D̄, e±, γ, ν

e e±

µ e±, ν
τ e±, γ, ν
γ γ
ν ν

Testing Particle Physics with Astronomical Sources  
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120 GeV ????
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Conclusions

• Current cosmology and particle physics are 
closed linked

• Cosmology provides a testbed for particle 
physics that is difficult to have in lab.

• Universities have an advantage here  
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