FUNDAMENTAL CONSTANTS

OF MODERN CoSMOLOGY

A. A. Stare 660\.3"(,

Landew Tnstitute for Theoretical Physces

Mosco w, Russea

Dultnra 04 42, 2009



Present matter content
of the Uncverse

(in terms of tRe criticel denscty

G, = _3_’!2— . = ¢
~ 10 9 8/;,...3
1. Bearyons (p, n) (4.5*0.5) %
el ecPtM': (e) Ne Mtsmt‘ttr
2. PRetons (y) 5.10"%
3. Neutrings £1% (‘;'m.ﬁ«).G,g
(ve y Vo, Ve ) _Z'mv; (eV)=3‘lva{2
4. Non-relativistic 2237, Mot
ron - be ry onLe Rnewn
da.rk matter {vrow
S. Dark energy ‘::72‘79 €uborutory
experimiats

T,=2.32598 ¢ 0.00057 K
(arXiv: 0991.1355)




SCM ; COM + (K=o ne =1
¢ A /x )+ {adfq.‘qf.cr.)

~ 40 ./o eewreac
4 wacn fua.o(a.mmﬁaé constantys

ard related tleorces .

*.381\ - Gztf 41.2¢.. =123 "
cﬂ"pc = %A-c, = 1.25-10 . _.. (}o

Tkeora, of o eos‘moéoa,.‘egc coa..r'éu'é
(dark e.m.r”,)

2. & 2
= = 0.156. [ #&? Re He
Em 0.023 (:L) 100

EM - E‘ + 6'“;"
Tleora, { dark Mu-‘argonc.'c me Cter

3 fiﬁ_ = 6.25+70"19, ukr [2.73)3

2.023 Ty
Tleor,, o{ ‘arao &g“,g;;‘:

Y. 3, =2.99510"" (_;Zm)’/*
<85 g{jd_ wt the MD stage
Th@r* of c.!w.‘tn.a.c conde tions = cngd Eation

——




— 42 -

Table 6. Cosmological Parameter Summary

Description Symbol WMAP-only WMAP+BAO+SN
Parameters for Standard ACDM Model #
Age of universe to 13.69 £+ 0.13 Gyr 13.73 £ 0.12 Gyr
Hubble constant Hyp 719328 km/s/Mpc  70.1 + 1.3 km/s/Mpc
Baryon density Q 0.0441 + 0.0030 0.0462 + 0.0015
Physical baryon density Qph2 0.02273 + 0.00062 0.02265 =+ 0.00059
Dark matter density Qe 0.214 + 0.027 0.233 £ 0.013
Physical dark matter density Qch? 0.1099 & 0.0062 0.1143 £ 0.0034
Dark energy density Q4 0.742 £ 0.030 0.721 £ 0.015
Curvature fluctuation amplitude, ko = 0.002 Mpe~1 b A2 (241£0.11) x 1079 (2.45710-09%) x 10~°
Fluctuation amplitude at 8K~ Mpc as 0.796 £ 0.036 0.817 £+ 0.026
(1 +1)CLl/2m Caz20 5756 & 42 uK? 5748 + 41 pK?
Scalar spectral index Ng 0.963fg"g}§ O.QGOfg:gig
Redshift of matter-radiation equality Zeq 3176715 32807158
Angular diameter distance to matter-radiation eq.© da(zeq) 142797155 Mpc 14172F155 Mpe
Redshift of decoupling % 1090.51 = 0.95 1091.0015:72
Age at decoupling t 38008173543 yr 37593813148 yr
Angular diameter distance to decoupling ¢ da(z) 141157188 Mpc 140067142 Mpe
Sound horizon at decoupling ¢ T3 (Zx) 146.8 + 1.8 Mpc 145.6 + 1.2 Mpc
Acoustic scale at decoupling ¢ Lz 302.0819:83 302.1179:84
Reionization optical depth T 0.087 £ 0.017 0.084 + 0.016
Redshift of reionization Zréton 11.0£1.4 10.8+1.4
Age at reionization treion 427188 Myr 432789 Myr
Parameters for Extended Models ©

Total density Qtot 1.09910:388 1.0052 & 0.0064
Equation of state 8 w —1.061'8:15 —0.972’:3;%,1]
Tensor to scalar ratio, ko = 0.002 Mpc~—! bk ¥ < 0.43 (95% CL) < 0.20 (95% CL)
Running of spectral index, ko = 0.002 Mpc~1 b dns/dink —0.037 = 0.028 —0.03215-922
Neutrino density J Quh? < 0.014 (95% CL) < 0.0085 (95% CL)
Neutrino mass Sm <13eV (95% CL) < 0.61eV (95% CL)
Number of light neutrino families ¥ Neg > 2.3 (95% CL) 44+15

®The parameters reported in the first section assume the 6 parameter ACDM model, first using WMAP data only
(Dunkley et al. 2008), then using WMAP+BAO+SN data (Komatsu et al. 2008).

bk = 0.002 Mpc~1 — l.g = 30.

¢Comoving angular diameter distance.
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FIG. 14.— Constraint on models of time-dependent dark energy equation of state, w(z) (Eq. [70]), derived from the WMAP distance priors
(la, R, and z.) combmed with the BAO and SN distance data (§ 5.4.2). There are three parameters: wp is the value of w at the present
epoch, wo = w(z = 0), w’ is the first derivative of w with respect to z at z =0, w’' = dw/dz|,_,, and zurans is the transition redshift above
which w(z) approaches to —1. Here, we assume flatness of the universe, Q) = 0. (Left) Joirt two-dimensional ma.rgma.hzed distribution of
wo and w’ for zirans = 10. The constraints are similar for the other values of zirans. The contours show the Axwm = 2.30 (68.3% CL)
and Ax2 ,, = 6.17 (95.4% CL). (Middle) One-dimensional marginalized distribution of wp for ztrans = 0.5 (dotted), 2 (dashed), and 10
(solid). (Middle) One-dimensional marginalized distribution of w’ for ztrans = 0.5 (dotted), 2 (dashed), and 10 (solid). The constraints are
sim ‘lar for all ztrans. We do not find evidence for the evolution of dark energy.
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FIG. 15.— Constraint on the linear evolution model of dark energy equation of state, w(z) = wo + w'z/(1 + z), derived from the

WMAP distance priors (l4, R, and z.) combined with the BAO and SN distance data as well as the Big Bang Nucleosynthesis (BBN)
prior (Eq. [71]). Here, we assumr< flatness of the universe, ; = 0. (Left) Joint two-dimensional marginalized distribution of wo and w’.
The contours show the Ax?Z, ., = 2.30 (68.3% CL) and Ax} otal =6.17 (95.4% CL). (Middle) One-dimensional marginalized distribution of
wo. (Middle) One—dlmensxona.l marginalized distribution of w’. We do not find evidence for the evolution of dark energy. Note that Linder
(2003) defines w’ as the derivative of w at z = 1, whereas we define it as the derivative at z = 0. They are related by wy; 4. = 0.5Wy ps 4 p-

The 95% limit on* wo for 2zgans = 10 is —0.38 <
1 4+ wp < 0.14%, whose upper limit is surprisingly close
to the "r.iit for a constant w model in a flat universe,
—(.W7 <1+ w < 0.142 (95% CL). Therefore, we have
a fairly robust upper limit on the present-day value of
.he equetion of state, 1 + wg < 0.14. (This statement
iz, however, true only for a flat universe.) On the other
Land, te lower limit has weakened significantly — by
a factor of about four. Our results are consistent with
the previous work using the WVAP 3-year data (see
Wang & Mukherjee 2007; Wright 2007, for recent work
and references therein). We find tl at our upper limit on
wp and lower limit on w’ are better than the previous
work by a factor of ~ 2

Alternatively, one may take the linear form, w(a) =
wo + (1 — a)w,, literally and extend it to an arbitrarily
high redshift. This can result in an undesirable situation

46 The 68% intervals are wg
(WMAP+BAO+SN; Q) =0).

= —1.1240.13 and v’ = 0.704+0.53

in which the dark energy is as important as the radia-
tion density at the epoch of the Big Bang Nucleosynthe-
sis (BBN); however, one can constrain such a scenario
severely using the limit on the expansion rate from BBN
(Steigman 2007). We follow Wright (2007) to adopt a
Gaussian prior on

1+ Qa (1 - zBBN)3U+weff(ZBBN)]
Qm (1 + z8BN)° + Q- (1 + zeeN)* + (1 + 2BBN )2
= (.942 £ 0.030, (71)

where we have kept (1, and Q. for definiteness, but they
are entirely negligible compared to the radiation density
at the redshift of BBN, ZBBN = 10°. Figure 15 shows the
constraint on wg and w’ for the linear evolution model
derived from the WMAP distance priors, the BAO and
SN data, and the BBN prior. The 95% limit on wp is
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