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Figure 1 Detection of radial (7t-direction) BAO by ref. [63] in the full
LRG sample. This is the correlation pattern along the 7t-direction, and
should not be confused with the monopole pattern in Figure 3 of ref.
[62]. The effect of weak lensing magnification can bee seen by com-
paring the solid and short dashed curves, which shows that the magnifi-
cation systematically moves the peak location towards the higher scales.
The dash-dotted (blue) curve shows the 10 range by allowing the fiducial
distance-redshift relation used in the analysis to vary in a parameterized

way, accounting for the systematic error introduced by the mere using of
a fiducial model.
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Figure 2 The Hubble parameter calculated with our fiducial cosmolog-

ical parameters (solid curve) and 1o error bars estimated in the cases

that we use all binaries observed during the observation time, 1 yr

(red), 3 yr (green), and 10 yr (blue) (long observation time corresponds
to the smaller error bar) [72].
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Figure 3 Constraint on the effective number of relativistic neu-
[25] using their H(z) measure-
ments by the differential age method. Dotted line plots the 5-
year WMAP [78] likelihood dashed line plots the likelihood with
WMAP and Hj determined by Riess et al. [79], and the solid
like the likelihood with WMAP, Hy and H(z) data. Adding H(z)
data helped refining the constraint to Ny =4 £0.5 at 1-0 level.

trino species, N, by stern et al.
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Figure 4 Joint constraint on the energy density corresponding to the

spatial curvature, €y, and the dark energy equation of state parame-

ter, w, by Stern et al. [25]. The large, irregular regions bounded by

dark contours were from 5-year WMAP alone. The blue contours were

obtained by adding Hj constraints. Filled regions were obtained by

further adding H(z) data. The application of H(z) data helps with
breaking the degeneracy between £ and w.
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Table 1 The set of available observational H(z) data

:  H(z)%lo error®  Ref. Remaks
0.09 69+12 [24,26] —
0.17 8348 [26] —
0.24 79.69+2.65 [64]  In the redshift slice 0.15 ~ 0.30
0.27 77x14 [26] =
0.4 95+17 [26] -
0.43 86.45+3.68Y [64] In the redshift slice 0.40 ~ 0.47
0.48 97+62 [26] -
0.88 9040 [26] —
0.9 117+£23 [26] -
1.3 168+17 [26] —
143 177£18 [26] -
1.53  140+14 [26] —
1.75 202440 [26] -

a) H(z) %470 kms~! Mpe™!
b) AETHRUIAMEEMAREASMCEE, o =

/2 2
Ogta T Ogys

Y i I 8)) ) JE D1 2 1 () R (& 6). AF IR (1)
H AL R SR 1) 5 | ) B, 18 SCHR [85)
TR R F(R) 15, SCHR (251 F1 1631 Hp ST R IG )
S O SR SRR R (1 1 R SRR ) S 850k
AT BRI, 151 Sk (86,871,

B TS S EL I BRI, 0 2 O A A e 2
H), ARREIAL IR 52 2E A 50 [RIAE AT . 4520, Sahni
2N B AL om Gt g XA

2

Om(z) = % 28)
K, h RTCENE N ZEL, h=H(2)/Hy. XS
PN e A MRS AR A B, A 22—
RS TR e B S E A RIS 8. 51—
At 5N H(z) B0t A AT RTI 145 5 B Zunckel
A1 Clarkson 25 A 89 i A\ 25 BG4 . (H 2, Lk
PR s SCEE RS S 3 2 i AN 2 i A S e
(b ST UL B 7 A B, T2 SNTa RO B2 2R
B L SRR T 2, A 2 R 2 ) ]
ARG 50 5 1 2% T P 1 1 R P 2 g DR RS 1) 5 R 4% )

1462

250

—— Fiducial ACDM (@)

O Differential age method
+ Radial BAO method

200

150

100

H(z) (km s~* Mpc™")

50

H(z)-Hsa (km s Mpc™)

0.0 0.5 1.0 1.5 2.0

B 5 (a) AUER, RIFBERTMSEIZER BAO K/VES

ElEY Hz) B4R (B0 Fk D, FERE Qu=0.25, Q4 =0.75,

Hy=72 km s! Mpc! BI{BE THR1E ACDM #8153

B. (b) ARE—EEHE SR ILEE ACDM 528 Hgq Z (8]
Bk E

Figure 5 (a) The available H(z) data from both differential age method

and radial BAO size method (see Table 1). The solid curve plots the theo-

retical Hubble parameter from the ACDM model with Qp, = 0.25,Q =

0.75,and Hy = 72 km s~! Mpc~!. (b) The same data, but the residuals
with respect to the theoretical model Hyq are plotted.
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Figure 6 Parameter constraints for the holographic dark energy model

in the Quy-c plane, by Yi and Zhang [83]. The constraints were ob-

tained using age-determined H(z) data in ref. [27] alone. The dash-

dotted, solid, and dotted contours marks the 68.3%, 95.4%, and 99.7%

confidence regions, respectively. Although some degeneracy exists, it
is evident that the data favor models with ¢ < 1.
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Figure 7 Possible tension between H(z) and type Ia supernovae data
depicted in the y? fitting results for the spatially flat XCDM model (sim-
ilar to ACDM, except that the dark energy equation of state parameter
 is set free instead of being fixed at @ = —1). The SN data favor a
phantom dark energy with @ < —1 while other data, including obser-
vational H(z) (OHD), are consistent with ACDM (@ = —1). The OHD
used in this figure were the measurements in ref. [27] using the differen-
tial age method, and the SN data were from ref. [92]. The RBAO con-
tours were found using the Azgao data in ref. [63]. Confidence regions
are 68.3%, 95.4%, and 99.7%, respectively. This figure first appeared in
Figure 4 of ref. [93].
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Constraints on the dark side of the universe (3D universe)
and observational Hubble parameter data
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This paper is a review on the observational Hubble parameter data that have gained increasing attention in recent years for
their illuminating power on the dark side of the universe — the dark matter, dark energy, and the dark age. Currently, there
are three major methods of independent observational H(z) measurement, which we summarize as the “differential age
method”, the “radial BAO size method” and the “gravitational-wave standard sirens method”. Starting with fundamental
cosmological notions such as the spacetime coordinates in an expanding universe, we present the basic principles behind
the three methods. We further review the two methods in greater detail, including the source of errors. We show how the
observational H (z) data presents itself as a useful tool in the study of cosmological models and parameter constraint, and we
also discuss several issues associated with their applications. Finally, we point the reader to a future prospect of upcoming
observation programs that will lead to some major improvements in the quality of observational H(z) data.

OHD, differential age method, radial BAO size method, cosmology parameter

PACS: 98.80.-k, 98.80.Es, 98.62.Sb
doi: 10.1360/132011-974



