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Low-redshift tensions with Planck 2013
Planck XVI 2013 results in 2-2.5σ tension with various low-redshift measurements…
Planck Collaboration: Cosmological parameters

Tensions with some high-redshift SNe
compilations: resolved with improved /
unified SNe calibration (Betoule et al. 2014)

Tensions with some galaxy weak lensing
surveys: not fully resolved; a lot of scrutiny,
more work on lensing systematics
Fig. 18. Magnitude residuals relative to the base ⇤CDM model that best fits the SNLS combined sample (left) and the Union2.1
Tensions
with
some
constraints:
not
fully
mass
calibration!
sample (right).
The error bars
show
the 1 cluster
(diagonal)
errors on mB . The
filled
grey resolved;
regions show the
residuals
between the expected
magnitudes and the best-fit to the SNe sample as ⌦m varies across the ±2 range allowed by Planck+WP+highL in the base
⇤CDM cosmology. The colour coding of the SNLS samples are as follows: low redshift (blue points); SDSS (green points); SNLS
three-year sample (orange points); and HST high redshift (red points).

Tension with local distance ladder: much worse (2.5σ has become 3.8σ)!

Table 9. Best-fit parameters for the SNLS compilations.
Data set

NSNe

MB1

MB2

472
468

19.16
19.15

19.21
19.20

↵

⌦m

None of these eﬀects disappeared as statistical fluctuations

SNLS combined . . . . . . . . . . . . . . . .
SNLS SiFTO . . . . . . . . . . . . . . . . . .

1.425
1.352

3.256
3.375

0.227
0.223

2

407.8
414.9

What is the BAO scale?
Standard ruler length set at
recombination ('sound horizon')
Expands with the universe
~150 Mpc comoving large
enough scale to be (nearly)
unchanged by nonlinear growth

sound horizon

BAO observables

Image credit: ESA

What is the BAO scale?
Early-universe expansion rate (matter vs radiation)
Baryon-photon ratio
Number of effective neutrino species

Late-time expansion (matter vs dark energy)

BAO measurements alone cannot distinguish between
change in absolute sound horizon rs and change in H0

Addison et al. (2018): BAO data sets
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Table 1
BAO Measurements Used in This Work

Data Set

LSS Tracer

6dFGS
SDSS MGS
BOSS DR12

galaxies
galaxies
galaxies

z eff
0.106
0.15
0.38
0.51
0.61

BOSS DR11 Lyα

Lyα absorbersb

2.34

BOSS DR11 QSO×Lyα

QSO, Lyαb

2.36

Measurementa

rd DV (z eff )
DV (z eff ) rd ,fid. rd [Mpc]
DM (z eff ) rd ,fid. rd [Mpc]
H (z eff ) rd rd ,fid. [km s−1 Mpc−1]
DM (z eff ) rd ,fid. rd [Mpc]
H (z eff ) rd rd ,fid. [km s−1 Mpc−1]
DM (z eff ) rd ,fid. rd [Mpc]
H (z eff ) rd rd ,fid. [km s−1 Mpc−1]
DA (z eff ) rd
c [H (z eff ) rd ]
DA (z eff ) rd
c [H (z eff ) rd ]

Constrainta
0.336±0.015
664±25
1512±25
81.2±2.4
1975±30
90.9±2.3
2307±37
99.0±2.5
11.28±0.65
9.18±0.28
10.8±0.4
9.0±0.3

References
Beutler et al. (2011)
Ross et al. (2015)
Alam et al. (2017)

Delubac et al. (2015)

Font-Ribera et al. (2014)

Notes.
a
Note that the ﬁducial sound horizon, rd,fid., differs across different analyses. We provide constraints here only to show relative precision. For parameter ﬁtting we use
full-likelihood surfaces, including correlations across the BOSS redshift bins or between DM and H.
b
For brevity we refer to the Lyα and QSO×Lyα measurements collectively as Lyα.

Caveats!

Assume Gaussian likelihood for some measurements: known to be inaccurate far

from the BOSS Data Release 12 (DR12), including DM (z ) rd
Veropalumbo et al. 2016). These results are generally less
precise than the
galaxy BAO, at similar redshifts, and their
andfrom
for eachof
of the
three redshiftfor
binssome
and the six-by-six
H (z ) rd peak
likelihood
of the less-precise
measurements
covariance matrix described by Alam et al. (2017). We restrict
inclusion would not signiﬁcantly affect our results. Recently,
the ﬁrst measurement of BAO from the extended Baryon
our analysis to the BAO scale as it is the most robust
(eBOSS9) was reported using
observable
from LSS
surveys
(e.g., Weinberglike
et al.data
2013, and
Use BAO
scale
constraints
points:Oscillation
not fit Spectroscopic
to 2-pointSurvey
measurements
clustering of quasars at 0.8 z 2.2 (Ata et al. 2018). BAO
references therein), and do not consider redshift-space
constraints from this redshift range are potentially a useful
distortion constraints or information from the broadband
addition to themodel
galaxy and
Lyαvalues
BAO andofupcoming,
highercorrelation
function.
We sims:
do not assume
include results
from the
Error
bars
from
fiducial
cosmological
and
params
7
precision eBOSS measurements will be interesting to include in
WiggleZ survey, which are consistent with BOSS and
for covariance;
validity
beyond
LCDM? (e.g.
Neﬀanalyses.
)
future
partially
overlap in sky coverage
(Beutler
et al. 2016).
BAO have been measured in the Lyα forest of BOSS
2.2. Choice of CMB Data for Joint Fits
quasars (QSOs), and in the cross-correlation between the QSOs
and Lyα absorbers, at effective redshifts of 2.3–2.4 (Busca

Comparing galaxy and Lyα BAO
Impact of BAO on H0

9

Figure 3. Left: Comparison of BAO-only constraints in the flat ⇤CDM model. Contours containing 68 and 95% of MCMC samples
are shown for galaxy (ze↵  0.61) and Ly↵ forest (ze↵
2.3) BAO separately and in a joint fit using the BAO data listed in Table 1.
m H0 rd acting0asdan overall expansion normalization. Right:
In flat ⇤CDM the late-time expansion rate is determined only by ⌦m , with
Comparison of ⌦m constraints from BAO, CMB and SNe measurements. The SNe constraint is from the “joint light-curve
analysis” (JLA) presented by Betoule et al. (2014). While the combined BAO fit produces a tight constraint ⌦m = 0.293 ± 0.020,
in agreement with the CMB and SNe determinations, there is a 2.4 tension between the galaxy and Ly↵ BAO, which individually prefer
higher and lower values of ⌦m , respectively.

For flat LCDM ALL BAO constrain Ω and H r (Addison et al. 2013)
Combined fit produces matter density in agreement with CMB, SNe

Table 3
⇤CDM constraints from the BAO+D/H fits, using either the theoretical or empirical d(p, )3 He reaction rate, with CMB anisotropy
constraints from WMAP and Planck included for comparison

But ~2.4σ tension between galaxy and Lyα measurements
Parameter

BAO+D/H

BAO+D/H

WMAP 9-year

Planck 2016

G. E. Addison et al.

70.08 ± 1.96
68.34 ± 0.67
3.0σ

65.12 ± 1.45
67.91 ± 0.66
3.2σ

67.12 ± 2.67
67.23 ± 0.80
3.5σ

71.38 ± 3.09
68.52 ± 0.90
2.7σ

Figure 1. Including BAO data substantially tightens CMB constraints on H0 . The observables corresponding to the transverse and

𝛕 = 0.07 ± 0.02

6

Synergy between BAO and CMB

Synergy between BAO and CMB
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Figure 2. Use of the angle-averaged BAO constraint, DV (z ) rd , instead of the full anisotropic information, DM (z ) rd plus H (z ) rd , can impact determination of H0
from combined CMB+BAO
V ﬁts. The upper left panel shows constraints from the same BOSS CMASS DR11 galaxy sample at z eff = 0.57 (Anderson
0 et al. 2014) but
different BAO measures—transverse (DM rd ), line of sight (Hrd), and angle-averaged (DV rd , see Section 2.1). The lower left panel shows the anisotropic constraint
from combining DM (z ) rd and H (z ) rd . While there is signiﬁcant overlap between the angle-averaged and anisotropic contours, the angle-averaged contour extends to

Angle-averaged D is compression of information - diminishes downward pull on H in CMB+BAO

Breaking the BAO H0-rd degeneracy
with baryon density constraint
The Astrophysical Journal, 830:148 (16pp), 2016 October 20

Cooke et al.

Cooke et al. (2016)

Figure 5. We plot the current sample of high-quality primordial D/H abundance measurements (symbols with error bars) as a function of the oxygen abundance. The
green symbol (with the lowest value of [O/H]) corresponds to the new measurement reported here, and the blue symbols are taken from Cooke et al. (2014). The red
dashed and dotted horizontal lines indicate the 68% and 95% conﬁdence interval on the weighted mean value of the six high-precision D/H measures listed in Table 3.
0
The right axes show the conversion between D/H and ΩB,0 h2 for the Standard Model. The conversion shown in the left panel uses the recent theoretical determination
of the d ( p, g )3He reaction rate (and its error) by Marcucci et al. (2016a), while the right panel uses an empirical d ( p, g )3He rate and error based on the best available
experimental data (see Nollett & Burles (2000) and Nollett & Holder (2011) for a critical assessment of the available experimental data). In both panels, the gray
horizontal band shows the Standard Model D/H abundance based on our BBN calculations (see text) and the universal baryon density determined from the CMB
temperature ﬂuctuations (Planck Collaboration et al. 2016). The dark and light shades of gray represent the 68% and 95% conﬁdence bounds, respectively, including
the uncertainty in the conversion of ΩB,0 h2 to D/H (0.83% for the left panel and 2.0% for the right panel). The Standard Model value displayed in the left panel is
0.02dex lower in log10 (D/H) than that shown in Figure 5 of Cooke et al. (2014). This shift is largely due to the updated Planck results (Planck Collaboration
et al. 2016), and the updated theoretical d ( p, g )3He reaction rate (Marcucci et al. 2016a).

• Need external constraint on baryon density to get H from BAO

• Want something independent from the CMB anisotropy measured by Planck etc.

• Primordial deuterium abundance sensitive to baryon-to-photon ratio (assuming
standard Big Bang nucleosynthesis - BBN - physics)
Table 3
Precision D/H Measures Considered in this Paper

QSO

• Estimated usingzemextremely metal-poor
damped
logN(H I)/cm Lyα systems[O/H]
zabs

HS 0105+1619
Q0913+072
SDSSJ1358+0349

−2

2.652
2.785
2.894

2.53651
2.61829
2.85305

19.426±0.006
20.312±0.008
20.524±0.006

a

−1.771±0.021
−2.416±0.011
−2.804±0.015

log10D I/H I
−4.589±0.026
−4.597±0.018
−4.582±0.012
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from
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H(z) at the Ly↵ redshifts (Section 3.3) and i
lated to the fact that the universe is largely
ter dominated in both cases. The dependen
Combining
andgalaxy
Lyα BAO
D/H: is we
H(z) ongalaxy
⌦m at the
BAOwith
redshifts
and the direction of the galaxy BAO contou
H0 = 66.98
± 1.18 km s-1 determined
Mpc-1
Figure
4 is approximately
by re
3.3σ ing H0 rd to be roughly constant as ⌦m varies.
produces a positive correlation between H0
3.0σ lower than the distance ladder…
1/2
⌦m because rd decreases as H0 ⌦m increases.
For the BAO+D/H fits, we ran CosmoMC as one w
… and
independent
from the
CMB
anisotropy
when
fitting to the CMB:
fitted
parameters are
2
the
physical
cold
dark
matter
density,
⌦
h
, and th
c
measurements
gular sound horizon, ✓MC , and H0 , ⌦m , and rd ar
rived from these three. Since the BAO+D/H dat
insensitive
to therate
amplitude
and tilt
of the primo
3He reaction
d(p,γ)
uncertainty
important:
power spectrum, and the optical depth
to reioniza
-1
-1
empirical
rate ->
67.81parameters
± 1.25 km
Mpc
these other
⇤CDM
aresheld
fixed. C
tent results were obtained using earlier BAO and
data by Addison et al.2.5σ
(2013) 2.8σ
and Aubourg et al. (2
We note that Riemer-Sørensen & Sem Jenssen (201
cently obtained a tighter constraint on D/H than we
used here by combining the DLAs used by C16 w
number of additional measurements. Using this ti
constraint would not impact our conclusions.

Figure 4. Adding an estimate of the baryon density, ⌦b h2 , in
-1
-1
Bigdeuterium
improvement
precision
(Addison
this case from
abundancein
(D/H)
measurements,
breaks et al. 2013: 68.9 ± 3.0 km s Mpc )
3.5. BAO and light element abundance constrai
the BAO H0
rd degeneracy in ⇤CDM. The same contours
are shown as in Figure 3, with the addition of a Gaussian prior
with varying Ne↵
2
100⌦b h = 2.156 ± 0.020 (Cooke
et al. 2016).
contrast
to FigGalaxy,
LyαInBAO
individually
prefer higher H0…
In the ⇤CDM+Ne↵ model, there is a perfect d
ure 3, here ⌦m determines both the early time expansion, including
the absolute sound horizon, rd , as well as the late-time expansion
eracy between ⌦b h2 and Ne↵ from D/H measurem

Changing the CMB prediction for H0?
Changing low-redshift expansion history very
eﬀective at shifting CMB prediction for H0…
20

Riess et al. (2016) 73.24 ± 1.74

But BAO and higher-z SNe do not allow
big enough shifts to reconcile with
distance ladder!

Planck, SNe, BAO
68.14 ± 0.85 (w)
68.18 ± 0.87 (w0, wa)
Scolnic et al. (2017)

Scolnic e

Changing early universe
physics?
•

CMB, BAO, D/H & BBN data have some common
dependence on early universe physics

•

BUT dependence not the same! Not obvious in practice
that a solution with H0 compatible with distance ladder
can be achieved.

•

E.g. Neﬀ: aﬀects BAO through sound horizon, aﬀects BBN
through early-universe expansion, aﬀects CMB in several
ways (not only acoustic scale through rd)

•

67.5 ± 1.2 (Alam et al. 2017; Planck+BAO for LCDM+Neﬀ)

Neff impact on CMB

16

Fig. 8.— An illustration of four e↵ects in the CMB anisotropy that can compensate for a change in the total radiation density, ⇢r ,
parameterizedeﬀ
here by an e↵ective number of neutrino species,
Ne↵ . The filled circles with errors show the nine-year WMAP data (in
s
black), the ACT data (in green, Das et al. 2011b), and the SPT data (in violet, Keisler et al. 2011). The dashed lines show the best-fit
model with Ne↵ = 3.046, while the solid lines show models with Ne↵ = 7 with selected adjustments applied. (The other parameters in the
dashed model are ⌦b h2 = 0.02270, ⌦c h2 = 0.1107, H0 = 71.38 km/s/Mpc, ns = 0.969, 2 = 2.384 ⇥ 10 9 , and ⌧ = 0.0856.) Top-left:

N

does NOT just aﬀect r but also damping tail…

Hinshaw et al. (2013)

Conclusions
•

Combining non-Planck CMB measurements with BAO produces H0
values 2.7-3.5σ lower than distance ladder

•

BAO alone do not constrain H0 (degeneracy with absolute sound
horizon)

•

Add information on baryon density (e.g. primordial deuterium
abundance): tight H0 constraint (2.8-3.3σ lower than distance ladder)

•

But galaxy and Lyα BAO not in very good agreement with one
another!

•

Can’t solely blame systematic in Planck data (although highmultipole Planck TT still drives tensions with other measurements)

