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BAO’s (Baryon Acoustic Oscillations)
✤ BAO as a Dark Energy probe
✤ Optical surveys, recent results

BAO’s at 21 cm 
✤ 3D mapping of 21 cm emission

BAORadio, CHIME, BINGO, Tianlai

HI-Cluster program at Nançay

R. Ansari - April 2014
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BAO’s 
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✤ Baryon Acoustic Oscillations (BAO) : Measurement of characteristic 
scales  → dA(z), H(z)

✤ Supernovae (SN) : Measure of apparent SNIa luminosity as a function 
of → dL(z)

✤ Weak lensing (WL) : Measure of preferred orientation of galaxies → 
dA(z), growth of inhomogeneities (structures / LSS)

✤ Galaxy Clusters (CL) : number count and distribution of clusters → 
dA(z), H(z), Structure formation (LSS)

✤ Integrated Sachs Wolf (ISW) effect : effect of evolving gravitational 
potential in large scale structures (with redshift)

Cosmological probes and Dark energy
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✤ Imprints left by the baryon-photon plasma oscillations prior to 
decoupling, on dark matter and visible matter (galaxies …) during 
structure formation after decoupling

✤ Wiggles in the distribution of matter, dominated by dark matter 
( and also visible matter / galaxies) : A preferential length scale (~ 
150 Mpc) in the matter clustering

✤ Standard ruler type cosmological probe with a measurement @ z ~ 
1100 (CMB anisotropies)

BAO :Baryon Acoustic Oscillations

5
R. Ansari - Feb 2014
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Acoustic Oscillations seen in CMB

Characteristic scale ~ 150 Mpc

Galaxy distribution 
(z, angle (α,δ)) plane

z

BAO: Imprints of  photon-baryon plasma 
oscillationsin galaxy distribution6 R. Ansari - Feb 2014
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Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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Planck TT power spectrum , Planck collaboration arXiv 1303.5075
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Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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Animation : D. Eisenstein

Matter clustering and Acoustic Oscillations 
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• Different systematics
• Different degeneracy respect to cosmological parameters  

dA(z=0.1) / dA(z=1.) (SN …)
R. Ansari - June 2010

dA(z=1) / dA(z=1100)
BAO scale from CMB

Ωtot=1 

BAO complementarity with other geometric probes
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✤ Exotic effects changing acoustic horizon
✤ P(k) & the non linear regime (distortion/shift of the 

correlation peak)
✤ Bias : tracers (galaxies) / dark matter, evolution of 

galaxies …
✤ redshift space distortions 
✤ Selection bias / survey geometry  
✤ Other observational biases (photo-z …) 
✤ Foregrounds in radio : synchrotron, radio sources … 

Bias and systematic effects 

R. Ansari - June 2012
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✤ Intrinsic statistical error, determined by the number of 
observed Fourier modes (cosmic / sample variance)

✤ Shot (Poisson) noise due to the sampling of the 
underlying density fields by the observed galaxies  

✤ Noise (system temperature) in radio imaging  (intensity 
mapping) mode 

✤ Radio foregrounds : component separation increases the 
P(k) estimate statistical uncertainties

�P =

�
4�2

k2�k Vsurv
[PLSS + Pnoise ]

Pshot�noise =
1

ngal
ngal : Galaxy density

Statistical uncertainties on P(k) estimates

R. Ansari - June 2012
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Some recent results  …
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16 Blake et al.

Figure 12. Comparison of the accuracy with which supernovae
and baryon acoustic oscillations map out the cosmic distance
scale at z < 0.8. For the purposes of this Figure, BAO mea-
surements of DV (z) have been converted into DA(z) assum-
ing a Hubble parameter H(z) for a flat ΛCDM model with
Ωm = 0.29 and h = 0.69, indicated by the solid line in the Fig-
ure, and SNe measurements of DL(z) have been plotted assuming
DA(z) = DL(z)/(1 + z)2.

zon at baryon drag calibrated by the CMB data, effectively
an absolute measurement of DV (z) given that the error is
dominated by the statistical uncertainty in the clustering
fits, rather than any systematic uncertainty in the sound
horizon calibration from the CMB.

When undertaking cosmological fits to the supernovae
dataset, we performed an analytic marginalization over the
unknown absolute normalization M−5 log10h (Goliath et al.
2001, Bridle et al. 2002). This is carried out by determining
the chi-squared statistic for each cosmological model as

χ2 = yT C−1

SN

y −
(
∑

ij
C−1

SN,ij yj)
2

∑

ij
C−1

SN,ij

(16)

where y is the vector representing the difference between the

distance moduli of the data and model, and C−1

SN

is the in-

verse covariance matrix for the supernovae distance moduli.

7.3 CMB dataset

We included the CMB data in our cosmological fits using
the Wilkinson Microwave Anisotropy Probe (WMAP) “dis-
tance priors” (Komatsu et al. 2009) using the 7-year WMAP
results reported by Komatsu et al. (2011). The distance pri-
ors quantify the complete CMB likelihood via a 3-parameter
covariance matrix for the acoustic index "A, the shift param-
eterR and the redshift of recombination z∗, as given in Table
10 of Komatsu et al. (2011). When deriving these quantities
we assumed a physical baryon density Ωbh

2 = 0.02227, a
CMB temperature TCMB = 2.725K and a number of rela-
tivistic degrees of freedom Neff = 3.04.

7.4 Flat w models

We first fitted a flat wCDM cosmological model in which
spatial curvature is fixed at Ωk = 0 but the equation-of-state

Figure 13. The joint probability for parameters Ωm and w fitted
separately to the WMAP, BAO and SNe distance data, marginal-
ized over Ωmh2 and assuming Ωk = 0. The two contour levels in
each case enclose regions containing 68.27% and 95.45% of the
total likelihood.

w of dark energy is varied as a free parameter. We fitted
for the three parameters (Ωm,Ωmh2, w) using flat, wide pri-
ors which extend well beyond the regions of high likelihood
and have no effect on the cosmological fits. The best-fitting
model has χ2 = 532.9 for 563 degrees of freedom, represent-
ing a good fit to the distance dataset.

Figures 13 and 14 compare the joint probability of Ωm

and w, marginalizing over Ωmh2, for the individual WMAP,
BAO and SNe datasets along with various combinations.
We note that for the “BAO only” contours in Figure 13, we
have not used any CMB calibration of the standard ruler
scale rs(zd), and thus the 6dFGS and SDSS measurements of
dz = rs(zd)/DV (z) do not contribute strongly to these con-
straints. Hence the addition of the CMB data in Figure 14
has the benefit of both improving the information from the
dz measurements by determining rs(zd), and contributing
the WMAP distance prior constraints. The WMAP+BAO
andWMAP+SNe data produce consistent determinations of
the cosmological parameters, with the error in the equation-
of-state ∆w ≈ 0.1. Combining all three datasets produces
the marginalized result w = −1.034 ± 0.080 (errors in the
other parameters are listed in Table 4; the quoted error in h
results from fitting the three parameters Ωm, h and w). The
best-fitting equation-of-state is consistent with a cosmolog-
ical constant model for which w = −1.

We caution that the probability contours plotted in Fig-
ures 13 and 14 (and other similar Figures in this Section) as-
sume that the errors in the BAO distance dataset are Gaus-
sian. If the likelihood contains a significant non-Gaussian
tail, the 2-σ region could be affected.

We repeated the WMAP+BAO fit comparing the two
different implementations of the SDSS-LRG BAO distance-
scale measurements: the Percival et al. (2010) power spec-
trum fitting at z = 0.2 and z = 0.35, and our corre-
lation function fit presented in Section 5. We found that
the marginalized measurements of w in the two cases were
−1.00± 0.13 and −0.97± 0.13, respectively. Our results are
therefore not significantly changed by the methodology used
for these LRG fits.

14 Blake et al.

Figure 10. An overplot of the correlation function measure-
ments ξ(s) for the WiggleZ, SDSS-LRG and 6dFGS galaxy sam-
ples, plotted in the combination s2 ξ(s) where s is the co-moving
redshift-space separation. A normalization correction has been
applied to these correlation functions to allow for the differing
effective redshifts and galaxy bias factors of the samples (see text
for details). The combined correlation function, determined by
inverse-variance weighting, is also plotted. The best-fitting clus-
tering model to the combined correlation function (varying Ωmh2,
α, σv and b2) is overplotted as the solid line. We also show as
the dashed line the corresponding “no-wiggles” reference model
(Eisenstein & Hu 1998), constructed from a power spectrum with
the same clustering amplitude but lacking baryon acoustic oscil-
lations.

marginalized over an absolute normalization b2 ∼ 1 when
fitting the model in this Section.

We obtained a good fit to the stacked correlation func-
tion with χ2 = 11.3 (for 11 degrees of freedom) and
marginalized parameter values Ωmh2 = 0.132 ± 0.014, α =
1.037±0.036 and σv = 4.5±1.8 h−1 Mpc. Although the best-
fitting value of α must be interpreted as some effective value
integrating over redshift, we can conclude that the measured
BAO distance scale is consistent with the fiducial model.

We quantified the significance of the detection of the
acoustic peak in the combined sample using two methods.
Firstly, we repeated the parameter fit replacing the model
correlation function with one generated using a “no-wiggles”
reference power spectrum (Eisenstein & Hu 1998). The mini-
mum value obtained for the χ2 statistic in this case was 32.7,
indicating that the model containing baryon oscillations was
favoured by ∆χ2 = 21.4. This corresponds to a detection of
the acoustic peak with a statistical significance of 4.6-σ.

As an alternative approach for assessing the significance
of the detection, we changed the fiducial baryon density to
Ωb = 0 and repeated the parameter fit. For zero baryon den-
sity we generated the model matter power spectrum using
the fitting formulae of Eisenstein & Hu (1998), rather than
using the CAMB software. The minimum value obtained for
the χ2 statistic was now 35.3, this time suggesting that the
acoustic peak had been detected with a significance of 4.9-σ.
The reason that the significance of detection varies between
these two methods of assessment is that in the latter case,
where the baryon density is changed, the overall shape of
the clustering pattern is also providing information used to
disfavour the Ωb = 0 model, whereas in the former case only

the presence of the acoustic peak varies between the two sets
of models.

7 COSMOLOGICAL PARAMETER FITS

In this Section we fit cosmological models to the latest
distance datasets comprising BAO, supernovae and CMB
measurements. Our aim is to compare parameter fits to
BAO+CMB data (excluding supernovae) and SNe+CMB
data (excluding BAO) as a robust check for systematic er-
rors in these distance probes.

7.1 BAO dataset

The latest BAO distance dataset, including the 6dFGS,
SDSS and WiggleZ surveys, now comprises BAO mea-
surements at six different redshifts. These data are sum-
marized in Table 3. Firstly, we use the measurement of
d0.106 = 0.336 ± 0.015 from the 6dFGS reported by Beutler
et al. (2011). Secondly, we add the two correlated measure-
ments of d0.2 and d0.35 determined by Percival et al. (2010)
from fits to the power spectra of LRGs and main-sample
galaxies in the SDSS (spanning a range of wavenumbers
0.02 < k < 0.3 h Mpc−1). The correlation coefficient for
these last two measurements is 0.337. We note that our own
LRG baryon acoustic peak measurements reported above in
Section 5 are entirely consistent with these fits. Finally, we
include the three correlated measurements of A(z = 0.44),
A(z = 0.6) and A(z = 0.73) reported in this study, using
the inverse covariance matrix listed in Table 2.

In our cosmological model fitting we assume that the
BAO distance errors are Gaussian in nature. Modelling po-
tential non-Gaussian tails in the likelihood is beyond the
scope of this paper, although we note that they may not
be negligible (Percival et al. 2007, Percival et al. 2010, Bas-
sett & Afshordi 2010). We caution that the 2-σ confidence
regions displayed in the Figures in this Section might not
necessarily follow the Gaussian scaling. The WiggleZ and
SDSS-LRG surveys share a sky overlap of ≈ 500 deg2 for
redshift range z < 0.5; given that the SDSS-LRG measure-
ment is derived across a sky area ≈ 8000 deg2 and the errors
in both measurements contain a significant component due
to shot noise, the resulting covariance is negligible.

This BAO distance dataset is plotted in Figure 11 rela-
tive to a flat ΛCDM cosmological model with matter density
Ωm = 0.29 and Hubble parameter h = 0.69 (these values
provide the best fit to the combined cosmological datasets
as discussed below). The panels of Figure 11 show various
representations of the BAO dataset including DV (z) and the
distilled parameters A(z) and dz.

7.2 SNe dataset

We used the “Union 2” compilation by Amanullah et al.
(2010) as our supernova dataset, obtained from the website
http://supernova.lbl.gov/Union. This compilation of 557
supernovae includes data from Hamuy et al. (1996), Riess
et al. (1999, 2007), Astier et al. (2006), Jha et al. (2006),
Wood-Vasey et al. (2007), Holtzman et al. (2008), Hicken et
al. (2009) and Kessler et al. (2009). The data is represented
as a set of values of the distance modulus for each supernova

BAO - WiggleZ,6dF, SDSS
Blake et al, arXiv:1108.2635 

WiggleZ Survey: BAOs in redshift slices 17

Figure 14. The joint probability for parameters Ωm and w fitted
to various combinations of WMAP, BAO and SNe distance data,
marginalized over Ωmh2 and assuming Ωk = 0. The two contour
levels in each case enclose regions containing 68.27% and 95.45%
of the total likelihood.

7.5 Curved Λ models

We next fitted a curved ΛCDM model, in which we fixed the
equation-of-state of dark energy at w = −1 but added the
spatial curvature Ωk as an additional free parameter. We
fitted for the three parameters (Ωm,Ωmh2,Ωk) using flat,
wide priors which extend well beyond the regions of high
likelihood and have no effect on the cosmological fits. The
best-fitting model has χ2 = 532.7 for 563 degrees of freedom.

Figures 15 and 16 compare the joint probability of
Ωm and Ωk, marginalizing over Ωmh2, for the individual
WMAP, BAO and SNe datasets along with various com-
binations. Once more, we find that fits to WMAP+BAO
and WMAP+SNe produce mutually consistent results. The
BAO data has higher sensitivity to curvature because of
the long lever arm represented by the relation of distance
measurements at z < 1 and at recombination. Combining
all three datasets produces the marginalized result Ωk =
−0.0040 ± 0.0062 (errors in the other parameters are listed
in Table 4). The best-fitting parameters are consistent with
zero spatial curvature.

7.6 Additional degrees of freedom

We fitted two further cosmological models, each containing
an additional parameter. Firstly we fitted a curved wCDM
model in which we varied both the dark energy equation-
of-state and the spatial curvature as free parameters. The
best-fitting model has χ2 = 531.9 for 562 degrees of free-
dom, representing an improvement of ∆χ2 = 1.0 compared
to the case where Ωk = 0, for the addition of a single ex-
tra parameter. In terms of information criteria this does
not represent a sufficient improvement to justify the addi-
tion of the extra degree of freedom. Figure 17 compares the
joint probability of w and Ωk, marginalizing over Ωm and
Ωmh2, for the three cases WMAP+BAO, WMAP+SNe and
WMAP+BAO+SNe. Combining all three datasets produces
the marginalized measurements w = −1.063 ± 0.094 and
Ωk = −0.0061 ± 0.0070.

We finally fitted a flat w(a)CDM cosmological model in

Figure 15.The joint probability for parameters Ωm and Ωk fitted
separately to the WMAP, BAO and SNe distance data, marginal-
ized over Ωmh2 and assuming w = −1. The two contour levels
in each case enclose regions containing 68.27% and 95.45% of the
total likelihood.

Figure 16.The joint probability for parameters Ωm and Ωk fitted
to various combinations of WMAP, BAO and SNe distance data,
marginalized over Ωmh2 and assuming w = −1. The two contour
levels in each case enclose regions containing 68.27% and 95.45%
of the total likelihood.

which spatial curvature is fixed at Ωk = 0 but the equation-
of-state of dark energy is allowed to vary with scale factor
a in accordance with the Chevallier-Polarski-Linder param-
eterization w(a) = w0 + (1 − a)wa (Chevallier & Polarski
2001, Linder 2003). The best-fitting model has χ2 = 531.9
for 562 degrees of freedom, and again the improvement in the
value of χ2 compared to the case where wa = 0 does not jus-
tify the addition of the extra degree of freedom. Combining
all three datasets produces the marginalized measurements
w0 = −1.09 ± 0.17 and wa = 0.19 ± 0.69. We note that
the addition of the BAO measurements to the WMAP+SNe
dataset produces a more significant improvement for fits in-
volving Ωk than for wa.

In all cases, the best-fitting parameters are consistent
with a flat cosmological constant model for which w0 = −1,
wa = 0 and Ωk = 0. The best-fitting values and errors in

Thursday, April 24, 14



SDSS-III BOSS DR9/10/11 galaxy power spectrum & correlation function 
Anderson et al, arXiv 1312.4877

z ~ 0.57 (BOSS)  ➠  z ~ 0.5 … 3 in future surveys 

15

16 L. Anderson et al.

Figure 10. Top panel: The measured monopole of the CMASS galaxy correlation function, multiplied by the square of the scale, s, for each of the BOSS
data releases. These figures are shown pre-reconstruction. For clarity, the DR10 data have been shifted horizontally by +1h�1 Mpc and the DR9 data by
�1h�1 Mpc. Bottom panel: The measured spherically averaged CMASS galaxy power spectrum, multiplied by the frequency scale, k, for each of the BOSS
data releases. For clarity, the DR9 data have been shifted by +0.002hMpc�1 and the DR10 data by �0.002hMpc�1. All of the error-bars shown in both
panels represent the diagonal elements of the covariance matrix determined from the mocks. One can observe broadly consistent clustering, especially in the
overall shape of each curve.

DR11 volume coverage, reconstruction improved the results from
all of our mock catalogues. Reconstruction is particularly striking
in the power spectrum plot, showing a clear third peak in the post-
reconstruction P (k).

6.2 DR11 Acoustic Scale Measurements

Our BAO measurements are listed in Table 7. The mocks for DR10
and DR11 show significant improvement with reconstruction in
most realisations, and we therefore adopt the reconstruction results
as our default measurements. Our consensus value for the CMASS
BAO measurement, ↵ = 1.0144 ± 0.0089, is determined from a
combination of P (k) and ⇠(s) measurements, and in what follows
we describe the process of obtaining this value, and tests that vali-
date it.

Post-reconstruction, the significance of the BAO detection in
both the correlation function and the power spectrum are greater
than 7� for the reconstructed DR11 CMASS BAO measurements.
The significance of detection is shown in Fig. 12, where we also see
a difference in the detection significance between results from ⇠(s)
and P (k). This variation is caused by the differential ability of the
models for the broad-band component to match the offset between
the data and the no-baryon model. The broad-band model for the
power spectrum has more free parameters than that for the corre-
lation function, so it is perhaps not surprising that the no-baryon
model is a slightly better fit.

Table 7 also lists �2/dof for the best-fit models, showing that
they are close to unity for DR10 and DR11 fits using both the
correlation function and power spectrum. The most unusual is the
�2/dof = 18/27 for the post-reconstruction DR11 P (k) measure-

c� 2014 RAS, MNRAS 000, 2–38
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Planck Collaboration: Cosmological parameters
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Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent
with a cosmological constant. Our inclination is to give greater
weight to the BAO measurements and to conclude that there is
no strong evidence that the dark energy is anything other than a
cosmological constant.

6.6. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
change the recombination history and a↵ect the shape of
the angular CMB spectra (Chen & Kamionkowski 2004;

Padmanabhan & Finkbeiner 2005; Zhang et al. 2006;
Mapelli et al. 2006). As recently shown in several papers
(see e.g., Galli et al. 2009, 2011; Giesen et al. 2012; Hutsi et al.
2011; Natarajan 2012) CMB anisotropies o↵er an opportunity
to constrain DM annihilation models.

High-energy particles injected in the high-redshift thermal
gas by DM annihilation are typically cooled down to the keV
scale by high energy processes; once the shower has reached
this energy scale, the secondary particles produced can ion-
ize, excite or heat the thermal gas (Shull & van Steenberg 1985;
Valdes et al. 2010); the first two processes modify the evolution
of the free electron fraction xe, while the third a↵ects the tem-
perature of the baryons.

The rate of energy release, dE/dt, per unit volume by a relic
annihilating DM particle is given by

dE
dt

(z) = 2 g ⇢2
cc2⌦2

c(1 + z)6 pann(z), (97)

where pann is, in principle, a function of redshift z, defined as

pann(z) ⌘ f (z)
h�vi
m�
, (98)

where h�vi is the thermally averaged annihilation cross-section,
m� is the mass of the DM particle, ⇢c is the critical density of
the Universe today, g is a degeneracy factor equal to 1/2 for
Majorana particles and 1/4 for Dirac particles (in the following,
constraints will refer to Majorana particles), and the parameter
f (z) indicates the fraction of energy which is absorbed overall
by the gas at redshift z. We note that the presence of the brackets
in h�vi denote a thermal average over the velocity distribution
of particles.

In Eq. (98), the factor f (z) depends on the details of the
annihilation process, such as the mass of the DM particle and
the annihilation channel (see e.g., Slatyer et al. 2009). The func-
tional shape of f (z) can be taken into account using gen-
eralized parameterizations (Finkbeiner et al. 2012; Hutsi et al.
2011). However, as shown in Galli et al. (2011), Giesen et al.
(2012), and Finkbeiner et al. (2012) it is possible to neglect the
redshift dependence of f (z) to first approximation, since current
data shows very little sensitivity to variations of this function.
The e↵ects of DM annihilation can therefore be well parameter-
ized by a single constant parameter, pann, that encodes the de-
pendence on the properties of the DM particles.

We compute here the theoretical angular power in the pres-
ence of DM annihilations, by modifying the RECFAST routine
in the camb code as in Galli et al. (2011) and by making use
of the package CosmoMC for Monte Carlo parameter estimation.
We checked that we obtain the same results by using the CLASS
Boltzmann code (Lesgourgues 2011a) and the Monte Python
package (Audren et al. 2012), with DM annihilation e↵ects cal-
culated either by RECFAST or HyRec (Ali-Haimoud & Hirata
2011), as detailed in Giesen et al. (2012). Besides pann, we sam-
ple the parameters of the base ⇤CDM model and the fore-
ground/nuisance parameters described in Sect. 4.

From Planck+WP we find

pann < 5.4 ⇥ 10�6 m3 s�1 kg�1 (95; Planck+WP). (99)

This constraint is weaker than that found from the full
WMAP9 temperature and polarization likelihood, pann < 1.2 ⇥
10�6 m3s�1kg�1 because the Planck likelihood does not yet in-
clude polarization information at intermediate and high multi-
poles. In fact, the damping e↵ect of DM annihilation on the
CMB temperature power spectrum is highly degenerate with
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Figure 23. Comparison of the 68 and 95 per cent constraints in the
DA(0.57)(rfidd /rd) � H(0.57)(rfidd /rd) plane from CMASS consensus
anisotropic (orange) and isotropic (grey) BAO constraints. The Planck con-
tours correspond to Planck+WMAP polarization (WP) and no lensing. The
green contours show the constraints from WMAP9.

To make the flat ⇤CDM comparison between the CMB
and our BAO measurements more quantitative, we report in Ta-
ble 13 the Planck, WMAP, and eWMAP ⇤CDM predictions for
our isotropic and anistropic BAO observables at z = 0.32 and
z = 0.57. All three predictions are in good agreement with
our isotropic measurements. The largest discrepancy between the
Planck ⇤CDM predictions and BOSS measurements is about 1.5�
for the anisotropic parameter ✏ (or the closely related ↵k) at z =

0.57. eWMAP and BOSS disagree at about 1.8� in ✏, which leads
to an approximately 2.2� offset in ↵?.

Our measurements therefore provide no indication that addi-
tional parameters are needed to describe the expansion history be-
yond those in flat ⇤CDM. However, it is also clear from Fig. 22 and
Table 13 that the disagreement between the WMAP+SPT/ACT and
Planck ⇤CDM BAO predictions is comparable to the error on the
BOSS acoustic scale measurement. Under the assumption of a flat
⇤CDM model, our anisotropic measurements show a mild prefer-
ence for the Planck parameter space over WMAP+SPT/ACT. We
are optimistic that the further analysis of the CMB data sets will
resolve the apparent difference.

Since the uncertainties in the ⇤CDM prediction of the BAO
observables from the CMB are dominated by the uncertainty in
⌦ch

2, another way to summarize and compare the BAO measure-
ments across redshift is as a constraint on ⌦mh2 from the flat
⇤CDM model holding the CMB acoustic scale, `A (Eq. 10 of
Planck Collaboration 2013b), and physical baryon density, ⌦bh

2

fixed. These values are given in the ⌦mh2 column of Table 13.
We stress that these inferences depend critically on the assump-
tion of a flat ⇤CDM expansion history. Using this method, the
BOSS inferences are more precise than the CMB and fall between
the WMAP and Planck constraints. The isotropic CMASS analy-
sis yields ⌦mh2

= 0.1389 ± 0.0022, in close agreement with the
LOWZ result of 0.1387 ± 0.0036. Our anisotropic analysis shifts

Figure 24. The DV (z)/rd measured from galaxy surveys, divided by the
best-fit flat ⇤CDM prediction from the Planck data. All error bars are 1 �.
We now vary the cosmological model for the Planck prediction. Red shows
the prediction assuming a flat Universe with w = �0.7; blue shows the pre-
diction assuming a closed Universe with ⌦K = �0.01 and a cosmological
constant.

to a notably larger value, ⌦mh2

= 0.1416± 0.0018, closer to the
Planck measurement. This shift in ⌦mh2 between the isotropic and
anisotropic CMASS fits is simply a restatement of the half sigma
shift in ↵ between our isotropic and anistropic fits, discussed in
Sec. 7.5.

For our cosmological parameter estimation, we present
Planck in most cases but show the results for WMAP and
WMAP+SPT/ACT in some cases so that the reader can assess the
differences. For most combinations, the agreement is good. This is
because the BAO data fall between the two CMB results and hence
tend to pull towards reconciliation, and because the low-redshift
data sets dominate the measurements of dark energy in cosmolo-
gies more complicated than the vanilla flat ⇤CDM model.

Fig. 23 and Table 13 illustrate many of the features of the
⇤CDM model fits we present in Table 14. For instance, the ad-
dition of a CMASS BAO measurement to the CMB improves the
constraint on ⌦mh2 by 40 per cent for Planck (with similar im-
provements for the other CMB choices). The central values for
all three reported ⇤CDM parameters shift by one sigma between
isotropic and anisotropic CMASS fits. There are also one sigma
shifts between Planck and WMAP/eWMAP central parameter val-
ues at fixed BAO measurements; taken together, WMAP+CMASS-
iso or eWMAP+CMASS-iso and Planck+CMASS differ in their
central values of ⌦m and H

0

by about 2�. Additionally combin-
ing with other BAO and SN measurements relaxes this tension to
about 1�. Within the context of the ⇤CDM model, the combina-
tion of CMB and BAO provides 1 per cent (3 per cent) constraints
on H

0

and ⌦m, respectively. These constraints relax by a factor of
3 (2) in the most general expansion history model, ow

0

waCDM.
In Anderson et al. (2012) we showed that the BAO distance-

redshift relation is consistent with that measured by Type Ia super-
novae. This remains true with these DR11 results.

9.3 Cosmological parameter estimates in extended models

While the flat ⇤CDM expansion history is sufficient to explain cur-
rent CMB and BAO measurements, the addition of precise low-
redshift BAO distances greatly improves constraints on parameters
that generalize the flat ⇤CDM expansion history. In this section we

c� 2014 RAS, MNRAS 000, 2–38

⬆  SDSS-III BOSS   ⬆
Anderson et al, arXiv 1312.4877

Planck  (Cosmo. Param)
⬇  arXiv 1303.5076  ⬇
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Baryon Acoustic 

Oscillations

Sweet spot

Wednesday, June 2, 2010 Slide borrowed from A. Stebbins17
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Cosmology & BAO at 21 cm

18
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As in optical surveys : 
 Identification of HI (21 cm) emission sources, determination 
of the angular position and redshift - Computation of the 
two point correlation function or the P(k) spectrum, using 
the catalogue of identified objets. 

Or similar to CMB observations :
 3D mapping of the HI (21 cm) emission - T21(α,δ,z) - Radio 
foreground subtraction, determination of the power 
spectrum P(k,z) on the 21 cm sky temperature data cubes.

BAO in radio

R. Ansari - June 2012
19
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z S21 ( μJy)
0.25 175
0.50 40
1.0 9.6
1.5 3.5
2.0 2.5

S21 en µJy pour MHI = 1010M�

A (m^2) Tsys (K) Slim 
(μJy)5000 50 66

5000 25 33
100000 50 3.5
100000 25 1.7

Slim en µJy pour
tinteg = 86400 s , �⇥ = 1 MHz

> 100 000 m^2 → Need SKA !

SJy
21 ⇥ 0.021 10�6 Jy

MHI

M⇥
�

�
1Mpc
DL

⇥2

� 200 km/s
⇥v

Slim =
2 k Tsys

A
⇤

2tinteg ��

(1+z)

R. Ansari - Sep 2011

LSS / BAO in radio with  galaxies

20
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Fig. 22.— The decorrelated real-space galaxy-galaxy power spectrum using the modeling method is shown (bottom panel) for the baseline
galaxy sample assuming β = 0.5 and r = 1. As discussed in the text, uncertainty in β and r contribute to an overall calibration uncertainty of
order 4% which is not included in these error bars. To remove scale-dependent bias caused by luminosity-dependent clustering, the measurements
have been divided by the square of the curve in the top panel, which shows the bias relative to L∗ galaxies. This means that the points in the
lower panel can be interpreted as the power spectrum of L∗ galaxies. The solid curve (bottom) is the best fit linear ΛCDM model of Section 5.
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✤ 21 cm line is ± is the only spectral feature around 1 GHz ➡ 
spectro-photometric observations

✤ Band: ~ 100 MHz … 1500 MHz  - ν = f(z) , z: 0 … 10
1420 MHz @ z=0 , 946 MHz @ z=0.5 , 720 @ z=1 , 284 @ z=5, 129 @ z=10

✤ Diffraction limited, source confusion: 
700 MHz:  D=100 m → ~20’ ,  D=1km → ~2’ ,  D=100 km → ~1” ,  2’ → 1 Mpc @ z = 1

✤ Intensity measurement in optical, amplitude & phase in radio; 
CCD in optics, but interferometry and spectroscopy in radio

✤ instrumental noise (read-out noise <5 e) often négligeable in 
optical, dominant in radio (Tsys~20-50 K) 

✤ low ambient/parasitic light level in optical in good observatories; 
radio band polluted (RFI) by terrestrial emissions  

21 cm cosmological observations
A comparison with optical observations

22
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Intensity mapping & dark energy 
surveys

23
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3D mapping of neutral hydrogen distribution through total 21 cm 
radio emission (no source detection)

Needs only a modest angular resolution  10-15 arcmin 

Needs a large instantaneous field of view (FOV) and bandwidth (BW)   

 Instrument noise ( Tsys ) 
 Foregrounds / radio sources and component separation 

BAO with 21 cm intensity mapping  
T21(α,δ,z)

• Peterson, Bandura & Pen  (2006)
• Chang et al. (2008)  arXiv:0709.3672
• Ansari et al (2008) arXiv:0807.3614
• Wyithe, Loeb & Geil (2008) arXiv:0709.2955
• Peterson et al (2009) arXiv:0902.3091
• Ansari et al (2012)  arXiv:1108.1474

R. Ansari - June 2012
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http://lambda.gsfc.nasa.gov/

Haslam 408 MHz map (Galactic 
synchrotron emission) 

10 K 250 K 
Temp. T (Ech. Log)

Signal HI : T21 < mK !

R. Ansari 

Foregrounds 
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Radio foreground (GSM) @ 720 MHz (z=1.) - Kelvin K
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21 cm sky brightness  @ 720 MHz (z=1.) - milliKelvin
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 50
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mK sensitivity with Tsys ~ 50-75 K

✤ Large integration time (10^4-10^5 s) → ∝ 1/ √ ( t_int ∆ ν )

✤ Instrument (Tsys, beam …) stability 

✤ multi beam - large FOV radio telescope 

✤ interferometer or FPA/multi feed receivers with single dish 

R. Ansari - June 2012
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BAO wiggles

P(k)@21cm - PNoise(k)

• z = 1  (ν ≈ 710 MHz)
•10 000 sq.deg (π srad) 

• 1 year observation
• Tsys = 50 K

Ansari et al., A&A 2012, arXiv:1108.1474 R. Ansari - Sep 201128
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Foreground removal

✤ Exploit frequency smoothness 
and power law (∝ ν^β) 
behavior of  foregrounds 
(synchrotron/radio sources)  

✤ power law / polynomial / 
foreground model fit & 
subtraction 

✤ Mode mixing, bias, error 
propagation …

21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal 29
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Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity
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Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity

frequency

Slide by 
Kris Sigurdson

UBC  
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Slide by 
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UBC  

Richard Shaw, Ue-Li Pen Kris Sigurdson et al.
ApJ 2014, arXiv 1302.0327
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simulated 
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continuum 
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and 
instrument 
response 

Ansari et al. 2012, A&A  Dec 2011 , arXiv:1108.1474 32
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✤ Mapping cosmic matter distribution 
using neutral hydrogen as tracer 

✤ Measure the HI density fluctuations 
and its power spectrum P21(k) 

✤ Determine BAO scale kBAO pour 0.5 
< z < 2-3

✤ Measure the HI  gas fraction as a 
function of redshift, scale and 
environment 

✤ Mapping of the radio foregrounds in 
the 500-1000 MHz band 

21 cm Cosmology / DE

R. Ansari - June 2012
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21 cm BAO vs optical redshift survey
10 000 sq.deg, 3 years survey, 5 redshift bands 
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10 000 m^2 collecting area, 400 beams 

Ansari et al., A&A 2012, arXiv:
1108.1474
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R. Ansari
J.E. Campagne
M. Moniez
A.S. Torrento
D. Breton
C. Beigbeder

T. Cacaceres
D. Charlet
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C. Pailler
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J. Pezzani
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S. Torchinsky
C. Viou

LAL - IN2P3/CNRS IRFU - CEA
Observatoire de Paris

34

Thursday, April 24, 14



• In France, BAORadio project started in 2007 

• LAL (IN2P3/CNRS), Irfu (CEA), Observatoire de Paris 

• Development of the BAORadio analog & digital electronic 
system 

• Focal plane array prototype FAN 

• Electronic tests at Nançay, using the large radio telescope_

• Test using the CRT prototype at Pittsburgh

• PAON test interferometer with small dishes 

• Financial support: IRFU, CNRS/P&U, P2I, Obs. de 
Parius, LAL, PNCG 
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✤ Electronic, acquisition & processing software development 
✤ FAN (J.M.Martin, P. Colom)
✤ Observations with CRT at Pittsburgh, calibration and beam synthesis
✤ HI-Cluster wide band observation program with NRT OptX21 wide 

band observations with NRT : BAORadio & WIBAR
✤ PAON test interferometer at Nançay 
✤ NEBuLA - wide band digitizer   (C. Viou, D. Charlet)

BAORadio (french 21cm intensity mapping effort)
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Optical digital outputs (2) Input analog channels (4)

USB port

Control FPGA (Cyclone)

ADC + Stratix bloc ADC + Stratix bloc
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Pittsburgh, Novembre 2009
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CasA24 - Pittsburgh/Nov 2009

Real(visi)   <29 MHz>

Imag(Visi)   <29 MHz>

Real(Visi)    <666 kHz>

Enlarged fringe wave
for low frequencies

Frequency

29 M
H

z

Time
Time

ν
Data
Fitted model
Difference

C.Magneville - Avril 2010
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PAON 
Paraboles A l’Observatoire de Nançay

Test interferometer for an array of small dishes 
(RAID concept) 

PAON-2 : 2 × D=3 m dishes (sep 2012 - sep 2013)
PAON-4 : 4 × D=5 m dishes, construction phase

deployment : nov 2013 - march 2014 

PAON-2, CasA transit, 
(Oct 2012) Tsys ~ 120 K

41
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Transit de 

normalisation 

Sigma -> Tsys

Tsys ~100K 
1400MHz 

CygA 

T 
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Polar 0 

Polar 1 

Observations de Cyg A durant 4h [1250-1500] MHz 

bruit 

1250MHz 1500MHz 

NRT: 50K 
Avant-plans~O(K) 
Signal HI O(mK) 

1600Jy ~ 4K 
1400MHz 

Slide by  J.E. Campagne
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PAON-2  ➞
installed September  2012

43

PAON Test Interferometer  
(J.M.Martin, J.E. Campagne)

PAON-4 
(F. Rigaud)

installation Nov 2013 - 
March 2014 

4 D=5m dishes 
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Other 21 cm BAO projects 

• LOFAR
• GMRT
• MWA

• SKA-LOW
• HERA

• CHIME
• Tianlai
• GBT
• BAOBab
• BINGO
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Clive&Dickinson&
Jodrell&Bank&Centre&for&Astrophysics,&The&University&of&Manchester&

&
Recontres&de&Moriond,&Cosmology&2014,&March&22C29,&&2014,&La&Thuille,&Italy&

BINGO:'A'novel'experiment'for'HI'
intensity'mapping'at'z=0.1?0.5'

(update'since'Moriond'2012)'

Ba#ye,'Browne,'Dickinson,'Heron,'Maffei,'Pourtsidou'
2013'MNRAS,'434,'1239'[arXiv:1209.0343]'

Only&major&challenge:&
BINGO&horns&are&big!&

(≈1.7m&diameter,&≈4.7m&long)&

Credit:&Ian&Browne&

Standard&techniques&expensive&and&heavy&C&alternaHves&being&invesHgated:&
1.&Foam&covered&in&metal&tape&(Manchester)&–&potenHally&1/10th&of&cost!&
2.&Bend&corrugated&Aluminium&hoops&and&fix&together&(INPE)&
&
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Slide by  K. Bandura

title!

Canadian Hydrogen Intensity 
Mapping Experiment (CHIME)!

Kevin&Bandura&
CHIME&Collaboration&
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The$CHIME$Pathfinder&

Slide by  K. Bandura
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CHIME&Fact&Sheet&
Full$CHIME$Layout$

Structure& 5&cylinders,&100m&x&20m&each&

Bandwidth& 4006800&MHz& Digitize'8bits'at'800'MSPS'

Number&Feeds/cylinder& 256&dual&pol&feeds&per&cylinder&
(2560&digitizers&total)&

~31cm&spacing'

Frequency&Channels& 512&frequency&channels,&&781&kHz&wide&(1.28&μs)& (for&cosmology,&you&can&channelize&
further!)'

Data&Rate& 2NFEEDS&x&3.2&Gbit/s&=&8&TeraBit/s& (assumes&4bit&truncation)'

Observing$Frequency$ 400$MHz$$$$$$$$to$ 800$MHz$

Wavelength& 75&cm& 37&cm&

21cm&Redshift& z=2.5&&&(11'Gyr'ago)' z=0.8&&(7'Gyr'ago)&

Beam&Size& 0.52o& 0.26o&

E6W&FoV& 2.5o& 1.3o&

N6S&FoV& 645o&to&+135o&(max&possible)&
0o&to&+90o&&&(more&likely)&

Time/pixel/day& 10min,&14min,&24hrs&
equator,&45deg,&ncp&

5min,&7min,&24hrs&
equator,&45deg,&ncp&

Receiver&Noise&Temperature&
Flux&Conversion&
Daily&Sensitivity&
Final&Survey&

50k&
~2K&/&Jy&

~50&μJy&/&pixel&
~1.5&μJy/pixel&

(Approximate'–'for'planning'purposes'only)'

16 channel correlator now, 256 channel 
correlator by spring 2014

Slide by  
K. Bandura
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TIANLAIDark Energy: The Cylinder Survey Study Group

• Jeff Peterson (CMU)

• Kevin Bandura,

• Bruce Taylor,

• Ben Maruca,

• Caitlin Lanni,

• Amy Stetten

• Jim McGee

• Uros Seljak (Trieste)

• Chris Blake

• Ue-LI Pen (CITA)

• Christope Yeche (CEA)

• Christohpe Magneville

• Jim Rich

• Reza Ansari (LAL)

• Bruce Bassett (SAAO)

• Jon Bunton (CSIRO)

I
R
F
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From CRT / BAORadio to… 
         Tianlai
Toward a large instrument for 21 cm DE survey 

✤ Tianlai project led by NAOC (China) - 
Prof. Xuelei Chen

✤ TDA (Tianlai Dish Array) and PC-GPU correlator (US, P. 
Timbie, J. Peterson)

✤ PAON demonstrator

50
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Tianlai site (Xinjiang, western China)
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Tianlai site : Hongliuxia
(Xinjiang, western China)

44.15 N , 91.8 E

200 600 1000 1400MHz

① - Xingjiang - Hongliuxia

② Xingjiang - Dashankou

③ ④ Inner Mongolia , Baichi
①

②

③

④
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Tianlai correlator & 
ADC boards
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✤ 2014-2015 : TDA (Tianlai Dish Array) , 16 D=6m dish array
✤ 2015 : CRT type instrument (3 Cylinder array) 
✤ 2015 : Stage 1 - engineering array, 32 feeds 

✤ Aim : detect  optical × 21cm cross correlation at z ~ 0.7-1
✤ 2016 : Stage 2 - first science array, ~ 200 feeds (2016-2018)

✤ Aim: detect BAO with 21 cm signal at z ~ 0.7 - 1.0
✤ 2020 ? : Stage 3  DE survey,  ≥ 1000 feeds

✤ Aim: measure BAO with 21 cm signal in the redshift range 0.5…2.0

Development plan for the Tianlai 
21 cm DE survey 

54
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HICluster program at Nançay

55

Paper being finalized, will be submitted soon for publication …
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✤ Observation of some nearby clusters (z ~ 0.1) 
✤ Observation in parallel with the NRT auto-correlator 

& BAORadio electronic chain at Nançay 
✤ Total of ~ 10 hours / target - distributed over a year
✤ Calibration, RFI cleaning, sensitivity estimates 
✤ Reach mK level over a wide band 
✤ OptX21 program started, using the BAORadio 

electronic and WIBAR system in parallel 
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Comparison of few 21 cm surveys 

Sensibilité ~ mJyRésolution 3-20 arcmin
z_max ~ 0.03 … 0.15 δz ~ 0.0001 

R. Ansari - 2008-2014
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Arecibo

z <~ 0.06
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Arecibo
∅ 305 m 
S ~ 73 000 m^2
50 MHz … 10 GHz 

http://www.naic.edu
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Nançay (village)

NRT

Radiohéliographe+LOFAR station
+CODALEMA
…
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60

Nancay radio 
telescope

Transit telescope
Plane mirror 200mx40m
Spherical mirror 300mx35m
S ~ 7000 m^2
Three bands: 
1400,1660, 3330 MHz
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NRT : ~ 7000 m^2 collecting area 

plane mirror, delta pointing 

Cryogenic receiver, Tsys ~ 25-30 K, LF (21 cm 
band) 1.1-1.8 GHz HF (9 cm) 1.7-3.5 GHz

Beam (@ 21 cm) : 4’ (RA) x 22’ (DEC)

BAORadio for HI-Cluster: 1250-1500 MHz, 30 
kHz freq. resolution, 

HI-Cliuster @ Nançay
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TACAN

GSM: base → mobile

GSM: mobile → base

4G, LTE

HIcluster

z @ 21cm0.77 0.58 0.42 0.29

z < 0.13 

0.18

OptX21

Spectrum at Nançay ( Measured with WIBAR)

Slide by A.S. Torrento
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(8 h)

(16 h)

(3.5 h)

(6 m)

AmasHI@Nançay observations

Useful integration time (On/Off …)

~ 1 TB of data (waveform) / observation hour
~ 100 TB total data set (processed at CC-IN2P3)
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Figure 43. BAOelec time-frequency image without time filtering showing intermittent (radar) strong signals at 1340 MHz (~10 s cadence) and 1361 MHz (~5 s 
cadence), and weaker signals at 1335 MHz and ~1350 MHz which seem to be coincident in time with the previous ones. We also see the electronic RFI (permanent) 
at 1350 MHz (same as Figure 33). 

1361 1350 1335 1340 MHz 

Time

Frequency

Intermittent RFI cleaning using fine time sampling …

BAORadio / HI-Cluster
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A&A proofs: manuscript no. HICluster-A&A

Table 3. Calibration coe�cients used to normalize the power spectra registered for both analysis pipelines and the three Abell clusters and the
3C161 calibrator source.

Source ⌫obs (MHz) ACRT Coe↵. [Jy/r.a.u] BAOelec Coe↵. [Jy/r.a.u]
Abell 85 1346.3 27.3 ± 0.8 11.6 ± 0.3

Abell 1205 1320.8 27.6 ± 0.8 11.8 ± 0.3
Abell 2440 1302.4 27.9 ± 0.8 11.9 ± 0.3

3C161 1408.0 26.4 ± 0.8 11.3 ± 0.3

Fig. 14. Radiometer curve obtained with ACRT and BAOelec data for
the three clusters. For BAOelec we have processed part of the data down
to integration times of 16.7 ms, and the whole dataset at 8.4 s. We
can distinguish the results for Abell 1205 (blue), Abell 85 (green) and
Abell 2440 (purple). The blue solid line represents the expected curve
for a system a↵ected only by white noise. For ACRT data analyzed with
our own pipeline the integration time is fixed to 1 s (one ACRT integra-
tion). The ACRT results are presented for Abell 1205 (red), Abell 85
(brown) and Abell 2440 (orange). The red line represents the curve ob-
tained for all clusters with ACRT data analyzed with standard NAPS
pipeline (ie. Figure 1-top), where the integration time is 40 s (one ACRT
acquisition cycle).

ACRT curve for greater integration time. One possible origin of
the "‘1 sec"’ trend change is the noise generated by the 1 sec
duty cycle of the cryogenic cooling system for the low noise am-
plifier in the chariot. A sigma of 2 mJy has been reached after
1,000 sec. Notice that in case one could remove this spurious
noise, this sigma level would be reached after 150 sec.

The results obtained with BAOelec system for the three clus-
ters so in three di↵erent frequency band suggest that BAOelec
system and analysis pipeline is robust over a large frequency do-
main.

It is worth pointing out that the standard procedure to process
ACRT data, in case of known line search, is to make a polyno-
mial baseline fit on (ON-OFF)/OFF spectra, which allows sup-
pressing the global o↵set due to gain variations and the oscilla-
tion residuals in the spectrum before calculating the sigma. Of
course, the line which is searched for in the spectrum is masked
to protect it from suppression, hence it is necessary to know pre-
cisely both its frequency and width.

In the analysis presented here we do not have precise infor-
mation about the HI signals we are searching for in the clusters.
In the HI intensity mapping this would be even more true as in-

dividual galaxy emission does not hold. Thus we cannot apply
the baseline fit procedure.

5.2. HI signal search

6. Conclusions

We have investigated the capabilities of the BAOelec system
nearly fully digital, based around on a FPGA based ADC board
with optical link to a PC housed inside the NRT chariot (BAO-
elec). During 1 year, we have surveyed the [1250, 1500]MHz
frequency band both by the standard correlator pipeline although
operated for blind line search, and the new pipeline. The RFI
problem has been detailed and the fine time sampling o↵ered by
the full digitization at 500 MHz with repetition rate of 8 kHz
allows for application of median filtering turns out to be very
e�cient even in the non protect band. The stability of the new
system is also very good and far better than the standard correla-
tor which su↵er from the analog signal transportation over 150 m
cables from the chariot to the correlator building. The radiometer
curves for both systems and the three frequency bands centered
on the HI clusters have been presented. After 1000 sec of inte-
gration the BAOelec system has reached a sensitivity of 2 mJy
while the standard correlator saturate around 20 mJy. With BAO-
elec we have investigated integration times below 1 sec which is
the minimal duration of an integration with the standard corre-
lator. It turns out that below this threshold a pure white noise
behavior is recovered which tends to prove that there is an addi-
tional noise with a 1 sec time scale. Possibly the source can be
the cryogenic cooling system of the low noise amplifier.

This quite long campaign of observations has shown that the
BAOelec system is quite e↵ective. This complete measurements
done on electronic test bench and also observation of bright
sources with a prototype of cylinder array at Pittsburgh Univ.
were 2 x 32 dipoles were connected in correlations and with the
FAN antenna array at the NRT (Deschamps et al. 2012). The
concept of "digitization as close as possible to the LNA" is be-
ing discussed for the TianLai undergoing project (?).
Acknowledgements. The observations at Nançay would not have been possible
with-out the help and support of the operators and of the technical sta↵ of the ra-
dio telescope. The Nançay Radio Observatory is the Unité scientifique de Nançay
of the Observatoire de Paris, associated as Unité de service et de recherche (USR)
No. B704 to the French Centre national de la recherche scientifique (CNRS). The
Nançay Observatory also grate- fully acknowledges the financial support of the
Conseil régional of the Région Centre in France.

References
Ansari, R., Campagne, J. E., Colom, P., et al. 2012, A&A, 540, A129
Baars, J. W. M., Genzel, R., Pauliny-Toth, I. I. K., & Witzel, A. 1977, A&A, 61,

99
Bravo-Alfaro, H., Caretta, C. A., Lobo, C., Durret, F., & Scott, T. 2009, A&A,

495, 379
Butcher, H. & Oemler, Jr., A. 1978, ApJ, 219, 18
Charlet, D., Abbon, P., Ansari, R., et al. 2011, IEEE Transactions on Nuclear

Science, 58, 1833

Article number, page 8 of 9

Sensitivity (radiometer) curve 
HI-Cluster program, BAORadio & NRT correlator
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!

HI-Cluster : Sensitivity expressed as Tsys …
Comparison between BAORadio electronic & Acquisition 

system and standard NRT auto-correlator

20 K

50 K

BAORadio

Standard NRT

0.1 s 100 s10 s

Analysis by A.S. Torrento - 2013
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HI cluster: oscillations

• 5-MHz

– present in BAORadio only

– due to impedance mismatch

• 500-kHz

– present in NançayCorr and BAORadio

– due to noise reflexion between 
spherical mirror and chariot 

 (d ~ 290 m).

• Normalisation per cycle by OFF 
spectrum and (ON-OFF)/OFF 
arithmetic cancels most of them.

5 MHz

500 kHz

Freq (MHz)

Freq (MHz)

P 
(a

.u
.)

P 
(a

.u
.)

Slide by A.S. Torrento - 2013
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A85
Spectre du 

sigma (écart-
type) en mJy

Fig. 2

Thursday, April 24, 14



12501250 13001300 13501350 14001400 14501450 15001500
-20-20

-10-10

00

1010

2020

3030

4040

5050
Amas A85 - Cross2Polar (red), Sum (blue) -rebinAmas A85 - Cross2Polar (red), Sum (blue) -rebin

  

13301330 13351335 13401340 13451345 13501350 13551355 13601360 13651365 13701370
-10-10

-5-5

00

55

1010

1515

2020

2525

3030
Zoom: Amas A85 - Cross2Polar (red), Sum (blue) -rebinZoom: Amas A85 - Cross2Polar (red), Sum (blue) -rebin

  

13301330 13351335 13401340 13451345 13501350 13551355 13601360 13651365 13701370
-20-20

-15-15

-10-10

-5-5

00

55

1010

1515

2020
Amas A85 - Sum2Polar (blue), Diff (orange), P0,P1(black,navyblue) -rebinAmas A85 - Sum2Polar (blue), Diff (orange), P0,P1(black,navyblue) -rebin

  

Doppler-Corr

A85 signal : ~ 4 mJy.MHz

3 sigma on P0+P1
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A1205 , zoom over A85 frequency range
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Estimation du signal attendu (2)

71

f (MHz) z dL (Mpc) P21* 
(mJy.MHz)

A85

A1205

A2440

1353 0.0498 228 3.86

1318 0.777 363 1.52

1300 0.926 438 1.0

P21* Puissance (en mJy.MHz) au sol 
pour MHI = 10^10 Msol
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HI-Cluster program: ~ 1mK noise level has been reached 
with t_int ~ 10 hours, over a wide band (~1280 - 1450 MHz), 
using the BAORadio system 

BAORadio Sensitivity about a factor 2 better than the 
standard NRT correlator, while keeping a much larger 
fraction of the data (fine time sampling) 

A85: HI detected - A1205: marginal detection or upper limit 
(publication being finalized)

Should be careful about spectral structure due to standing 
waves in cables, feed-reflector …

OptX21 : 21cm - optical correlation at z=0.2 pilot 
observations started in fall 2013 (BAORadio ,WIBAR)

HI-Cluster summary 
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✤ Exciting scientific perspectives  (DE, HI mass distribution at 
z ~ 1.5 …) for intensity mapping surveys

✤ CHIME, Tianlai can serve as testbeds to develop intensity 
mapping and open the way for larger instruments (SKA-
mid, Aperture Arrays)

✤ Scientific challenge : data processing, 3D map making & 
foreground subtraction

73
R. Ansari - April 2014

Outlook
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