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Baryon Acoustic Oscillations (BAO)
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Constrain cosmological models (at the DE time)

BAO distances alone (e.g. Dark Energy detection)

- Degeneracy among parameters are reduced.
BAO distances combined w/ other Cosmological observations.

HOW

Consistency tests (e.g. tensions)

from Baryon Acoustic Oscillations? 
Cosmology-Indep. Accurate distance measurements

GOALS



Late Universe Acceleration <-> Dark Energy
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eq. state param.

PROBE COMBINATION

energy densities

Planck 2018

P = ⇢w

SDSS 2021

COSMOLOG
ICAL 

PROB
ES: 

CMB, LS
S, etc

BAO

BAO

BUT… let's take a step back...

DIFFERENT PROBES



Early times…
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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

…late times

Initial fluctuations 
temperature fluctuations in the 

CMB (δT/T～10-5)

Baryon acoustic oscillations in 
the galaxy Correlation 

Function

BOSS BAO



Which scale?
Which scale in the clustering Correlation Function?

Comoving baryon acoustic scale
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rd

Baryon acoustic peak - Matter CF
sp

rd is Geometrical (indep. 
primordial fluctuation)

Eisenstein et al (2005)

Baryon 
acoustic peak

POSITION!!
STANDARD RULER



BAO distance -> Dark Energy
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Comoving coordinates -> fiducial cosmology assumed.

Alcock-Paczynski distortion effect

Clustering 2pcf monopole at redshift z

Distorted True

ªD

0 (sF )= ªT

0 (Æs
F )+O(≤)

Æ= DV (z)/DF
V (z)

Isotropic shift

small 
correction

DV (z)=
∑
(1+ z)2

D
2
A

(z)
cz

H(z)

∏1/3

Right Cosmology Wrong Cosmology

Xu et al. (2012)

BAO DISTANCE
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How cosmology indep?
S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

We will try to answer to this question!

BAO distances employed to constrain ANY cosm. model

At what level is this true ?

BAO: Cosmology-Indep. Accurate distance measurements

QUESTION

IMPLICIT ASSUMPTION

PRACTICE

(Inference done without cosmolog. model assumptions)
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Distorted True

ªD

0 (sF )= ªT

0 (Æs
F )+O(≤)

Æ= DV (z)/DF
V (z)

Isotropic shift

small 
correction

Cosmological Distance: Dv

in a background-independent way

FROM

ªD

0 (sF )= ªmodel
0

≥
Æ s

F
¥
+O(≤)

THEORYDATA

MEASURED

IT SHOULD NOT INTRODUCE

 UNWANTED DEPENDENCIES

But we need a 2pcf model
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2pcf non-linearities
Non-linear gravity

Redshift Space Distortions (velocities)

Bias (halos, galaxies)

2pcf in BAO range of 
scales 

Relevant effects!

S.A, Starkman, Sheth -  MNRAS (2016)

Smith et al (2008)

Crocce, Scoccimarro (2008)

Desjacques (2008)
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2pcf model-fitting

ªD

0 (sF )= ªmodel
0

≥
Æ s

F
¥
+O(≤)

THEORYDATA

2pcf Alcock-Paczynski equation:

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

Marginalize over parameters:

- DE dependent

- spatial curvature dep.

- initial fluctuation param.

- tracer dependent (e.g. galaxies)
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BAO distances
We obtained Cosmological Distances that are:

1) Geometrical (indep. primordial fluctuation parameters)

2) Dark-Energy model-independent (ΛCDM + Quintessence)

3) Spatial curvature-independent

4) Tracer-independent (galaxy, quasars, clusters etc…)

Purely-Geometric-BAO

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

Modified gravity cosmologies ? DE-DM coupling ?
Excluded ?



standard BAO (BAO-only)
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Seo et al. (2008)
Xu et al. (2012)

marginalized
Cosmological information

5 varied parametersFIXED parameters

Template fitting:

µµ = {Æ,B,a1,a2,a3}µfixed
µ = {!F

b ,!F
c ,nF

s ,æF
0 }

Æ= DV (z)
DF

V (z)

rF
d

rd

Because of cosm. param. fixing

prescription

ªBB(sF )= a1

(sF )2 + a2

sF +a3

ªD

0 (sF )= B
2ªfixed

m

≥
Æ s

F
¥
+ªBB(sF )+O(≤)

ARE ERRORS ON α 
PROPERLY ESTIMATED?
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Problems

1) parameter fixing 2) which 2pcf model?

PROPER ERROR ESTIMATION ??

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)
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problem 1: parameter fixing

Errors underestimated 
by nearly a factor of 2!!

CF-MF standard-BAO

Euclid forecasts

DE + curvature + tracer

- No fixing parameters

All dependencies fitted

- Marginalizing over

… but problem 2:  

which galaxy-2pcf theoretical model?

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)
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linear approx.

scale independent for

ΛCDM

ªobs(r, z)= b10(z)2D(z)2
µ
1+ 2Ø

3
+ Ø2

5

∂
ªm(r,0)

problem 2: complementary approach

A PREFERRED SCALE in the 2pcf -> Time/Model indep.

Can measure Dv in model-indep. way!!

no flatness assumption

Shanks et al. (1987)

Bassett, Hlozek (2009)

Eisenstein et al (1998)

Quintessence
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6 S. Anselmi, G. D. Starkman, R. K. Sheth
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Figure 4. Top: Real space correlation function rescaled by the

linear growth factor at four redshifts. Bottom: Similarly rescaled

redshift-space monopole. Smooth lines show equations (3) and

(5); symbols with error bars show the N-body results. The vertical

dashed red line marks the scale of the linear point in linear theory.

shows the real-space correlation function at four di↵erent
redshifts, rescaled by the scale-independent linear growth
factor as well as the linear bias b210(z). The linear bias val-
ues at z = (0, 0.5, 1, 2) are b10 ' (1, 1.29, 1.72, 2.95). The
bottom panel, shows the rescaled redshift-space monopole,
where � = f/b. The nonlinear theory predictions are in rea-
sonable agreement with the measurements. Again, the error
bars appear to be highly correlated, and, while the ampli-
tude of ⇠ is often discrepant by up to 10%, the locations of
the standard rulers are much more robust. Fig. 7, the ana-
log of Fig. 5 shows a more quantitative comparison: Notice
that, especially in redshift space, the peak and dip scales dif-
fer more significantly from the measurements. Nevertheless,
the LP scale still agrees to better than 0.5%. We conclude

Figure 5. Top: Real space BAO peak, dip and LP scales. Bot-

tom: Redshift space BAO peak, dip and LP positions. Smooth

black curves show the measurements in simulations, shaded gray

regions show 1% variation around the measurements, and dotted

and dashed curves show the linear and nonlinear theory values of

these scales.

that the LP is indeed a good ruler even for biased tracers at
late times in redshift space.

Before we exploit this fact, it is worth making one fi-
nal point. Recall that the amplitude of ⇠lin(sLP ) is within
about 3% of [⇠lin(sd) + ⇠lin(sp)]/2. Figures 4 and 6 show
that nonlinear evolution makes ⇠nl less steep than ⇠lin, both
in real and redshift space. Hence, ⇠nl(sLP ) corresponds to
[⇠nl(sd) + ⇠nl(sp)]/2 at percent level precision, a factor of
two improvement with respect to linear theory.

c� 0000 RAS, MNRAS 000, 1–10

Linear Point

S.A, Starkman, Sheth -  MNRAS (2016)

LINEAR THEORYDATA

CAMB code
model-independent 

parametric fit

LINEAR POINT

ªD

0

≥
y

gal
LP

(z)
¥
= ªlin
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√
sLP (!b,!c)

D
T

V
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!

+O(≤)
<latexit sha1_base64="HeDqzgd6+YfNihkbRBrsDx5SLTo="></latexit>

NO 2pcf MODEL NEEDED

New Standard Ruler: the Linear Point

peak

dip

- LP = peak-dip middle point

- Linear at 0.5% -> red. indep.

- Geometrical

DISTANCES MEASURED from SDSS galaxy data!!



What do we learn about Dark Energy ?

18

Test cosmological model(s) with galaxy-clustering

Attempt to reduce the non-cosmological assumptions

Data vs Theory -> Testing cosmological model(s) assumptions

LINEAR POINT

AIM

Galaxy clustering models: add extra assumptions

Data vs Theory -> Testing cosmological model(s) + galaxy 
clustering model assumptions -> Learning about Dark Energy?

Cosm. model -> Unique galaxy 2pcf

2pcf MODEL

Data driven approach

S.A., Starkman, Renzi - arXiv (2022)



 Use BAO as a Dark Energy probe
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Purely-Geometric-BAO: Cosmic Distance Measurements
Independent of (some) cosmological background models

Operatively

2pcf Model-Fitting - errors propagated

Linear Point Standard Ruler

Cosm. applicability of standard BAO distances: UNCLEAR!

Standard BAO: error underest. by factor of 2.

Which model? Parameters? Range of scales?

Model independent: 2pcf model not needed

… a lot to do…
Euclid Implementation (on-going); Quadrupole 2pcf? Different 
galaxy populations? Combine with other observations; …



THANK YOU!!


