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GOAL

Constrain cosmological models.
Combining different Cosmological observations.

From Baryon Acoustic Oscillations? 

Purely-Geometric-BAO

Model independent: LINEAR POINT standard ruler 

Model dependent: SOUND HORIZON standard ruler

Consistency checks of cosmological models.



Baryon Acoustic Oscillations
IDEA: Preferred scale at early and late times

Non-linearities
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rd sp

Smith et al (2008) Crocce, Scoccimarro (2008)

linear

non-linear

non-linear gravity, RSD, 
scale-sep bias

peak distorted and shifted

Early: sound horizon Late: 2pcf peak position

Different treatment 
needed!!

model-indep. cosmological distances
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What from BAO?

Cosmological distances that are estimated

1) Geometrical (indep. primordial fluctuation parameters)

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

3) Spatial curvature-independent

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

under the following theoretical conditions:

Purely-Geometric-BAO

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



 5

Distorted True

ªD
0 (sF )= ªT

0 (ÆsF )+O(≤)

Æ= DV (z)/DF
V (z)

Isotropic shift

small 
correction

Cosmological Distance: Dv

with the PG-BAO conditions

FROM

MEASURED CONSISTENTLY

Alcock-Paczynski: 2pcf-monopole equation

isotropic volume distance
DV (z)=

∑
(1+ z)2D2

A(z)
cz

H(z)

∏1/3



 6

2 options

ªD
0

(sF
)= ªmodel

0

≥
Æ sF

¥
+O(≤)

THEORYDATA

Alcock-Paczynski equation

LINEAR POINT SOUND HORIZON

- 0.5% indep. non-linearities

- Linear theory

- 2pcf MODEL INDEPENDENT 

- Secondary parameter

- Model non-linearities

- 2pcf MODEL DEPENDENT 

Lst. ruler/DV (z)
<latexit sha1_base64="JgqZHrQdgKQh79ZFH6S4oanrz3Q="></latexit>
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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 b

2
10(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(s

LP

) is within
about 3% of [⇠lin(s

d

) + ⇠

lin(s
p

)]/2. Figures 4 and 6 show
that nonlinear evolution makes ⇠nl less steep than ⇠

lin, both
in real and redshift space. Hence, ⇠nl(s

LP

) corresponds to
[⇠nl(s

d

) + ⇠

nl(s
p

)]/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

≥
ygal

LP (z)
¥
= ªlin

0

√
sLP (!b,!c)

DT
V (z)

!

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

NO 2pcf MODEL NEEDED

Only assumption: 
cosmological model(s)

New Standard Ruler: the Linear Point
peak

dip

- LP = peak-dip middle point
- Linear at 0.5% -> red. indep.
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Sound Horizon: 2pcf model-fitting

ªD
0

(sF
)= ªmodel

0

≥
Æ sF

¥
+O(≤)

NON-LIN. THEORYDATA

Purely-Geometric-Distances

rd(!b,!c)
DV (z)

constrain

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

- Assume a non-linear 2pcf template

- Fit µµ = {!b,!c,ns,DV (z), ...}
<latexit sha1_base64="6eaJsm6KtDYTLsZI7Lqo+JvnBds="></latexit>

Marginalize over:
- DE, curvature dep. param.
- non-lin, astroph. param.
- 2pcf template dependent

Problem: which template? -> error estimation?
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Seo et al. (2008)

Xu et al. (2012)

marginalized
Cosmological information

5 varied parametersFIXED parameters

2pcf template + fitting prescription

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
)= B2ªfixed

m

≥
Æ sF

¥
+ªBB

(sF
)+O(≤)

fitting prescription does 
not guarantee proper error 

propagation

min. model

Standard BAO

(non-lin. damping)



CF-MF
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Linear Point and 2pcf-model 

Theoretical investig.
LP CF-MF

2pcf-model

Linear Point

For full comparison: sLP and rd 

characterization needed

DESI + Euclid forecasts

Linear Point
- no-2pcf-model assumptions

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

Example with minimal BAO model 
(non-lin. damping)

- more precise distances
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O’Dwyer, S.A, Starkman, Corasaniti, Sheth, Zehavi - arXiv: 1910.10698

sLP (!b,!c)/DV (z)
<latexit sha1_base64="JaiL99XrvwpJDbV+gGLEyjfYkuU="></latexit>

rd(!b,!c)/DV (z)
<latexit sha1_base64="AvLpQgNe8A0mYkeFG8uvDi9+lk8="></latexit>

from BAO

Possible/common Purely-Geometric-BAO usage:

- Model selection of cosmological models

- Detection of late-time acceleration

- Model/data consistency checks

from PG-BAO to Cosmology

To use PG-BAO for cosmology: characterization needed

param. dependence

CO
SM
OL
OG

Yrulers
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ruler characterization

Within 10σ Planck Wider param. range
BAO need to go 
beyond 10σ Planck

Problem: non-lin. 
physics for wider 
param. range 

10σ Planck: same 
par. dep.

Wider range: small 
difference -> no 
problem

O’Dwyer, S.A, Starkman, Corasaniti, Sheth, Zehavi - arXiv: 1910.10698
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rulers from CMB

From Planck posterior to sLP and rd

Models: flat-ΛCDM, kΛCDM and flat-wCDM

Late Universe physics shifts the rulers?

Same errors

O’Dwyer, S.A, Starkman, Corasaniti, Sheth, Zehavi - arXiv: 1910.10698

Purely-Geometric-BAO: only late-time information but…



Final Remarks
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Cosmic Distance Measurements
Independent of cosmological background model

Operatively

Linear Point Standard Ruler

Which 2pcf-model? Range of scales? 

Biased at 0.5%
No assumptions beyond cosm. models

Problem: non-linearities for wide parameters’ ranges.

Purely-Geometric BAO crucial for Cosm. Synergies

Sound Horizon - 2pcf Model-Fitting

Distance errors?

sLP and rd: basically the same parameter depend.

sLP and rd from CMB: can have a model-dep. shift


