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High-precision cosmology: spectroscopic surveys
Goal: measuring cosmological parameters with sub-percent precision 
Strategy: Large surveyed volume, >106 tracers, precise redshifts

SDSS-DR12 (2019)

Tracers: 3x105 

Area: 104deg2 

0.15 < z < 0.7 

Euclid (2023?)

Tracers: 3.5x107 

Area: 1.5x104deg2 

0.7 < z < 1.85 

DESI (2019-on going)

Tracers: 3x107 

Area: 1.x103deg2 

0. < z < 1.6

Warning: high-precision demands an accurate modelling of the clustering signal



Galaxy clustering: Baryon acoustic oscillations
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Figure 4. The LasDamas galaxy correlation function, averaged over the 160 simulations, as a function of the separation perpendicular (⊥) and parallel (||)
to the line of sight. The correlation functions have been scaled by r2 to highlight the BAO feature. The top panels show the unreconstructed correlation
functions, while the bottom panels show the reconstructed correlation functions; the left- and right-hand panels are real and redshift space, respectively. The
BAO feature is visible as a ring at ∼110 Mpc h−1 in the top-left panel. Redshift-space distortions destroy the isotropy of the correlation function (top-right
panel). Reconstruction both sharpens the BAO feature (highlighted in the bottom-left panel) and restores the isotropy (bottom-right panel) of the correlation
function on the BAO scale.

Figure 5. Left-hand panel: the angle-averaged correlation function in real space, before (red circles) and after (blue squares) reconstruction and averaging over
the 160 LasDamas simulations. The reconstruction algorithm assumes the default parameters described in the text. The acoustic feature is clearly sharpened
after reconstruction. Right-hand panel: same as the left-hand panel, except in redshift space. Also shown for comparison is the average reconstructed real-space
correlation (dashed line). In addition to sharpening the acoustic feature, the reconstruction algorithm also reduces the effects of redshift-space distortions on
the correlation function.

unreconstructed correlation function is larger on small scales, with
the trend reversed on intermediate scales. This is reconstruction
reversing the infall of galaxies into overdensities. The second is that
the unreconstructed correlation function is higher just before the
BAO feature, due to pairs flowing out of the BAO feature. These
flows are responsible for the smoothing of the BAO feature. The

fact that the reconstructed correlation function is lower just before
the BAO feature and then higher at the BAO peak is from the fact
that reconstruction has moved these objects back into the BAO ring.

One metric to quantify the degree of reconstruction is to compare
the values of !nl (see equation 10) before and after reconstruction.
While !nl is poorly constrained in any single simulation, we can
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Anisotropic 2-pcf

Linear theory

( Padmanabhan et al., 2012)

BAO feature: 
- Isotropic ring
- Sharp contours (peak in the monopole) 
- Intrinsic size of the wavefront:  

pre-recombination expansion history,  
known from CMB (Planck, 2018) 

- Observed size of the wavefront               : 
post-recombination expansion history 
 
  

- Constraining cosmology via comparison

sf
∥ = c/H(z)Δ(z), sf

⊥ = (1 + z)DAΘ

(Δz, Θ)
(H(z), DA(z))

sf
∥ = α∥st

∥ , α∥ ≡ H t(z)/H f(z)

sf
⊥ = α⊥st

∥ , α⊥ ≡ Df
A(z)/Dt

A(z)



Late-time clustering
• Non-linear evolution: matter overdensities 

departs from original position  
 
     progressive damping of the BAO peak


• Redshift-Space (observations): 
Doppler shift due to neglected peculiar 
velocities 
 
     Loss of isotropy 
     - small-scales (<10 Mpc/h) 
       power enhanced along     
       (Fingers of God) 
 
     - large-scales (>30 Mpc/h) 
       power enhanced along      
       (Kaiser Distortions) 
 
 

Figure 11 The effects of non-linear clustering on the BAO. (Left) Redshift-space matter correlation
function at four different redshifts from the simulations of Seo and Eisenstein (2005). (Right) Real-
space matter power spectra at four different redshifts from the simulations of Seo et al. (2008),
divided by a smooth power spectrum so as to reveal the acoustic oscillations. The input linear
theory is shown by the dashed line. The effects of non-linear structure formation broaden the
acoustic peak in the correlation function. In the power spectrum, this corresponds to a damping
of the higher harmonics. Importantly, the boost of broad-band power at late times visible in the
power spectrum plot corresponds largely to correlations at scales much smaller than the acoustic
peak.

measurement provided one is using a suitable template-fitting method. However, it does degrade
the precision of the measurement for a given survey volume, as it is harder to centroid a broader
feature.

To change the acoustic scale itself, one needs instead to move pairs systematically closer or
systematically further away. This is a much weaker effect than the rms motion of particles, as it
depends on the density variations in 150 Mpc spheres, which are percent level. Moreover, pairs of
overdensities fall toward each other and pairs of underdensities fall away from each other, and both
situations count equally toward a two-point statistic, causing a partial cancellation.

Padmanabhan and White (2009) compute the change in the acoustic peak location at second-
order in gravitational perturbation theory. Crocce and Scoccimarro (2008) have done similar cal-
culations in renormalized perturbation theory. Both calculations reveal a second-order term of
the form dξ/dr, which corresponds to moving the acoustic peak. Padmanabhan and White (2009)
compute the size of this effect to be around 0.25% at z = 0.

N-body simulations reveal a similar story. Seo et al. (2010b) measure the shift in the acoustic
scale in a large volume of simulations and detect a shift from α = 1 of 0.3% ± 0.015% at z = 0.0,
with a scaling in redshift proportional to the square of the linear growth function as expected for a
second order effect (left panel of figure 12). Padmanabhan and White (2009) validate their analytic
calculation with a similar set of simulations.

Redshift-space distortions have further effects on the BAO signal beyond the extra broadening
from the large-scale peculiar velocity. Small-scale velocities, e.g., the Finger of God effect, blurs
the measurement of clustering along the line of sight, thereby broadening the acoustic peak. More-
over, the peculiar velocities create anisotropy in the broadband clustering, which must be carefully
accounted for when extracting the acoustic scale (§4.3.4).

Linear bias, with galaxy density contrast δg = bδm, changes the amplitude of ξ(r) or P (k) but

53

Anisotropic 2pt correlation function
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Figure 4. The LasDamas galaxy correlation function, averaged over the 160 simulations, as a function of the separation perpendicular (⊥) and parallel (||)
to the line of sight. The correlation functions have been scaled by r2 to highlight the BAO feature. The top panels show the unreconstructed correlation
functions, while the bottom panels show the reconstructed correlation functions; the left- and right-hand panels are real and redshift space, respectively. The
BAO feature is visible as a ring at ∼110 Mpc h−1 in the top-left panel. Redshift-space distortions destroy the isotropy of the correlation function (top-right
panel). Reconstruction both sharpens the BAO feature (highlighted in the bottom-left panel) and restores the isotropy (bottom-right panel) of the correlation
function on the BAO scale.

Figure 5. Left-hand panel: the angle-averaged correlation function in real space, before (red circles) and after (blue squares) reconstruction and averaging over
the 160 LasDamas simulations. The reconstruction algorithm assumes the default parameters described in the text. The acoustic feature is clearly sharpened
after reconstruction. Right-hand panel: same as the left-hand panel, except in redshift space. Also shown for comparison is the average reconstructed real-space
correlation (dashed line). In addition to sharpening the acoustic feature, the reconstruction algorithm also reduces the effects of redshift-space distortions on
the correlation function.

unreconstructed correlation function is larger on small scales, with
the trend reversed on intermediate scales. This is reconstruction
reversing the infall of galaxies into overdensities. The second is that
the unreconstructed correlation function is higher just before the
BAO feature, due to pairs flowing out of the BAO feature. These
flows are responsible for the smoothing of the BAO feature. The

fact that the reconstructed correlation function is lower just before
the BAO feature and then higher at the BAO peak is from the fact
that reconstruction has moved these objects back into the BAO ring.

One metric to quantify the degree of reconstruction is to compare
the values of !nl (see equation 10) before and after reconstruction.
While !nl is poorly constrained in any single simulation, we can
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Real-space Redshift-space

Real-space 2pt correlation function

( Eisenstein, Seo & White 2007)

( Padmanabhan et al., 2012)

The BAO scale 
measurement is degraded

s∥

s⊥



wedges Multipoles

Pre-reconstruction 2pt correlation function  
(SDSS-DR12 mocks)

Redshift-space distortions
- difference in wedges amplitudes 
- non-vanishing quadrupole

Non-linearities
- broad BAO peak

400 mocks, known cosmology, reproducing north galactic cap
(Sarpa et al 2021, arXiv:2010.10456)



Fitting single mocks pre-reconstruction 
Fitting range: [50 ,150] Mpc/h )~linear (Sarpa et al 2021, arXiv:2010.10456)
Non-linear Model: (13 parameters) 

• Non-linear evolution: exponential dumping 
• RSD: Kaiser (linear) + Lorenzian streaming (non-linear) 
• Broad band

Results: Parameters correlation matrix 2D distribution of dilation parameters

-1

1

0

• Degenerate fitting parameters
|⟨α⊥,∥⟩ − 1 | > 0

• Bias estimation of acoustic scale 

• Large uncertainty on α∥Need for a solution!



Reconstruction
Idea: Improve BAO measurement by displacing the observed mass distribution 
backwards-in-time 
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Figure 4. The LasDamas galaxy correlation function, averaged over the 160 simulations, as a function of the separation perpendicular (⊥) and parallel (||)
to the line of sight. The correlation functions have been scaled by r2 to highlight the BAO feature. The top panels show the unreconstructed correlation
functions, while the bottom panels show the reconstructed correlation functions; the left- and right-hand panels are real and redshift space, respectively. The
BAO feature is visible as a ring at ∼110 Mpc h−1 in the top-left panel. Redshift-space distortions destroy the isotropy of the correlation function (top-right
panel). Reconstruction both sharpens the BAO feature (highlighted in the bottom-left panel) and restores the isotropy (bottom-right panel) of the correlation
function on the BAO scale.

Figure 5. Left-hand panel: the angle-averaged correlation function in real space, before (red circles) and after (blue squares) reconstruction and averaging over
the 160 LasDamas simulations. The reconstruction algorithm assumes the default parameters described in the text. The acoustic feature is clearly sharpened
after reconstruction. Right-hand panel: same as the left-hand panel, except in redshift space. Also shown for comparison is the average reconstructed real-space
correlation (dashed line). In addition to sharpening the acoustic feature, the reconstruction algorithm also reduces the effects of redshift-space distortions on
the correlation function.

unreconstructed correlation function is larger on small scales, with
the trend reversed on intermediate scales. This is reconstruction
reversing the infall of galaxies into overdensities. The second is that
the unreconstructed correlation function is higher just before the
BAO feature, due to pairs flowing out of the BAO feature. These
flows are responsible for the smoothing of the BAO feature. The

fact that the reconstructed correlation function is lower just before
the BAO feature and then higher at the BAO peak is from the fact
that reconstruction has moved these objects back into the BAO ring.

One metric to quantify the degree of reconstruction is to compare
the values of !nl (see equation 10) before and after reconstruction.
While !nl is poorly constrained in any single simulation, we can
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Real-space Redshift-space

Reconstructed
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Figure 4. The LasDamas galaxy correlation function, averaged over the 160 simulations, as a function of the separation perpendicular (⊥) and parallel (||)
to the line of sight. The correlation functions have been scaled by r2 to highlight the BAO feature. The top panels show the unreconstructed correlation
functions, while the bottom panels show the reconstructed correlation functions; the left- and right-hand panels are real and redshift space, respectively. The
BAO feature is visible as a ring at ∼110 Mpc h−1 in the top-left panel. Redshift-space distortions destroy the isotropy of the correlation function (top-right
panel). Reconstruction both sharpens the BAO feature (highlighted in the bottom-left panel) and restores the isotropy (bottom-right panel) of the correlation
function on the BAO scale.

Figure 5. Left-hand panel: the angle-averaged correlation function in real space, before (red circles) and after (blue squares) reconstruction and averaging over
the 160 LasDamas simulations. The reconstruction algorithm assumes the default parameters described in the text. The acoustic feature is clearly sharpened
after reconstruction. Right-hand panel: same as the left-hand panel, except in redshift space. Also shown for comparison is the average reconstructed real-space
correlation (dashed line). In addition to sharpening the acoustic feature, the reconstruction algorithm also reduces the effects of redshift-space distortions on
the correlation function.

unreconstructed correlation function is larger on small scales, with
the trend reversed on intermediate scales. This is reconstruction
reversing the infall of galaxies into overdensities. The second is that
the unreconstructed correlation function is higher just before the
BAO feature, due to pairs flowing out of the BAO feature. These
flows are responsible for the smoothing of the BAO feature. The

fact that the reconstructed correlation function is lower just before
the BAO feature and then higher at the BAO peak is from the fact
that reconstruction has moved these objects back into the BAO ring.

One metric to quantify the degree of reconstruction is to compare
the values of !nl (see equation 10) before and after reconstruction.
While !nl is poorly constrained in any single simulation, we can
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2pt correlation function

( Eisenstein et al., 2007b)

( Padmanabhan et al., 2012)

Removing RSD

Reversing  
non-linear dumping

( Eisenstein et al., 2007)



Idea: reconstruct the past-trajectories of the mass tracers by minimising the 
action of the system (fully non-linear) 

• Mixed boundary conditions: 
- observed positions/redshifts 
- vanishing initial peculiar velocities  

• Action:

Based on Least action Principle (Peebles,1989 & Nusser & Branchini 2000)

Polynomials

S = ∫
t0

ti

dt
N

∑
i=1

mi
1
2

a2 ·x2
i −

−G
2a

N

∑
j=1, j≠i

mj

|xi − xj |
−

2
3

Gπρba2x2
i

• Minimisation:  
- polynomial expansion of trajectories  
- determine the set of coefficient  
that stationaries the action

xi(t) = xi,0 + ∑
n

Ci,nqn(t)

{Ci,nqn(t)}

xi,0

The extended Fast Action Minimisation method 
(eFAM)



Reconstructed real-space 2pt correlation function, 
high redshift (mocks)
400 mocks, known cosmology, reproducing north galactic cap

Pre-rec

• Sharper peak 
• Wedges ~ superimposed 
• ~ vanishing quadrupole

(Sarpa et al 2021, arXiv:2010.10456)

wedges Multipoles

Noise at high scale due to border effects



Fitting the mean wedges averaged over the mocks, 
Post-reconstruction at high redshift
Fitting range: [50 ,150] Mpc/h

Correlation matrix of fitting parameters

• Better constraints on 
• Lower  
• NO Degeneracy  

• RSD parameters 
compatibles with zero

α∥,⊥

Σ∥,⊥

Pre-rec

We can use the real-space template  
from 13 to 11 parameters



Fitting single mocks: Pre vs Post-reconstruction 
Fitting range: [50 ,150] Mpc/h (Sarpa et al 2021, arXiv:2010.10456)

Pre-rec Post-rec

• Reduced bias in         estimates (golden star) 
• Reduced uncertainty for

⟨α⊥,∥⟩

⟨α⊥,∥⟩



Fitting SDSS-DR12 data: Pre vs Post reconstruction 
Fitting range: [50 ,150] Mpc/h

Pre-rec

Post-rec

• No RSD 
• Sharper peak 
• Gained significance

Post-reconstruction:

2.1σ

4.4σ

wedges Significance
(Sarpa et al 2021, arXiv:2010.10456)



(DA,H) Pre vs Post reconstruction 
Fitting range: [50 ,150] Mpc/h

•          from 3.5% to 2.5% 
•          from 5% to 3.6% 
• Better agreement w/ 

- fiducial cosmology 
- Ross17

σH /H
σDA

/DA

Pre-rec

Post-rec

(Sarpa et al 2021, arXiv:2010.10456)



Summary and conclusions

• Reconstruction techniques are useful tools to extract additional informations 
from observations, being vital to improve BAO measurements. 

• eFAM can help. Applied on SDSS-DR12 eFAM yields:  
- 2x significance of BAO detection  
- 2x precision on cosmological parameters  
- robust estimation of the cosmological parameters with respect to the fitting 
range  

• Towards a unique reconstruction: same reconstruction for many purposes 
…



Voids reconstruction on SDSS-DR12
(Sarpa, Degni, Aubert, Pisani, Hawken, Branchini in 

prep.)

2pt galaxy-voids cross-correlation function

Pre-rec Post-rec

Idea: Improve AP test modelling RSD 

(plot by Giulia Degni)



Exploring the evolution of the cosmic web
(Sarpa, Kraljic, Longobardi, Schimd, Veropalumbo, 2021)

Thank you for the attention …



Fitting single mocks: Pre vs Post-reconstruction 
Varying the fitting range

(Sarpa et al 2020, arXiv:2010.10456)

• Pre-reconstruction (obs):  
- increasing bias in       with decreasing smin 
- increasing        with decreasing smin 
  

• Post-reconstruction (RecL) 
- stable measurements at all scales

⟨α∥⟩
S⟨α∥⟩

We can extend  
the fitting range



Survey geometry and masked regions
• Assumption: observed galaxies as an isolated system 

- non-spherical symmetry  
       artificial large-scale bulk-flow 
- masked regions 
       spurious small-scale motion  

• Solution: Newton’s shell theorem  
- split internal and external contributions: 
- Compute       from random distribution filling the survey 
  assuming                  and  

ϕg
tot(x) = ϕg

int(x) − ϕR
int(x)

ϕext

ϕR
tot(x) = 0 ϕR

ext(x) = ϕg
ext(x)

Note: equivalent to embed the survey in an larger random distribution  
but computational more efficient

(Sarpa et al., 2021)



Galaxy bias
• Standard FAM (Branchini et al., 2002)  

- no biasing scheme: total mass is split among visible objects 

• Fiducial biasing scheme: peak-background split 
- linear bias relation:  
- assumption: bi-modal dark matter distribution, 
  clustered + smooth uniform background 
 
 
- new masses  
 
 
 
- smooth background contribution modelled as an extra tidal fields

(Sarpa et al., 2021)

δ = δg/b

ρtot(x) = ρ′�g(x) + ρ̄DM ∑
g

[1 − δD(x − xg)]

ρ′�g(x) = (
δg(x)

b
+ 1)

Ωm,03H2

8πG

Biasing scheme


