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The accelerating 
Universe!

2011
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The expansion of the Universe can accelerate if

Dark Energy

In GR, to add new ‘repulsive matter’, 
which contributes 70% total energy 

Modified Gravity

To modify General 
Relativity

NASA/Jim Campbell/Aero-News Network

Galaxy surveys can break the dark degeneracy! 



Massive redshift surveys as 
a key cosmological probe

BOSS
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Large z-surveys：a key probe of the Universe
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SDSS-III
Baryon Oscillation 

Spectroscopic Survey 
(BOSS) (z<0.6)

1.6M LRGs
The largest in the 

past decade

New Mexico
2.5m



SDSS-IV
extended BOSS (eBOSS)
1M LRGs, ELGs and QSOs

(0.6<z<3.5)
The largest in the 

past 5 years



DESI, 4m, (2020-)

PFS, 10m, (2024-)

DESI & PFS
>30M LRGs, ELGs and QSOs

(0<z<3.5)
Largest ongoing surveys
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MUST, 6.5mCSST, 2m in space LAMOST-II, 4+m LOT, 12m

4MOST, 4m MegaMapper, 6.5m MSE, 10m280 m at L2!!
arXiv: 2010.06064
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Zhao et al, 2017, Nature Astronomy
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LSS survey
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eBOSS (2014-2020) 2.5 m SDSS telescope @ New Mexico



Latest result released on July 20, 2020 in 20+ papers

sdss.org



eBOSS tracers

Lyman-a forest 

Clustering quasars 

Emission Line Galaxies (ELGs)

Luminous Red Galaxies (LRGs)



• ELG (k-space): De Mattia et al, 2007.09008

• ELG (s-space): Tamone et al, 2007.09009

• LRG (k-space): Gil-Marin et al, 2007.08994 

• LRG (s-space): Bautista et al, 2007.08993

• ELG x LRG (k-space): G-B. Zhao et al, 2007.09011

• ELG x LRG (s-space): Y. Wang et al, 2007.09010

• QSO (k-space): Neveux et al, 2007.08999

• QSO (s-space): Hou et al, 2007.08998

• LyA BAO (s-space): du Mas des Bourboux et al, 2007.08995

• Cosmological implications: Alam et al, 2007.08991 

• Mocks, Catalog papers





eBOSS footprint

C. Zhao+, 2020



Luminous Red Galaxies (LRGs)

0.6 < z < 1.0, zeff = 0.77

~9500 deg2

~400 K spectra

Bautista+, 2020; Gil-Marin+, 2020



Emission line Galaxies (ELGs)

0.6 < z < 1.1, zeff = 0.845

~730 deg2

~170 K spectra

de Mattia+, 2020; Tamone+, 2020



Clustering quasars (QSOs)

0.8 < z < 2.2, zeff = 1.48

~4700 deg2

~340 K spectra

Hou+, 2020; Neveux+, 2020



Angular overlap

GBZ+, 2020



Radial overlap









GBZ+, 2020



GBZ+, 2020



GBZ+, 2020





GBZ+, 2017, Nature Astronomy

Wang+, 2018, ApJL

Wang+, 2020

Wang+, 2020



A new method to extract high-order information from 2-pt

phase info.
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phase info.

Ppre Ppost

X Pcross

A new method to extract high-order information from 2-pt



Information content for the Euler reconstruction

Schmittfull et al, 2015



A demonstration using 4000 high-res N-body simulations at z=1.02 



Analysis on other cosmological parameters 

on Quijote galaxy mocks (Molino)

Yuting Wang, GBZ*, et al, arXiv: 2202.05248



5-paras. HOD 
model 

(Zheng2007)

QUIJOTE Simulations

q 1Gpc3
q realizations
q cosmologies

• @ z=0
• Covmat: 15,000 mocks (z-RSD) 
• Derivatives :  2, 500 mocks (x-, y-, z-RSD)

MOCK GALAXY catalogs
(Hahn2020)



A further demonstration using 15000 realistic Molino galaxy mocks at z = 0 



Yuting Wang, GBZ*, et al, arXiv: 2202.05248
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Yuting Wang, …, GBZ*, et al, 2311.05848
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Yuting Wang, …, GBZ*, et al, 2311.05848



A first reconstruction of dark gravity using observations







Pogosian (PIFI B), …, GBZ, et al

Nature Astronomy, 2022



A first detection of BAO from galaxy-ellipticity correlations

d’Assignies D. et al. 2021  



Xu, Jing, GBZ et al, Nature Astronomy (2023)



Summary

• eBOSS completed successfully with ~1M spectra covering 0.6<z<3;

• A multi-tracer analysis was performed for LRGs and ELGs, and a RSD 

signal is detected at 4 s in the cross-power spectrum;

• A standard LCDM model seems fine with data, but extended models 

(dynamical DE, modified gravity, neutrinos, etc) are worth exploring in 

more depth. 


