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Overview

• eBOSS DR16 QSO data set


• Scale dependent halo bias


• Results


• Methods


• Challenges


• More challenges


• Comments
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20 years of SDSS redshift surveys

Anand Raichoor (EPFL), Ashley Ross (Ohio State University) and the SDSS Collaboration.
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(e)BOSS
(extended) Baryon Oscillation Spectroscopic Survey

Sloan Digital Sky Survey Telescope

Apache Point Observatory, New Mexico, USA

Dawson et al. 2016
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eBOSS Footprint

(Figure from C. Zhao et al. 2020) 
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More than BAO and RSD….
Primordial Non-Gaussianity (PNG) can distinguish 

between physically distinct models of inflation. 
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Window to the early universe
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Primordial non-Gaussianity

Dalal et al, 2008

Primordial non-Gaussianity: 
predicted in multi-field 
inflationary models (+ ones with 
interactions)


Planck constrains PNG 
supremely well (fNL = −0.9 ± 5.1)


Future improvement will come 
from galaxy LSS


� = �+ fNL�
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Scale dependent bias
Primordial non-Gaussianity leads to mode coupling
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btotal = b+�b

�b(k) / fNL

k2

e.g. Dalal et. al 2008, Slosar 
et. al 2008

bias =
clustering of galaxies

clustering of dark matter
<latexit sha1_base64="IMwEVUM52BxiFE1kmYxSJ0sC7Ow="></latexit><latexit sha1_base64="MtehPOl1TnAFTv6jKGKJgIbEoh8="></latexit><latexit sha1_base64="MtehPOl1TnAFTv6jKGKJgIbEoh8="></latexit><latexit sha1_base64="MtehPOl1TnAFTv6jKGKJgIbEoh8="></latexit>



9

btotal = b+�b

�b(k) / fNL

k2

fNL: Parameter to quantity 
amplitude of primordial 

non-Gaussianity

e.g. Dalal et. al 2008, Slosar et. al 2008

Primordial non-Gaussianity

• Very sensitive at 
large scales


• Constrain Inflation 
by measuring the 
galaxy power 
spectrum at large 
scales
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btotal = b+�b

�b(k) / fNL

k2

Why eBOSS QSO?

• Large redshift range 0.8<z<2.2


• Largest volume survey with spectroscopic 
redshifts


• Best S/N at the larges scales



Tightest constraints from LSS so far
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Mueller et al 2021 fNL = �12± 21
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Results I

fNL = �12± 21
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(fNL = �1+32
�26)
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Mueller et al 2021 

Neural Network systematic treatment



Optimise galaxy clustering analysis

Redshift weighting 
• The underlying physical theory is 

evolving with redshift

• Redshift weights optimally balance the 

statistical uncertainty (n(z)) and redshift 
evolution of the theory you want to 
constrain


• Reduce uncertainty on measured 
cosmological parameters

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift

w
ei

gh
ts

Physical theory statistical uncertainty

wtot = wFKP ⇥ wz

‘Sweet spot’ of theory vs. statistics



Forecasts

Measurement 
improvements 
• ~30% improvement on fNL constraints
•  Improvement depends on redshift range 

and bias model
• Computationally more feasible for large 

data sets
• Weights are model dependent, i.e. 

optimal for a certain theory to be 
measured
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Forecasts:

Data: 

It works! 



Redshift distribution

Optimal Weights
The optimal weights shift the effective 
redshift from 
z=1.51 to z=1.82 (p=1.6) and z=1.74 (p=1.0)



Challenge I: Systematics

A lot of noise, fewer modes



Challenge I: Systematics

Side note: 

Largest scales ever used 
in any LSS analysis 

BAO / RSD analysis 
cut-off here



Imaging systematics

Large scales are 
dominated by systematics
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eBOSS QSO
Eliminating systematic modes from the galaxy power 7

Figure 2. Plot similar to Fig. 1, but points in di↵erent colours are
for di↵erent subsamples of galaxies with di↵erent ifib2 ranges. The
dashed lines are the best-fitting lines through the data points.

In Ross et al. (2017), the stellar density weight for the ith
galaxy in the survey with magnitude ifib2 at right ascension
↵i and �i is obtained by evaluating Eq. (41) at its magnitude
and at the number of stars in the pixel where it is situated:

wi =
1

ng

hng i
(1)(nstars(↵i, �i), ifib2)

. (42)

A template based technique, however, requires a field value
for ifib2 in either configuration space or Fourier space, so
one cannot generate the template using the ifib2-values of
individual galaxies. Instead, we average ifib2 in redshift slices
(cf. Fig. 3), because farther galaxies tend to have smaller
surface brightness, and we assign the averages to template
grid cells according to their redshifts. Apart from this, the
weights entering Eq. (23) are obtained in the same way as
Ross et al. (2017)’s weights:

w(x) = w(z, ↵, �) = 1

ng

hng i
(1)(nstars(↵, �), hifib2i(z))

. (43)

We compute the BOSS DR12 CMASS NGC power spec-
trum using MOSES. We additionally apply the FKP, fibre-
collision, redshift-failure and seeing weights that are pro-
vided in the catalogue files. The resulting power spectrum is
shown in Fig. 4. We also compute the power spectra of 2048
MultiDark-Patchy mock catalogues (Kitaura et al. 2016)
generated using the Perturbation Theory Catalog Genera-
tor of Halo and Galaxy Distributions (Kitaura et al. 2015,
PATCHY). The mocks are generated using Kitaura et al.
(2014)’s Augmented Lagrangian Perturbation Theory and a
non-linear bias stochastic scheme. The bias parameters are
fitted to the clustering of the BigMultiDark Planck simula-
tion for each redshift snapshot (Klypin et al. 2016)2. The
mass assignment to halos was done with the Halo mAss
Distribution ReconstructiON (HADRON) code (Zhao et al.

2 www.multidark.org

Figure 3. Mean and median values of the ifib2-magnitudes of
BOSS DR12 CMASS galaxies at given redshifts z.

Figure 4. The power spectra of the uncorrected BOSS DR12
CMASS NGC galaxies Puncorr and after 1 to 5 iterations of the
debiased mode subtraction procedure, compared to the average
power spectrum of the MultiDark-Patchy mocks PPatchy.

2015), that takes the local dark matter density, the cosmic
web environment and the halo-exclusion e↵ect into account.
Finally, light-cones are obtained using the SUrvey GenerA-
toR (Rodŕıguez-Torres et al. 2016, SUGAR) code.

We use the MultiDark-Patchy mock power spectra for
three di↵erent purposes:

• We estimate the error on our power spectrum measure-
ments as the sample variance of the MultiDark-Patchy power
spectra.

• We use the average of the mock power spectra to com-
pare the power spectrum estimates from data against. This
has the advantage that the comparison is free of any kind

MNRAS 000, 1–18 (2018)

BOSS DR12 LRGs  see Kalus et al. 2018

Non-Gaussianity in BOSS 3D Clustering 7

Table 1. The recovered f local
NL constraints and quality of fit for the four treatments of the systematic contribution to the model that we consider, where C.I.

stands for confidence interval, ML stands for maximum likelihood, and P (f local
NL < 0) is the sum of the probability at f local

NL less than zero.

Case f local
NL 95% C.I. |f local

NL | 95% C.I. f local
NL ML overall best-fit f local

NL �2
best�fit/dof Sbest�fit P (f local

NL < 0)

i (-27, +196) (0, 184) 106 105 15.9/10 ⌘ 0 5.9%
ii (+32, +198) (32, 198) 123 123 32.4/10 ⌘ �1 0.5%
iii (-45, +195) (0, 179) 102 105 15.6/9 0.08 9.0%
iv (-82, +178) (0, 154) 76 -48 13.0/9 0.45 32%

0.01 0.02 0.03 0.04 0.05

-0.4

-0.2

0

0.2

Figure 4. Top panel: The measured DR9 CMASS P (k) for the labeled
treatment of systematics (points with error-bars) and the associated best-fit
model (solid lines). The model with f local

NL = 0 and S = 0 is displayed
with a dotted line. We subtract S(Pm,nw � Pm,star) from the measured
power spectrum, rather than add it to the theoretical model; in this way
the points show the measurement assuming the given systematic treatment
is the correct one. Bottom panel: The difference between the logarithms
of a given power spectrum and the overall best-fit model power spectrum
(which is for S = 0.45, f local

NL = -48), where the black circles represent
the measured power spectrum (using weights for stellar density, Pm,star)
and the lines represent the same four models and use the same scheme as in
the top panel.

Fig. 3 displays the recovered probability distribution functions
(PDFs) when we fit our power-spectrum measurements using the
four treatments of the systematics we consider, and Table 1 lists the
relevant attributes in each case. Only for case (ii), where we use the
measurement without the weights for stellar density, (displayed in
green) does the probability distribution appear Gaussian. For this
case, f local

NL < 0 is allowed at 0.5% and the PDF peaks at f local
NL =

123. In the absence of any systematic correction, we would have
appeared to detect non-zero f

local
NL . However, the value of the �

2 at
the minimum, �2

best�fit = 32.4 (10 degrees of freedom), for case
(ii) indicates a problem as only 0.03% of samples consistent with
our model would yield as large a �

2. This result, in and of itself,
suggests the analysis performed in case (ii) has a systematic in the
treatment of the data/modelling.

Including the weights for stellar density, case (i), reduces the
�
2 minimum to 15.9 (10 degrees of freedom), and we expect a

�
2 value at least as large for 10% of consistent samples. The

��
2
best�fit = 16.5 between cases (ii) and (i) shows that the stel-

lar density weights are strongly preferred. However, the maximum
likelihood value of f local

NL decreases only from 123 to 106. One can
see in the top panel of Fig. 4 that the convolved models using these
two f

local
NL values (plotted so that the systematic term is applied to

the measurement, not the model) appear qualitatively similar. The
measurements at scales k > 0.02hMpc�1 (where the stellar den-
sity weights are not important) do not accommodate a significantly
larger f local

NL ; it is clearly the tension between the power spectrum
measurements in k bins greater and less than k = 0.02hMpc�1

that yields such a large �
2 in case (ii).

The comparison between cases (i) and (iii) illustrates the im-
portance of including the uncertainty on the systematic correc-
tion. In both cases, we use the measured power spectrum that in-
cludes the weights for stellar density. In case (iii), we are essen-
tially adding a systematic uncertainty, by allowing S to vary around
0 with a Gaussian prior of width 0.1 (which is the uncertainty we
determine from DR9 mocks), while for case (i) S is simply set to
zero, meaning we have applied a systematic correction but allowed
no uncertainty due to the correction. Comparing the PDF of case
(iii) to that of case (i), we find that the PDF widens such that the
95% confidence interval increases by 17 (representing an 8% in-
crease), its peak shifts by �f

local
NL = 4, and the probability that

f
local
NL < 0 increases from 5.9% to 9.0%. While these changes are

not dramatic, they are significant and suggest (assuming the uncer-
tainties add in quadrature so that �2

sys = �
2
tot � �

2
stat) that the 1�

systematic uncertainty on f
local
NL for the DR9 CMASS sample is ⇠

22.

In case (iv), we allow any value of S. As shown in Fig. 3, 32%
of the PDF (displayed in red) is now at f local

NL < 0. Further, there
are two peaks; the most likely value is at f local

NL = 76, but there is
a second peak at f local

NL = -31 with an amplitude that is 79% that
of the overall peak. As described in Appendix B, when case (iv)
was tested on the 600 mock realizations, multiple peaks are found
in 24% of the PDFs (and in only 9% of the PDFs for the other
cases). The minimum �

2 for case (iv), 13.0 (9 degrees of freedom),
is the overall minimum across all cases. The minimum occurs when
S = 0.45 and f

local
NL = -48. Inspection of Fig. 4 reveals that the

negative f
local
NL value allows a better fit to the two measurements

over 0.024 < k < 0.03hMpc�1 and the 45% stronger correction
allows the measurements at large-scales to be in good agreement.
The �

2 is reduced by 2.9 with the addition of one extra parame-
ter (comparing to case i), and we would expect 16% of consistent
samples to have a larger �2.

c� 2012 RAS, MNRAS 000, 1–12

BOSS DR9 LRGs  see Ross et al. 2012



Imaging systematics

Systematic Treatment

-> better, new catalog for eBOSS DR16 QSO
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Figure 11. Monopole of the main sample in the NGC (left) and SGC (right) after treatment with the standard method and neural network. Various 5NL models
are plotted to show the sensitivity of the signal on large scales. The shades represent 1f statistical uncertainty estimated from the EZmocks. The x-axes are
logarithmic for : < 0.02 ⌘Mpc�1 and linear otherwise.

Figure 12. Measured power spectrum of the EZmock realizations before and
after systematic treatment for the NGC (left) and SGC (right) regions. From
top to bottom, we show the di�erence between the mean mitigated spectrum
and the mean truth spectrum, the relative di�erence, the dispersion in the
mock spectra, and the relative dispersion.

to much more severe and nonlinear systematic e�ects compared
to the mocks and the standard linear method is not su�ciently ef-
fective. Therefore, we believe that the overcorrection is less likely
a problem for the real eBOSS data and an attempt to mitigate it
might further bias the data. We present the discussion of our mitiga-
tion bias on primordial non-Gaussianity constraints in a companion
paper (Mueller & et al. in prep. 2020).

Figure 13. Di�erence between the measured spectra of the contaminated
EZmock catalogues after cleaning and the spectra of the null catalogues as
a function of the latter. The medians are used to obtain the best linear fit in
each k bin, and are shown only for : = 0.001 ⌘/Mpc with open squares.

5 CONCLUSION

We have performed a thorough study of imaging systematic e�ects
and various template-based mitigation techniques in the final sample
of quasars (Lyke et al. 2020; Ross et al. 2020) from the eBOSS DR16
(Ahumada et al. 2020). We present a nonlinear cleaning approach,
based on artificial neural networks, and compare the treatment ef-
fectiveness with the standard method, based on linear regression.
The methods are applied to model the observed density of quasars
given a set of templates for imaging properties, related to SDSS
properties and Galactic foregrounds, which include stellar density,
Galactic extinction, neutral hydrogen column density, depth, seeing,
sky brightness, airmass, and run. As summarized in Tab. 1,

(i) We find that the neural network-based approach outperforms
standard linear regression by allowing more freedom for cor-
recting nonlinear and complex variations in the quasar density
caused by imaging properties, see Fig. 5 and 8. The approach is
also further improved by using the Poisson statistics to account
for the sparsity of the DR16 sample.

(ii) Stellar density is one of the most important sources of spuri-
ous fluctuations, and a new template constructed using the Gaia
DR2 (Gaia Collaboration et al. 2018) yields the best agreement
to the observed chi-squared values in the simulations, see Fig.

MNRAS 000, 1–17 (2020)

Rezaie et al. 2021 
arXiv:2106.13724 



Systematic treatments

- Need to correct for 
stellar density


- Neural Network 
can account for 

non-linear 
systematic effects

Rezaie et al. 2021 arXiv:2106.13724 

See also Ashley Ross’ talk tomorrow for more details on systematic treatment



Results for linear treatment



Problem II: Systematics

Does the 
systematic 

treatment bias the 
result?



Problem II: Systematics

Yes!



Problem II: Systematics

Modes are 
removed!

10 E.-M. Mueller et al.

0

20000

40000

NGC

null mocks

contaminated mocks with NN

10
�2

10
�1

k [h/Mpc]

0

20000

40000

SGC

P
0
(k

)
[(

M
pc

/h
)3

]

Figure 7. Impact of the treatment of systematics on the mocks: Left panel: Mean power spectrum monopole from the null mocks (green)
and contaminated mocks (black) with the neural network removal technique applied to each individual mock. Right panel: Corresponding
fNL constraint from the mean of the contaminated mocks (with errors as for a single mock).

survey eBOSS
tracer quasars
redshift range 0.8 < z < 2.2
e↵ective redshift ze↵ = 1.82
scale range in h/Mpc 0.0019 < k < 0.121
k bins 63 with �k = 2⇡/L ⇡ 0.019 h/Mpc
photometric treatment neural network weights
nuisance parameters {bN , bS , �P shot

N , �P shot

S , �v,N , �v,S}
merger rate p 1.6
Weights redshift and optimised FKP weights

Table 1. Default assumptions of the analysis

quasars on the fNL constraints parametrised as p in Eq. 3.
Tracers that mainly populate recently merged halos lead to a
weaker scale dependency of the halo bias with p ⇠ 1.6. While
this is our default assumption, it is likely that not all quasars
are in halos that resulted from recent mergers. Our default
results can therefore be considered the most conservative
estimate. If we instead assume p = 1, i.e. no recent merger
history, our constraints tighten to �18 < fNL < 11 with
the optimal weighing technique. This is the most optimistic
estimate of the fNL uncertainties. Note, that the e↵ective
redshift in this case is ze↵ = 1.74 and the improvement of the
optimal weights compared to the standard analysis without
optimal weights is 10%. The redshift evolution of the optimal
weights with p = 1 is weaker that for p = 1.6 resulting in less
improvement and a lower overall e↵ective redshift. Figure 8
shows the redshift distribution, n(z) for di↵erent weights.

Nevertheless, the constraints for p = 1 are 80% tighter
than for p = 1.6. Therefore, our 1-� results are between
±14 < �(fNL) < ±21. Note, that the maximum likelihood
value for fNL does not change with p, only the uncertainty
on fNL varies with p.

Figure 8. Redshift distribution of the eBOSS QSO sample in the
NGC without optimal weights (blue), with optimal weights for
p = 1 (orange) and optimal weights with p = 1.6 (green). The
optimal weights increases the e↵ective redshift from 1.51 to 1.74
(p = 1) and 1.83 p = 1.6, shifting the redshift distribution to
peak at higher redshifts. The parameter p depends on the as-
sumed merger history of the QSO sample and defines the scale
dependency of the PNG contribution to the halo bias.

8.2 Robustness of the results

In this section we investigate the e↵ect of di↵erent assump-
tions in the analysis, for instance, the covariance matrix
without systematic contribution, the theoretical model as
well as scale cuts and assumptions on priors for both the
neural network systematics treatment as well as the linear
systematics treatment. Table 3 and Figure 11 summarise our
results. Overall, the results using the neural network system-
atics treatment are robust to all assumptions and analysis
settings, whereas the linear systematic treatment shows a
wider scatter in the resulting fNL constraints. In the follow-
ing we discuss each scenario in more detail.

First, we investigate the e↵ect of using the covariance

MNRAS 000, 1–16 (2021)



Problem II: Systematics

Significance of residual systematics. We quantify the total residual 
mean density fluctuations against all imaging properties, not just 
the ones used to obtain selection function (Rezaie et al ‘21). 
Standard method works for the mocks (which has linear 
systematics) but does not work well for the DR16 sample.

Lessons from eBOSS - template fitting & mitigation bias

Mitigation bias. The template-based imaging treatment removes some of the true 
clustering signal (Rezaie et al ‘21). A more flexible model will remove more of the 
true clustering. Conservative Approach: Reduce the flexibility of the model at the 
expense of leaving behind some systematics (see, Rezaie et al ‘20).

Thorough study for eBOSS fnl (Rezaie et al. 21, Mueller et al. 21) 

Test with 
mocks!

Rezaie et al. arXiv:2106.13724 



Challenge III: Model
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best fit model
+ window convolution
+ integral constraint
mean of mocks No survey is perfect….



Need mocks!



Challenge III: Model

Merger rate 
p=1 : no recent mergers
p=1.6 for objects that populate only 
recently merged halos 

fNL = �7± 14
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�b(k) = 2(b� p)fNL
�crit
↵(k)

<latexit sha1_base64="gtQ9j1lyI3VCA6TxMA90xdo1RtQ="></latexit><latexit sha1_base64="bTmJ2ROcMCJ6b9WXYG2ttzFi68Y="></latexit><latexit sha1_base64="bTmJ2ROcMCJ6b9WXYG2ttzFi68Y="></latexit><latexit sha1_base64="bTmJ2ROcMCJ6b9WXYG2ttzFi68Y="></latexit>

See also Alex Barreira’s talk yesterday
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Future Present: Dark Energy 
Spectroscopic Instrument (DESI)

New era of large scale structure has begun

Mayall 4-meter telescope at Kitt Peak National Observatory
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Largest 3D 
map of the 
Universe !



• 5-year survey (2021-2026)

• 5 target classes, ~40M redshifts

• 14,000 deg2 footprint (1/3 sky)

DESI will produce is producing the most 
detailed 3D map of  the universe, ever.

DESI Collaboration et al. 2016



Beyond DESI
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And beyond that?

• Can we push                        with LSS?


• What kind of a survey do we need?

34

�(fNL) < 1
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Beyond Euclid?
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Answers:

“I am retired by then…” “I might not be in academia by then…”

“I do theory…”



Beyond Euclid?
1. Options: Join US effort

36

and forecasting methods, as well as a much more in-depth discussion of the science case,
especially regarding the high-redshift sample. We start by noting that the constraining
power on much of the fundamental physics described below is proportional to the number
of linear or mildly non-linear modes that are correlated with the initial condition, which
can therefore be taken as a “Figure of Merit” (FoM) when comparing current and future
surveys. Figure 2 shows that the next generation of spectroscopic surveys can lead to an
order of magnitude increase in the FoM, drastically improving our understanding of the
universe.
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Figure 2: “Figure of Merit” FoM ⌘ 10�6Nmodes, representing the effective number of “linear”
modes observable as a function of zmax for DESI, PUMA (-5K and -32K), and MegaMapper
and SpecTel, two examples of Stage-5 spectroscopic surveys. For DESI we include only the
ELGs. For PUMA, we consider both optimistic and pessimistic foreground models, which
are the boundaries of the shaded regions. The boundary of the shaded orange region is the
cosmic variance limit for an all-sky survey, assuming b(z) = 1. From [3] (see [2] for details
about the calculation).

2.1 Inflation and Primordial Physics

DESI will map the Universe to z ⇠ 1.6 at high fidelity. The large volume available at
1.6 . z . 5, together with the existence of galaxy samples that can be targeted spec-
troscopically with existing technology, will allow the surveys proposed here to constrain
primordial physics to unprecedented precision, beyond the CMB cosmic variance limit [3]
as spectroscopy unleashes the third dimension of spatial volume.

Primordial non-Gaussianity [26, 31] is one of the most powerful tools to study inflation
and the primordial universe; the precise form of non-Gaussianity encodes the masses, spins
and interactions of particles present during inflation. Due to the non-linear nature of gravity,

5

Schlegel, Ferraro

 et al 2022 arXiv:2209.03585



Beyond Euclid?
1. Option: Join US effort


2. Option: Stage 5 European Mission after Euclid?
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Beyond Euclid?
1. Option: Join US effort


2. Option: Stage 5 European Mission after Euclid


3. Option: Nothing
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Same take-away points

• LSS can be used to constrain 
primordial non-Gaussianity 
through the scale dependent 
halo bias

39

e.g. Dalal et. al 2008, Slosar et. al 2008



Same take-away points

• This measurement needs a 
large volume survey 


-> large redshift range


-> large sky coverage
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Same take-away points

• Understanding the 
observational systematics is 
crucial


• Might need new catalogs for 
your analysis!
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Same take-away points

• Don’t put too much trust into 
Fisher forecasts


• Many challenges ahead
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Same take-away points

• LSS can be used to constrain 
primordial non-Gaussianity 
through the scale dependent 
halo bias


• Understanding the 
observational systematics is 
crucial


• Don’t put too much trust into 
Fisher forecasts


• Many challenges ahead
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Thank you!
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Thank you!


