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A B S T R A C T 

Next-generation spectroscopic surveys such as the MegaMapper, MUltiplexed Survey Telescope (MUST), MaunaKea Spectro- 
scopic Explorer (MSE), and WideField Spectroscopic Telescope (WST) are foreseen to increase the number of galaxy/quasar 
redshifts by an order of magnitude, with hundred millions of spectra that will be measured at z > 2. We perform a Fisher matrix 

analysis for these surv e ys on the baryonic acoustic oscillation (BAO), the redshift-space distortion (RSD) measurement, the 
non-Gaussianity (NG) amplitude f NL , and the total neutrino mass M ν . For BAO and RSD parameters, these surv e ys may achiev e 
precision at sub-per cent level ( < 0.5 per cent), representing an impro v ement of factor 10 w.r.t. the latest data base. For NG, these 
surv e ys may reach an accuracy of σ ( f NL ) ∼ 1. They can also put a tight constraint on M ν with σ ( M ν) ∼ 0 . 02 eV if we do joint 
analysis with Planck and even 0 . 01 eV if combined with other data. In addition, we introduce a general surv e y model to derive 
the cosmic volume and number density of tracers, given instrumental facilities and surv e y strate gy. Using our Fisher formalism, 
we can explore (continuously) a wide range of survey observational parameters and propose different surv e y strate gies that 
optimize the cosmological constraints. Fixing the fibre number and surv e y duration, we show that the best strategy for f NL and 

M ν measurement is to observe large volumes, despite the noise increase. Ho we v er, the strate gy differs for the apparent magnitude 
limit. Finally, we pro v e that increasing the fibre number impro v es M ν measurement but not significantly f NL . 

Key words: neutrinos – techniques: spectroscopic – surv e ys – cosmological parameters – early Universe – large-scale structure 
of Universe. 
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 I N T RO D U C T I O N  

assive high-redshift spectroscopic survey aims at exploring baryon
coustic oscillations (BAO) and the growth of structure through
edshift-space distortions (RSDs) with large-scale structures (LSS) in
he Universe, by probing the 3D distribution of galaxies and quasars
n a wide area. LSS also provides one of our best windows on funda-
ental physics, such as properties of the early Universe with the non-
aussian primordial fluctuations, or the sum of neutrino mass (NM).
s the product of spectroscopic surv e ys, the data base for the 3D
ositions of galaxies and quasars has been growing rapidly. In the past
ecade, surv e ys like the SDSS-III Baryon Oscillation Spectroscopic
urv e y (BOSS; Schle gel, White & Eisenstein 2009 ) and SDSS-
V e xtended BOSS (eBOSS; Da wson et al. 2016 ) hav e measured
illions of spectra. The ongoing Dark Energy Surv e y Instrument

DESI; DESI Collaboration et al. 2016 ) is expected to take o v er 30
illion spectra in 5 yr. The next-generation experiments, such as the
e gaMapper (Schle gel, Kollmeier & Ferraro 2019 ), MUltiple x ed

urv e y Telescope 1 (MUST), WideField Spectroscopic Telescope
WST; Ellis & Dawson 2019 ), and the MaunaKea Spectroscopic
xplorer (MSE; Perci v al et al. 2019 ), are expected to be equipped
ith a large number of fibres (10–20 k) thanks to the development of
 E-mail: wdoumerg@ifae.es (WdD); cheng.zhao@epfl.ch (CZ) 
 ht tps://must .ast ro.t singhua.edu.cn 
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obotic fibre positioners and are foreseen to increase the number of
bserved galaxy/quasar by another order of magnitude. 
These observations will allow us to test the standard � CDM
odel of cosmology, with parameters constrained at sub-per cent-

evel precision. The standard � CDM model has been able to
xplain a large number of observations, from the cosmic microwave
ackground (CMB) to low-redshift galaxies. However, tensions
etween measurements have recently become more and more
ignificant, notably the Hubble constant H 0 (Riess et al. 2019 ;
reedman 2021 ) and the growth parameter σ 8 (Macaulay, Wehus &
riksen 2013 ; Douspis, Salvati & Aghanim 2019 ). The origin of

hese tensions could come from bias in our measurements, unknown
ystematics, or be the sign of new physics (Vagnozzi 2020 ; Di
alentino et al. 2021 ; Nunes & Vagnozzi 2021 ; Blanchard et al.
022 ). There are extensions of the standard � CDM model, e.g.
arying the dark energy equation of state (Copeland, Sami &
sujikaw a 2006 ; Tripathi, Sangw an & Jassal 2017 ), the primordial
on-Gaussianity (NG; Matarrese, Verde & Jimenez 2000 ; Dalal
t al. 2008 ), and the non-zero total NM (Boyle 2019 ). 

The primordial non-Gaussianity is a test to inflation scenario
Ach ́ucarro et al. 2022 ), and the LSS of galaxies/quasars is controlled
y the NG amplitude parameter f NL through a bias scale dependence
Maldacena 2003 ; Desjacques, Seljak & Iliev 2009 ). Therefore, mea-
uring the large-scale clustering of galaxies provides an opportunity
o study the early Universe physics. 

Oscillation e xperiments hav e shown that at least two families of
eutrinos have non-zero mass (Capozzi et al. 2016 ), but they can only
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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onstrain the relative mass difference between families. Normal and 
nverted hierarchy theories give different predictions of the minimal 
um of NM, respectively: M ν ∼ 0.06 eV, or M ν ∼ 0.1 eV (Qian &
ogel 2015 ). As massive neutrinos constitute a small fraction of the
nergy density of the Universe, a range of cosmological probes can 
rovide indirect evidence of their mass properties (Lesgourgues & 

 astor 2014 ). F or e xample, a joint analysis of the Planck CMB
easurements and the Baryon Oscillation Spectroscopic Surv e y 

BOSS) galaxy clustering data have already put an upper limit M ν

 0.16 eV at 95 per cent confidence level (Ivano v, Simono vi ́c &
aldarriaga 2020 ) and down to M ν < 0.11 eV with data from
BOSS (Alam et al. 2021 ). Thus, the Universe appears to be an
deal laboratory for the measurement of the neutrino hierarchy. 
o we ver, it has been recently objected that this measurement depends 
n the � CDM model (which has started to exhibit weakness) and
annot categorically exclude a scenario, though a careful study on 
he dependence of these constraints on the � CDM model may be
ecessary (Boyle & Komatsu 2018 ). 
The aim of this article is first to forecast the accuracy of high-

edshift spectroscopic surv e ys of the next decade on four cosmolog-
cal aspects: BAO scales, the RSD effect, NG amplitude parameters, 
nd the sum of NM. We use Fisher information matrix F ij (Tegmark
997 ) for this purpose, assuming its inverse is a typical covariance
atrix of our parameters (which is true in the Gaussian case and

ives an upper limit in the general one). We will use the linear theory
o e v aluate this information matrix. Thus, our forecasting method 
s not particularly innov ati ve compared to modern Markov chain 

onte Carlo (MCMC; Chudaykin & Ivanov 2019 ) methods, and 
he consideration of non-linearity. Our goal is rather to compare the 
ifferent surv e ys and to apply this simple formalism in the context
f an optimization of the parameters of a surv e y. In principle, it is
lso possible to perform Fisher forecasts for surv e ys probing z ∼ 1,
ith a much higher tracer density. None the less, the main interest of

hese surv e ys is to e xtract more information from small scales, e.g.
y exploring the power spectrum up to k max ∼ 0.5 h Mpc −1 modes.
he linear model of the power spectrum that we adopt in this study

s not able to describe these scales accurately. Therefore, forecasts 
or high-density surv e ys that focus on small-scale clustering are left
or future work. 

With the increase of the number of fibre, and as demonstrated by
ur forecasts, future surv e ys will be able to constrain cosmological
arameters such as BAO and RSD at the sub-per cent level. Besides,
he measurement of parameters beyond the standard model like f NL 

nd M ν remains a challenge as the error bars are comparable to
he parameter values. That is why, in a second step, we produce
 quantitative optimization pipeline of the observation strategy of 
pectroscopic surv e ys for the study of the parameters f NL and M ν as
e find their constraints still need impro v ement despite their large
umber of fibres and large cosmic volume. It could be used for the
esign of future surv e ys, but it also provides a point of comparison
etween the expected accuracy of some surv e ys and the technically
ptimal one. To do so, we will present a rather general model of a
igh-redshift spectroscopic surv e y. We model in a simplified way the
roperties of observational targets, the specifications of the telescope, 
nd the surv e y strate gy. 

This paper is organized as follows. In Section 2 , we describe
he future high-redshift massive spectroscopic surveys in detail. The 

ethodology used for the science forecasts is outlined in Section 3 ,
s well as our modelling for a general spectroscopic surv e y. We
resent the cosmological parameter constraints and the preferred 
mpro v ements for future surv e ys in Section 4 . Finally, we summarize
ur results in Section 5 . 
 SURV EYS  

n this section, we describe various spectroscopic galaxy surv e ys
nd cosmological probes considered in our forecasts. These surv e ys
ill observe emission line galaxies (ELGs) that are abundant up 

o redshift ∼2 (Madau & Dickinson 2014 ), Lyman alpha emitter
alaxies (LAEs), Lyman break galaxies (LBGs), and BX galaxies 
Steidel et al. 2004 ) that can be observed up to redshift 5, or even
igher in theory (Wilson & White 2019 ). Forecasts presented in
his work do not include constraints on cosmological parameters 
oming from cosmic shear, HI intensity mapping, and future CMB
bservations that will be included in upcoming surv e ys (Annis,
ewman & Slosar 2022 ) such as Euclid (Laureijs et al. 2011 ), DESI

DESI Collaboration et al. 2016 ), Puma (Slosar et al. 2019 ), and
ETDEX (Adams et al. 2011 ). 
Surv e y properties considered in our study are listed in Table 1 ,

nd the associated densities are presented in Section 4 . In general,
he number density of a given tracer X can be (ideally) modelled by 

 ( z) = 

∫ m max 

E( m ) φX ( m, z) dm, (1) 

here m is the apparent magnitude of the tracer, m max is the
aximum apparent magnitude of the surv e y, E ( m ) is the efficiency of

bservation, and φX is the tracer luminosity function. If the efficiency 
s independent of the magnitude, it reduces to 

 ( z) = e ff · n X ( m max ,z ) , (2) 

here e ff is the constant efficiency of the tracer, and n X is the
heoretical tracer density (cf. Section 3.2 ). We consider a redshift
ncertainty σ z /(1 + z) = 0.001 (Perci v al et al. 2019 ) for every survey.
ndeed, the redshift resolution is assumed to be similar but slightly
ore conserv ati ve than DESI one (DESI Collaboration et al. 2016 )

o ensure that it is a reasonable estimation across our wavelength 
ange. 

.1 MegaMapper 

e gaMapper (Schle gel et al. 2019 ) is a spectroscopic instrument
hat will be located at the Las Campanas observatory in the southern
emisphere. It would target LBG at high redshift 2 < z < 5, co v ering
4 000 deg 2 of the sky. Its 6.5-m telescope, 20 000 fibres, and a
-yr observation period would yield a galaxy number density n 
 10 −4 h 3 Mpc −3 across its redshift range. For the property of the
ducial LBG sample, we use the values in Table 2 of Ferraro &
ilson ( 2019 ). These values are compatible with the model given by

quation ( 2 ), with n LBG an idealized density distribution introduced
n sub-Section 3.2 [equation ( 9 )], e ff = 0.4 for z < 4, e ff = 0.9 for 4
 z < 5 (see fig. 4 of Sailer et al. 2021 ), and m max = 24.5. 

.2 MSE 

he MaunaKea Spectroscopic Explorer (MSE; Percival et al. 2019 ) 
ill be located in Hawaii in the Northern hemisphere, probing over
0 000 deg 2 . It will couple an 11.25-m mirror with a 1.5-deg 2 field
f view (FoV) to 4000 fibres, feeding to spectrographs that cover
60–1300 nm. This design enables the detection of ELGs at 1.6 < z 

 2.4 and LBGs at 2.4 < z < 4. The exposure time is 1800 s. The
LG number density shown in Table 4 is taken from Percival et al.
 2019 ). For LBG, we will assume a model described by equation ( 1 ).

e estimate the efficiency thanks to fig. 2 of Percival et al. ( 2019 ),
ssuming that 40 per cent of LBG have Equi v alent Width v alues EW
 0, 30 per cent have 0 < EW < 20 and 30 per cent have EW >
MNRAS 521, 3648–3662 (2023) 
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M

Table 1. Properties of future surv e ys, including their tracers, the redshift range and sk y co v erage, the number of fibres, the telescope diameter, and the telescope 
location. Most of these properties are not definitive yet. 

Surv e y Tracer Redshift Sk y co v erage Fibre Telescope size Location 
Range (deg 2 ) Number (m) 

MegaMapper LBG 2 < z < 5 14 000 20 000 6.5 Las Campanas Observatory 
Chile 

MSE ELG 1.6 < z < 2.4 10 000 4332 11.25 Mauna Kea Observatories 
LBG 2.4 < z < 4 Hawaii, USA 

WST LBG 2 < z < 5 15 000 20 000 11.4 Northern Chile 
(or Spectel) –60 000 
MUST LBG + BX 2 < z < 4 9000 10 000 6.5 Lenghu, Qinghai province 

–LBG + BX + LAE –15 000 –20 000 China 
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0, and av eraging o v er EW 

2 . The ef fecti ve ef ficienc y la w is then
iven by E ( m ) = −0.18 m + 4.8. Given the approximate efficiency
ate of 0.5, and the required observed density ( n = 10 −4 h 

3 / Mpc 3 ),
400 fibres/deg 2 will be allocated to LBG observations, restricting
o a maximum magnitude m max = 24.2 (Perci v al et al. 2019 ). We
ntroduced our LBG luminosity function model in sub-Section 3.2 . 

.3 MUST 

he MUltiple x ed Surv e y Telescope 3 (MUST) is a future 6.5-m
elescope (with a 7 de g 2 F oV) located in China in the Northern
emisphere. Its target can be either LBG + BX (LBGX) or a
ombination of LBGX + LAE. Since the e xact surv e y design is
till in flux, our forecast supposes its redshift range to be 2 < z <

, with a sk y co v erage between 9000 and 15 000 deg 2 , and fibre
umbers to be either 10 000 or 20 000. 

.4 A WST-like NTL survey 

he WideField Spectroscopic Telescope 4 (WST; Ellis & Dawson
019 ) is a proposed spectroscopic surv e y in the southern hemisphere
hat would couple an 11.4-m dish (with a 5-de g 2 F oV) and 20 000–
0 000 fibres, enabling more than a hundred million of fibre expo-
ures (each ≥4000-s long) o v er its surv e y period. Its design would
ermit observations of LBGs and LAEs up to redshift 5, with number
ensities 2–5 times of those for a MegaMapper-like survey. Since the
xact design of this surv e y is a work in progress, we also explore
everal possible survey parameters. 

For the forecast, we consider a similar survey to MegaMapper,
ith a sky coverage of 15 000 deg 2 for LBG at redshift 2–5, and

ach tracer can be observed for a period as long as needed until it
eaches the required spectrum quality. We model it with an efficiency
 ff = 0.9 relative to the theoretical tracer density [cf. equation
 2 )] but with different maximum magnitudes – 24.2, 24.5, and
5 – depending on the final fibre number. This might correspond
o 20,000–40,000–100,000 fibres for 5 yr of observation 5 This
orecast somehow represents a cosmological limit on the achievable
arameters accuracy, since we are assuming an efficienc y v ery close
o 1. As we do not really take into account the final properties of
NRAS 521, 3648–3662 (2023) 

 We are averaging over the three templates E ( m ) = 0.4 E ( m | EW < 0) + 

.3 E ( m | 0 < EW < 20) + 0.3 E ( m | 20 < EW). 
 ht tps://must .ast ro.t singhua.edu.cn 
 Previously named Spectel, https:// www.wstelescope.com/ 
 Of course, we do not expect surveys to have 100 000 fibres in the next decay. 
his forecast rather serves as an upper limit. 
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t

P

6

ST in our modelling, we will refer to this fiducial surv e y as a NTL
urv e y (a No-Time-Limit surv e y) in Section 4 . 

.5 A general sur v ey 

e also consider a high-redshift ( z > 2) general spectroscopic surv e y
ith a modelling of the surv e y settings, in order to explore the optimal

trategy that yields the tightest constraints of chosen cosmological
arameters. In a first step, we assume an LBG surv e y lasting 5 yr,
ased on a 10-m telescope equipped with 20 000 fibres. Since LBGs
re abundant mostly at z � 2 (Wilson & White 2019 ), we consider
 redshift window [ z min , z max ] that al w ays starts with z min = 2. The
urv e y volume will be thus described by the fraction of the surv e y
k y co v erage f sky . 6 and the redshift span �z = z max − z min . In a
econd step, we will also vary the ‘observation capacity’ defined as
he product of the surv e y duration and the fibre number to extend this
odel to a larger variety of spectroscopic telescopes and to highlight

he impro v ement of the measurements with the available technology.
e detailed the modelling of such a surv e y in Section 3.5 . 

 M E T H O D O L O G Y  

n this section, we first describe some properties of observed
alaxies. Then, we introduce the commonly used Fisher matrix
orecasting technique. In Section 3.4 , we specify the BAO, RSD,
on-Gaussianity, and NM forecast strategies. We then introduce our
odelling of a general surv e y in Section 3.5 . 

.1 Obser v ed po wer spectrum 

he power spectrum of a dark matter tracer X is related to the
heoretical matter power spectrum P m 

( k , z) with 

 X ( k, μ, z) = ( b X ( z) + f ( z) μ2 ) 2 P m 

( k, z) , (3) 

ith b X being the tracer bias, f being the growth rate, and μ being
he cosine between the line of sight and the 3D mode k . To take
nto account the error in the redshift measurement σ z /(1 + z) that
ropagates to an error in the radial distance via σχ = σ z c / H ( z), we
ultiply the power spectrum by a factor exp ( −k 2 μ2 σ 2 

χ ) (Sailer et al.
021 ). 
We also introduce the cross-power spectrum of two different

racers A and B following McDonald & Seljak ( 2009 ) as 

 AB ( k, μ, z) = ( b A ( z) + f ( z) μ2 )( b B ( z) + f ( z) μ2 ) P m 

( k, z) , (4) 
 f sky = 1 corresponds to the full sky, 41 253 deg 2 . 

https://must.astro.tsinghua.edu.cn
https://www.wstelescope.com/
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Table 2. Fiducial values of cosmological parameters and their Planck 
Gaussian prior. NG amplitude f NL is neglected except for the NG forecast. 

h ω b ω c n s τ ln ( A s ) M ν (eV) 

Fiducial values 
0.677 0.02247 0.1192 0.9675 0.056 −13.073 0.06 

Planck half-width Gaussian prior 
0.0054 0.00015 0.0012 0.0042 0.007 0.015 0.5 
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here b A and b B are biases of tracers A and B, respectively. We report
n Table 2 fiducial values of six standard cosmological parameters 
sed in this work, along with the extension model parameter M ν . 
Power spectrum will be evaluated using CAMB 

7 (Howlett et al. 
012 ) and PYCCL 8 (Chisari et al. 2019 ). 

.2 Bias and luminosity function 

or ELG, we assume a constant clustering amplitude, based on 
he analysis of DESI-selected samples in the DEEP2 data (DESI 
ollaboration et al. 2016 ). In that case, the bias can be approximated
s b ELG = 0.8 × D (0)/ D ( z) with D the growth function. Factor 0.8
s chosen to be slightly lower than that of DESI (0.84; see DESI
ollaboration et al. 2016 ) and eBOSS (1; see Dawson et al. 2016 ),
s we consider fainter ELGs in this study. 

We model LBG and LAE bias following the parametrization of 
ilson & White ( 2019 ) using 

 LBG/LAE ( z, m ) = A ( m )(1 + z) + B( m )(1 + z) 2 , (5) 

ith A ( m ) = −0.98( m − 25) + 0.11 and B ( m ) = 0.12( m − 25)
 0.17, m being the apparent magnitude. We assume that fainter 

alaxies contribute more, since the galaxy abundance grows as the 
agnitude increases, and reduce the bias to a one-parameter function 
 ( z, m ) ≈ b ( z, m max ). For samples with a large magnitude band, we
ight separate it into sub-samples of different maximal magnitudes 

nd adopt a multitracer approach. 
For the aim of our study, we need to e v aluate the LBG density

unction. An idealized number density is modelled by 

 LBG = 

∫ M c 

−∞ 

φ( M ) dM , (6) 

ith φ the luminosity function (Wilson & White 2019 ; Sailer et al.
021 ), and M the absolute magnitude. We use the Schechter model
Schechter 1976 ) for the luminosity function: 

( M) = 

ln 10 

2 . 5 
φ� 10 −0 . 4(1 + α)( M −M 

� ) exp 
(
−10 −0 . 4( M −M 

� ) 
)

(7) 

ith α, M 

� , and φ� listed in table 3 of Wilson & White ( 2019 ). The
bsolute magnitude cutoff M c of galaxies at redshift z with apparent 
agnitude being m max is determined as 

 c ( m max ) = m max − 5 log 10 

(
D L ( z) 

10 pc 

)
+ 2 . 5 log 10 (1 + z) , (8) 

ith D L ( z) the luminosity distance. As the observation depends rather
n the apparent magnitude m than the absolute magnitude M , we
ewrite, the density equation, with φ( m , z) = φ( M ( m , z)), using
M / dm = 1, as 

 LBG ( z) = 

∫ m max 

φ( m, z) dm. (9) 
 ht tps://camb.readt hedocs.io/en/lat est/
 https:// ccl.readthedocs.io/en/ latest/ 

P  

e  

a  

A  
n the rest of the study, we will use this last equation formalism and
efer to m as ‘magnitude’ hereafter. 

.3 Fisher matrix 

or a set of cosmological parameters { p i } , the diagonal coefficient
f the inverse of its Fisher matrix F ij gives an upper bound on the
ariance of each parameter: σ 2 

i ≥ ( F ) −1 
ii according to the Cramer–

ao inequality (with equality for Gaussian likelihood). We follow 

he same steps as Zhao et al. ( 2016 ) and considered the Fisher matrix

 ij = 

V sur 

4 π2 

∫ + 1 

−1 
d μ

∫ k max 

k min 

k 2 d k F ij ( k , μ) , (10) 

 ij = 

1 

2 
Tr ( ∂ p i CC 

−1 ∂ p j CC 

−1 ) , (11) 

ith V sur the comoving volume of the survey, and C the data
ovariance matrix. The integration bound k min depends on the survey 
olume and corresponds to the maximal length, while k max depends 
n the accuracy of the theoretical model on non-linear scales and on
he shot noise. We take by default 

 min = 

2 π

V 

1 / 3 
sur 

[ h Mpc −1 ] , k max = 

0 . 1 D(0) 

D( z) 
[ h Mpc −1 ] . (12) 

ince the NM, and more generally many new physics properties, 
uch as the nature of gravity, are significantly encoded at small scales,
e will also consider an ‘optimistic’ integration bound with k max =
 . 3 h Mpc −1 . This is moti v ated by both the reduction of shot noise in
uture data surv e y and expected progress in theoretical understanding
nd modelling of non-linearities. 

.3.1 One tracer 

hen targets are the same type of tracer (MegaMapper LBGs for
xample), C is a 1 × 1 matrix. We take into account the tracer
istribution discreetness by adding a Poissonian shot noise that scales 
s the inverse of the number density 1/ n as 

 = P + 1 /n, (13) 

here P is the power spectrum of this tracer. Thus, the Fisher matrix
s 

 ij = 

1 

2 

(
nP 

nP + 1 

)2 
∂ ln P 

∂ p i 

∂ ln P 

∂ p j 

. (14) 

e will report the parameter nP ( k = 0.14, μ = 0.6) for different
urv e ys, an approximate centre-of-weight point for BAO measure- 
ents, to give a qualitative description of the noise le vel, follo wing
ESI Collaboration et al. ( 2016 ). 

.3.2 Two tracers 

or two tracers (LBG + LAE in MUST for example), C is now a
 × 2 matrix, and under the same assumption, 

 = 

[ 

P AA + 

1 
n A 

P AB 

P AB P BB + 

1 
n B 

] 

, (15) 

here P AA and P BB are auto-power spectra of tracers A and B, and
 AB is the cross-power spectrum of tracers A and B. An explicit
xpression for the Fisher matrix in the two tracers case is given in
ppendix A of Zhao et al. ( 2016 ) as combinations of ∂ ln P T 

∂ p i 
with T =

, B, AB. In the case of two independent tracers, C is diagonal and
MNRAS 521, 3648–3662 (2023) 

https://camb.readthedocs.io/en/latest/
https://ccl.readthedocs.io/en/latest/


3652 W. d’Assignies D. et al. 

M

t  

t  

p
 

a  

i  

2  

S  

s  

w  

a

3

T  

a  

a  

p  

m  

t

3

F  

h  

T

 

d
 

r  

b

(  

p

 

i

z

N  

o  

M  

a  

m  

e  

t  

p  

w  

b  

t

3

3

F  

w  

9

t

p  

C

σ

T  

S

F

w

f

�  

p  

�  

i

�

W  

t  

F  

g
 

t  

m

3

W  

d  

p

P

W  

s  

d

 

w  

a

10 The value in Seo & Eisenstein ( 2007 ) for � 0 is different since we chose to 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3648/7084936 by guest on 03 January 2024
he two-tracers Fisher matrix is equal to the sum of the two one-
racer matrix. Similarly, as in the one-tracer case, we will report the
arameter 

∑ 

n i P ( k = 0.14, μ = 0.6). 
F or surv e ys with e xtremely massiv e data sets, whose galaxy

pparent magnitudes are spread o v er a wide band, we separate them
nto sub-samples with different magnitude ranges (typically { − ∞ ;
4.5 } , { 24.5; 24.8 } ). Then, we adopt a two-tracer forecast approach.
uch a process is mainly moti v ated by the non-Gaussianity forecast,
ince δb ∝ f NL b G (cf. Section 3.4.3 ). Indeed, the bias decreased
ith the magnitude, and a one-tracer approach with b = b ( m max )

ssumption artificially reduces the sensitivity to NG. 

.3.3 Complementary data sets 

o combine constraints from two independent surv e ys 9 A and B that
im to measure the same set of cosmological parameters, one simply
dds their Fisher matrix F ij = F 

A 
ij + F 

B 
ij . Furthermore, to introduce

riors from complementary data sets (such as Planck CMB) that have
easured parameters { p i } with accuracies { σ i } , one simply adds to

he Fisher matrix P ij = δij /σ
2 
i (assuming Gaussian uncertainties). 

.3.4 Redshift bins 

orecasts for a survey that covers a large redshift range [ z min , z max ]
ave to take into account the redshift dependence of parameters.
here are three approaches to do so: 

(i) Split the surv e y volume into redshift bins { z k } with separation
z k and present the forecast for each bin separately. 
(ii) Separate the surv e y volume into redshift bins { z k } with sepa-

ation dz k , and sum the Fisher matrices, neglecting cross-correlation
etween bins: F ij = 

∑ 

k F 

z k 
ij . 

(iii) Consider one redshift bin, with an ef fecti ve redshift z eff 

so with this approach, one neglects redshift dependence of the
arameters, bias, and density). 

Following Sailer et al. ( 2021 ), the effective redshift of a subsample
s calculated with 

 eff = 

∫ 
dz H 

2 ( z ) χ2 ( z )( dχ/dz ) 3 n 2 ( z) z ∫ 
dz H 

2 ( z ) χ2 ( z )( dχ/dz ) 3 n 2 ( z) 
. (16) 

one of these approaches is flawless, and we will choose the best
ne for different purposes in the following study. Bailoni, Spurio
ancini & Amendola ( 2017 ) have implemented a multibins approach

nd show that in some case, the cross-correlation between bins
odifies the forecast up to 10–20 per cent. None the less, Sailer

t al. ( 2021 ) have shown that for these high-redshift galaxy surv e ys,
he correction was negligible ( < 10 per cent, cf. appendix B of their
aper). Zhao et al. ( 2019 ) have calculated the optimal redshift-
eighting scheme for the BOSS surv e y and a similar algorithm can
e implemented for future surv e ys, but this is beyond the scope of
his study. 

.4 Cosmological parameters 

.4.1 BAO 

or the BAO forecast, the two parameters are ln ( D A / s ) and ln ( sH ),
ith s the sound horizon, D A the angular distance, and H the Hubble
NRAS 521, 3648–3662 (2023) 

 Surv e ys with non-o v erlapping redshift ranges, sk y co v erages, or independent 
racers. 

w
1

o
s

arameter. We assume to have a very good measurement of s from
MB, so that σ ( D A / s ) = σ ( D A )/ s and σ ( sH ) = s σ ( H ), thus: 

( ln ( sH )) = 

σ ( H ) 

H 

; σ ( ln ( D A /s)) = 

σ ( D A ) 

D A 
. (17) 

he distance error on both of the parameters is derived with the
eo & Eisenstein ( 2007 ) approximation of the Fisher matrix, 

 ij = V sur A 

2 
0 

∫ 1 

0 
d μ

∫ ∞ 

0 
d k 

{
f i ( μ) f j ( μ) k 2 

× exp 
(−2 ( k� s ) 

1 . 4 
)

(
P ( k) 

P (0 . 2) + 

1 
nP (0 . 2) 

)2 exp 
(−k 2 (1 − μ2 ) � 

2 
⊥ 

− k 2 μ2 � 

2 
‖ 
)}

, 

(18) 

here 

 i ( μ) = 

{
μ2 − 1 if i = 1 ; 
μ2 if i = 2 . 

(19) 

 � and � ⊥ 

are the root-mean-square displacement along and
erpendicular to the line of sight. � � = � 0 D ( z)(1 + f ( z)) and � ⊥ 

=
 0 D ( z) with � 0 = 10 . 4 σ8 h 

−1 Mpc. 10 The Silk-damping effect is
ncluded with the Silk-damping scale � s , expressed in h 

−1 Mpc via 

 

−1 = 1 . 6 
(
�b h 

2 
)0 . 52 (

�m 

h 

2 
)0 . 73 

[ 
1 + 

(
10 . 4 �m 

h 

2 
)−0 . 95 

] 
h 

−1 . (20) 

e assume a reduction of the BAO damping scale by a factor 0.5 w.r.t.
he value from Seo & Eisenstein ( 2007 ), following section 4.1 of
ont-Ribera et al. ( 2014 ). We fixed A 0 = 0.55, the WMAP3 value
iven in Seo & Eisenstein ( 2007 ). 11 

Here for BAO measurements in the two-tracer case, we will assume
wo independent measurements, and simply sum the two Fisher
atrices. 

.4.2 RSD effects 

e follow White, Song & Percival ( 2009 ) for the redshift space
istortions forecast. For one tracer, we rewrite the equation of the
ower spectrum: 

 ( k, z) = 

(
b( z) σ8 ( z) + f ( z) σ8 ( z) μ2 

)2 P m 

( k, z = 0) 

σ8 ( z = 0) 2 
. (21) 

e introduce our parameters: ln [ b ( z i ) σ 8 ( z i )] and ln [ f ( z i ) σ 8 ( z i )]. For
implicity, we drop the explicit redshift dependence. In this case, the
eri v ati ves of power spectrum w.r.t. parameters are 

∂ ln P 

∂ ln ( bσ8 ) 
= 

2 bσ8 

bσ8 + f σ8 μ2 
(22) 

∂ ln P 

∂ ln ( f σ8 ) 
= 

2 f σ8 μ
2 

bσ8 + f σ8 μ2 
. (23) 

Everything is similar for the case of two tracers A and B, except that
e have three sets of parameters: ln [ b A ( z i ) σ 8 ( z i )], ln [ b B ( z i ) σ 8 ( z i )],

nd ln [ f ( z i ) σ 8 ( z i )], with additional deri v ati ves: 

∂ ln P A 

∂ ln ( b B σ8 ) 
= 

∂ ln P B 

∂ ln ( b A σ8 ) 
= 0 , (24) 

∂ ln P AB 

∂ ln ( b x σ8 ) 
= 

b x σ8 

b x σ8 + f σ8 μ2 
(25) 
ork with D ( z) instead of G ( z),and we chose a different σ 8 value. 
1 We have tried varying A 0 between 0.45 and 0.6, the resulting difference 
n σ ( H ) and σ ( D A ) w.r.t. A 0 = 0.55 was about 10 per cent, which is not 
ignificant for our work. 
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Table 3. The redshift slices and the mean number density at that redshift 
range for DESI tracers. 

Tracers Redshift n 
Range (10 −4 h 3 Mpc −3 ) 

LRG 0.65–1.05 3.0 
ELG 0.75–1.05 9.8 

1.05–1.35 4.5 
1.35–1.65 1.3 
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2.43–3.55 0.063 
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∂ ln P AB 

∂ ln ( f σ8 ) 
= f σ8 μ

2 1 

b a σ8 + f σ8 μ2 
+ 

1 

b b σ8 + f σ8 μ2 
, (26) 

here x = A, B. 

.4.3 Non-Gaussianity 

n most NG model (Matarrese et al. 2000 ; Maldacena 2003 ; Dalal
t al. 2008 ; Desjacques et al. 2009 ), the Bardeen potential is assumed
o contain a quadratic Gaussian field φ contribution � = φ + f NL ( φ2 

〈 φ〉 2 ). The quadratic term induces a non-Gaussian perturbation to 
he bias: b ( k , z) = b G ( z) + � b ( k , z) with: 

b = 3 f NL ( b G 

− p) δc 

�m 

k 2 T ( k ) D ( z) 

(
H 0 

c 

)2 

. (27) 

 NL is the NG coupling to e v aluate, T ( k ) is the transfer function
with k 2 T ( k ) normalized to 1 at large scales), and p is a number that
heoretically depends on the tracer type, and was introduced to show 

eviations from the original model of Dalal et al. ( 2008 ). We take
 NL = 0 as a fiducial value. Since p is not well characterized yet, we
ill assume p = 1 for all the different tracers. The lack of knowledge
n p value will be discussed in Section 4 . We consider two parameters
or the forecast { b g , f NL } , with 

∂ P 

∂ f NL 
= 2 

∂ �b 

∂ f NL 
( b G 

+ �b + f μ2 ) P m 

( k) . (28) 

or the generalization to two tracers, there is an additional deri v ati ve 

∂ P AB 

∂ f NL 
= 

∂ �b a 

∂ f NL 
( b b + �b b + f μ2 ) P m 

( k) + { b ↔ a} . (29) 

Karagiannis et al. ( 2018 ) and Ferraro & Wilson ( 2019 ) have
uggested that by using bispectrum in addition to the power spectrum, 
ne might be able to reach σ ( f NL ) ∼ 0.1. The modelling of bispectrum
bserv ations is relati v ely comple x, and this high-precision constraint
equires indeed more theoretical development from the modelling 
ide, as well as better understanding of systematics effects (Yankele- 
ich & Porciani 2019 ). Our study is far too simplistic to address these
ssues, so we leave it for future studies. 

.4.4 Neutrino mass 

he e v aluation of the sum of the NM is an acti ve subject, both in
osmology and in particle physics. We adopt a linear power spectrum 

isher approach. It may seem too simple to the current standard 
lgorithm, which consists of forecasting with an MCMC and non- 
inear corrections in the model (e.g. Sailer et al. 2021 ). Ho we ver,
ur aim in this paper is to study the change of constraints w.r.t. that
f observational parameters in spectroscopic surv e ys. Furthermore, 
ven the most advanced approaches do not agree with each other (an
ssue discussed in Boyle 2019 ). Indeed, we expect that the difference
etween our power spectra and those provided by a more complex 
 ν will be relatively similar for all surveys and our conclusion should

ot be affected. 
The sum of NM is denoted as 

 ν = 

∑ 

ν

m ν . (30) 

e consider a cosmology described by the six standards cosmolog- 
cal parameters and M ν , 

 p i } = { M ν, H 0 , ω c , ω b , τ, n s , A s } . (31) 
o e v aluate the deri v ati ve of the po wer spectrum w.r.t. these param-
ters, we use a 4-point estimate (we drop the k , z, μ dependency
ere): 

∂ P 

∂ θ
| θfid ∼

−P ( θ+ 2 δθ ) + 8 P ( θ+ δθ ) −8 P ( θ−δθ ) + P ( θ−2 δθ ) 

12 δθ
. 

(32) 

e use δθ / θ = 0.01 except for δτ / τ = 0.5 and δM ν / M ν =
.05 for numerical reasons. Indeed, we want the power spectrum 

 ariation (for e very step) to be much larger than this numerical
oise induced by solving Boltzmann equations. Thus, for parameters 
hat have only a small impact on the matter power spectrum (the
M M ν , and the optical depth τ ), we take a larger parameter

tep size. We pay particular attention to the numerical stability 
nd convergence of the deri v ati ves w.r.t. those steps. We fix the
eutrino hierarchy as it is degenerated in CAMB, for numerical error 
urposes. 
One subtlety not al w ays mentioned is that the power spectrum

sed in M ν study includes only baryons and cold dark matter and
ts associated growth rate f . Indeed, neutrino perturbations do not
ontribute to the formation of galaxies and haloes (Boyle 2019 ). We
ocus on the NM parameter and marginalized our Fisher matrix o v er
ll the other parameters. 

.4.5 Additional data sets for NM 

e will add a prior, using Planck CMB constraints on our standard
et of parameters: ( F 

Planck ) ij = δij /σ
2 
i (Section 3.3.3 and Table 2 ).

e will also consider the possibility of combining our forecast with
ESI, which has three tracers: ELG, LRG, and QSO. We split DESI,
LG, and QSO into several redshift bins and sum the corresponding
isher matrix as 

 

DESI = F 

DESI 
LRG + F 

DESI 
ELG + F 

DESI 
QSO , (33) 

eglecting the correlation between bins. We also neglect cross- 
orrelation between tracers. Table 3 summarizes the redshift binning 
f DESI tracers. Since our goal is not to derive the optimal bound,
ut rather to make comparisons among different surv e ys, we do not
nclude additional information for BOSS or Euclid for example. The 
rgument is similar to the one for NM modelling. 

.5 High-redshift sur v ey modelling 

n this section, we model a general surv e y (cf. Section 2.5 ), keeping
ngineering and observational parameters as variables. We will then 
nvestigate the survey characteristics to get the best constraint on 
arameters f NL and M ν . 
MNRAS 521, 3648–3662 (2023) 
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Figure 1. Efficienc y la w for a single e xposure E ( m ) (dashed line) and for 
multiple exposures p ( m ) (solid line), with a minimal efficiency p min = 0.7 
(reported on the y -axis on the left) as a function of apparent magnitude m . 
Colours represent the fraction of galaxies of magnitude m that have been 
observed n times: ηn ( m ), with 
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n ηn ( m ) = 1. Values of these fractions are 
deduced from the y -axis on the right. For e.g. at m = 25, 30 per cent of 
galaxies are observed once, 50 per cent are observed twice, and 20 per cent 
are observed three times. We have also reported two particular magnitudes 
m 1 and m 2 by vertically pointed lines. 

e  

d  

f  

s  

f  

o  

n
m  

l  

p  

l  

w  

s  

g  

w  

o  

F  

η  

p  

T  

a  

a  

2  

c  

e  

f
 

m

〈

12 We neglect the bias induced by the high efficiency of low-magnitude 
sources. 
13 Which is not η1 ( m ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3648/7084936 by guest on 03 January 2024
.5.1 Time to observe a single galaxy 

he signal-to-noise ratio (SNR) describes how well a source is
easured by an instrument. In the case of a Charge Coupled Device

CCD) the SNR is given by the CCD equation, 

/N ∼ I ( m ) S tel t √ 

I ( m ) S tel t + εsky + εread 
, (34) 

ith S tel the telescope surface, t the time of observation, and I ( m ) the
uminous flux from the source. εsky and εread are sky noise and read-
ut noise, which we can neglect in our study since we are dealing
ith the deep sky. Thus we have 

/N ∼
√ 

I ( m ) S tel t . (35) 

During a telescope operation phase, the time for observing an
bject is fixed to the exposure time t exp , independently of its apparent
agnitude. After a first exposure, the spectrum might still be too

oisy to identify lines for determining the redshift. That defines the
rst exposure magnitude efficiency p ( m | t exp ), which is the probability
f getting a redshift-identifiable spectrum during t exp . 

.5.2 One exposure 

or a single exposure of t exp = 1800 s, with a telescope of diameter
10 m , we assume that 

( m | t exp ) = E( m ) , (36) 

here E ( m ) is the observational efficiency introduced in Section 2.2
or the modelling of MSE ef ficiency (Perci v al et al. 2019 ). This law
epends on the exposure time t exp , the telescope surface S tel , the
aximum tolerable redshift error | z meas − z real | = 0.001(1 + z real ),

nd spectra simulated with the MSE exposure time calculator, given
he redshift finder PandoraEZ (Fumana & Garilli 2012 ). Furthermore,
his law is based on the assumptions of LBG properties that half of
BG have a detectable Ly α emission line, and the redshift of the
ther half can be estimated with their Ly α and Ly β absorption
eatures. Thus, except for the exposure time, and telescope surface,
his law is not specific to MSE surv e y and should in principle apply
o other spectroscopic surv e ys. 

.5.3 Multiple exposures 

fter a first exposure, if the spectrum is still too noisy, a target may
et another exposure t exp . 

We assume that if one observes an object with an additional
xposure after a first failure, the probability of measuring its redshift
ccurately from the stacked spectrum is 

( m | 2 t exp ) = 

√ 

2 p( m | t exp ) . (37) 

ndeed, in Appendix A , we show that the efficiency of the ELG
etection increases linearly with the SNR for eBOSS ELGs, up to
 very good precision. Thus, we assume a similar trend for high-
edshift LBGs, i.e. the efficiency is proportional to the SNR and
cales with 

√ 

t according to equation ( 35 ). If we go even further
nd decide to attribute the third exposure of two failures, we assume
( m | 3 t exp ) = 

√ 

3 p( m | t exp ) and so on. 

.5.4 Correcting efficiency bias 

he one-e xposure efficienc y of fainter tracers is significantly smaller
han that of bright objects, and one will underestimate the proportion
f high-magnitude tracers. As a consequence, the sample will be
iased to large m max . That is why we define a minimal observational
NRAS 521, 3648–3662 (2023) 
fficiency p min so that ∀ m < m max , p ( m ) ≥ p min . In practice, we
ecide to attribute a second exposure after the first failure to a certain
raction of object: η2 , with 0 ≤ η2 ≤ 1 − E ( m ) (we assign only a
econd observation if the first exposure failed). We also define the
raction of object observed once η1 , with E ( m ) ≤ η1 ≤ 1. Similarly, if
bserving all objects that failed during the first exposure twice does
ot compensate for the efficiency decreased, a fraction of galaxies η3 

ight need a third observation. This procedure defines an efficiency
aw 

12 : p ( m ) = max ( E ( m ), p min ). As an example, in Fig. 1 we fix
 min = 0.7 and we plot p ( m ) (solid line), as well as E ( m ) (dashed
ine), as functions of apparent magnitude m . For m < m 1 = 22.8,
e have p ( m ) = E ( m ); p ( m ) = p min for higher magnitude. In the

ame figure, we also represent in colour the different fractions of
alaxy observed n times ηn , as a function of apparent magnitude m ,
ith 

∑ 

n ηn ( m ) = 1. The fraction of objects that have been correctly
bserved during the first exposure 13 is equal to E ( m ) by definition.
or m < m 1 , E ( m ) > p min , and all the object are observed once:
1 ( m < m 1 ) = 1. For m 1 < m < m 2 , to compensate that E ( m ) <
 min , a fraction η2 of galaxy is observed twice (the green shade).
hen at m = m 2 , we have η1 = E ( m 2 )( = 0.37), which means that
ll the objects whose observation failed during the first exposure
re observed twice (so 63 per cent of the sample). Thus for m >

4.6, some galaxies might need a third observation (blue shade) to
ompensate for the gap between E ( m ) and p min . With our model, for
fficiency p min < 0.85, it is never necessary to observe some object
our times. 

The average time dedicated to the observation of an object of
agnitude m (whether it is a success or not) is 

 t( m ) 〉 = 

∑ 

n 

ηn ( m ) · n · t exp . (38) 

art/stad611_f1.eps
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Figure 2. Observed density n obs as a function of the redshift width �z and 
the sk y co v erage f sky , for N fib T sur = 100 000 fibre-years, z min = 2, and p min = 

0.7. We observe hyperbolic trends, with saturation in the small volume region 
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he analytical expressions of ηn and 〈 t ( m ) 〉 as function of p min , E ( m ),
nd m are given in Appendix B . 

.5.5 Survey duration and measured density 

he observed volume is described by three numbers: z min , �z = z max 

z min, and f sky . From all available galaxies within this volume, we
ill visit a fraction ηtil � 1 of them, and the visited tracer number

s: 

 vis = ηtil 

∫ z max 

z min 

d z 
d χ

d z 
4 πf sky χ

2 
∫ m max 

dmφLBG ( z, m ) . (39) 

his equation is the integration of the number density o v er the cosmic
olume. The ηtil factor takes into account two effects: 

(i) The fibre collision: two close tracers cannot be observed 
imultaneously by two fibres during a single exposure. 

(ii) The tilling: the sky is generally not perfectly co v ered by
he succession of focal planes, if objects are attributed to different 
xposures by maximizing the survey efficiency, which is typically 
he case in reality. 

From this last equation, we further define the density of visited 
racer per magnitude, 

N vis ( m ) = 4 πf sky ηtil 

∫ z max 

z min 

dz 
dχ

dz 
χ2 φLBG ( z, m ) dm. (40) 

iven the average time to observe a tracer with magnitude m 〈 t( m ) 〉
cf. equation ( 38 )], and the fibre number N fib , the total observational
ime of the surv e y is 

T sur = 

∫ m max 

dN vis ( m ) 〈 t( m ) 〉 /N fib 

= ηtil 
4 πf sky 

N fib 

∫ z max 

z min 

d z 
d χ

d z 
χ2 

∫ m max 

d m 〈 t( m ) 〉 φLBG ( m, z) , 

(41) 

here T sur is the total surv e y duration (typically 5 yr), and α is a
oefficient to convert it into observational time. For cosmological 
bservations, we assume that we observe only days with a partial 
oon 14 , 21 d every 28 d cycle, within practice only 80 per cent of

hese nights that can be dedicated to observation (due to weather or
aintenance issues) 15 , and between 8 and 10 h of observation per

ight, which correspond to α = 7 × 10 6 yr −1 s. In equation ( 41 ), we
re assuming that every fibre is dedicated to observation and will be
bserved during every exposure. 
The density of observed tracers with a good spectroscopic redshift 

s 

 obs ( z) = ηtil 

∫ m max 

dmp( m ) φLBG ( m, z) . (42) 

ince T sur ∝ 1/ N fib , the observation for a 5-yr surv e y with 20 k fibre
ould be equi v alent to that of a 10-yr surv e y with 10 k fibres. Thus,
e introduce the ‘power’ parameter N fib T sur in fibre-year. 

.5.6 Optimization pipeline 

n the first part of our general surv e y study, we fix the following
arameters: 
4 Days with a full moon can be thus fully dedicated to other astrophysical 
bservation. 
5 For 5 yr, this corresponds to ≈1100 nights. 

3

B
s  

d  
(i) N fib T sur = 100 , 000 in fibre-year; it corresponds to 5 yr of
bservation with 20 000 fibres for example; 
(ii) ηtil = 0.96, is the fraction of available tracer in our cosmic

olume that we will observe; 
(iii) t exp = 1800 s is the exposure time of the instrument; 
(iv) p min = 0.7 is the minimal efficiency rate; 
(v) z min = 2 is the minimal redshift of our high-redshift surv e ys; 
(vi) α = 7 × 10 6 , as explain in Section 3.5.5 ; 
(vii) the telescope size to be 10 m; 

and find the optimal surv e y volume described by: 

(i) f sky , the observed fraction of the sky, and 
(ii) �z = z max − z min , the redshift width. 

For arbitrary values of these two parameters, equations ( 41 ) and
 42 ) will constrain: 

(i) m max the maximal magnitude of observation, 
(ii) n obs ( z) the tracer density, 

according to the following scheme, 

 sky , �z 
Eq. (41) −→ m max 

Eq. (42) −→ n obs ( z) 
F ij −→ σ ( f NL ) , σ ( M ν) . (43) 

he numerical procedure to get m max is explained in Appendix C . 
In the second step, we fix the optimal surv e y volume, and free
 fib T sur and p min in a similar procedure as previously, mainly for two

easons. First, it will show the optimal strategy between correctly 
easuring most of the objects visited (high p min ), or having a wider
agnitude range and observing fainter objects that are located in the

igh-redshift region. Secondly, it will quantify the improvement of 
he data o v er the fibre number and the duration of the surv e y. We will
ary N fib T sur from 60 000 to 220 000 fibre-years. 

.5.7 Observed density prediction 

efore moving on to the cosmological parameters, we show here 
ome results of our modelling. We plot Fig. 2 , the measured tracer
ensity n obs as a function of the surv e y cosmic volume, with
MNRAS 521, 3648–3662 (2023) 
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Figure 3. Observed density n obs as a function of N fib T sur , and minimal 
efficiency p min , for a maximal cosmic volume: f sky = 0.31, �z = 3, and 
z min = 2). The density increases linearly as a function of N fib . T sur , and 
increases with the efficiency threshold. 
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arameters described in Section 3.5.6 [first two steps of equation
 43 )]. 

We observe hyperbolic trends, as expected since the product of
he two variables scales as the volume at first order (naive model).
or small volumes (e.g. f sky = 0.15 and �z = 0.7), the maximum
agnitude of 25 is reached (as illustrated by horizontal lines), and all

racers are visited by the end of the 5th yr, which leads to saturation
cf. Appendix C ). We also plot in Fig. 3 the average density as a
unction of N fib T sur and the minimal efficienc y p min . F or a fix ed
 fib T sur , the density of observed tracers n obs will be higher with

igher minimum efficiency p min . Indeed, if an observation of a
agnitude m 1 object failed in the first exposure, then its second-

xposure observation is more likely to be successful than a first-
xposure observation of another object of magnitude m 2 ≥ m 1 

16 None
he less, with lower minimal efficiency, the maximal magnitude is
igher and one is observing more objects at higher redshift. Thus,
t is a priori difficult to know which strategy will provide the best
onstraints on the cosmological parameters. 

With this general surv e y model, one should be able to reproduce
ducial tracer properties of future surv e ys with kno wn observ ational
arameters such as MegaMapper. It is a large-volume surv e y with f sky 

0.3 and �z = 3 but with a smaller telescope diameter ( ∼6.5 m)
han the one assumed for E ( m ) (cf. Section 3.5.2 ). Moti v ated by
he dependence of the CCD equation ( 35 ) on 

√ 

S tel , we correct
he efficienc y la w E ( m ) by a factor 

√ 

S Mega /S MSE and require a
inimum efficiency p min = 0.5 (Section 2.1 ). The predicted number

ensity is n obs ∼ 2 . 6 × 10 −4 h 

3 Mpc −3 , very close to the expectation
f MegaMapper, which is 2 . 5 × 10 −4 h 

3 Mpc −3 . The maximum
agnitude imposed by the model is 24.6, which is in agreement
ith MegaMapper’s 24.5 maximal magnitude. It should be noted

hat this agreement is remarkable since our modelling is independent
f any MegaMapper settings. 
NRAS 521, 3648–3662 (2023) 

6 Indeed, during the second exposure, the initial SNR value will be the one 
btained at the end of the first exposure. 
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 RESULTS  

n this section, we first present the BAO, RSD, NG, and NM forecasts
or future surv e ys such as MUST, Me gaMapper, and MSE. We then
nvestigate the NM and NG accurac y, giv en the surv e y properties
ith our model introduced in Section 3.5 . We deduce, independently
f any planned survey, the optimal observation strategies and the
imits when measuring these parameters. 

.1 BAO and RSD constraints 

e summarized in Table 4 the constraints on BAO and RSD
arameters. We separate MegaMapper and MSE redshift range into
everal bins and present the forecast for every bin. We also provide
onstraints in the full redshift range in the last row for each surv e y.
e derived the constraints for eight different settings of MUST,

nd for three different settings of an NTL surv e y, that mimics the
bservation of the WST surv e y (depending on the fibre number).
inally, we consider a combination of tw o MegaMapper-lik e surveys,
ach located in one hemisphere. This study shows the power of
ombined independent surv e ys in pro viding better cosmological
onstraints. 

From this table, we can conclude that: 

(i) MegaMapper and MUST (20 000 fibres) have relatively similar
ccuracy . In theory , they will improve the constraints on BAO and
SD by a factor of 10 w.r.t. eBOSS constraints (Zhao et al. 2016 ), and
 factor between 2 and 3 w.r.t. DESI constraints (DESI Collaboration
t al. 2016 ). MSE forecasts are not as good as these two because of
ts smaller fibre number. 

(ii) For MUST, with the same number of fibre, the one-
racer (LBGX) case gives better constraints than the two tracers
LBGX + LAE) one. It is mainly because LAEs need a long exposure
ime, which decreases the total number of observed LAEs and thus
ncreases the o v erall noise, as illustrated by the nP parameter values.

(iii) The combination of two independent LBG surv e ys giv es
osmological constraints similar to those of an NTL surv e y with
0 000 fibres, a factor of 

√ 

2 smaller than those of a single surv e y like
egaMapper. As the two surveys are independent, this corresponds

o the constraints on the BAO and RSD from two independent
easurements, combined. 
(iv) 100 000 fibres in the NTL surv e y represent the upper limit

or these high-redshift LBG surv e ys since it corresponds to the
easurement of all galaxies up to m max = 25. 
(v) All the parameters are very well constrained down to the

ub-per cent level in every survey. This is unrealistic as the real
bservational constraints are likely to be dominated by systematics
nd not anymore by the number density of tracers and the cosmic
olume. 

As the sample size will not bring impro v ement for cosmological
easurements of future surv e ys, we do not optimize it in the

ollowing study. 

.2 Non-Gaussianity and NM 

.2.1 Redshift binning 

s mentioned in Section 3.3.4 , there are several ways to deal with the
arge cosmic volume. In Section 4.1 , as their parameters are redshift-
ependent, it is natural to provide forecasts in small redshift bins. In
ontrast, non-Gaussianity and NM are independent of the redshift.
hus, splitting the samples into multiple redshift bins does not bring
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Table 4. The predicted 68% confidence level (CL) error of the BAO distances and RSD parameters for various surv e ys. We use separate redshift bins for 
MegaMapper and MSE, and we also show the forecast using tracers at the whole redshift range in the last row of each surv e y. We present the forecast for MUST 

at 2 < z < 4 and for NTL and combined surv e ys at 2 < z < 5. LBGX × LAE denotes a multitracer constraint with LBGX and LAE. 

BAO and RSD forecast 
Fibre 
number 

Sky area 
deg 2 Tracer Redshift 

Number density 
10 −4 h 3 Mpc −3 

nP (0.14, 
0.6) 

σ ( D A )/ D A 

(%) 
σ ( H )/ H 

(%) 
σ ( b σ 8 )/ b σ 8 

(%) 
σ ( f σ 8 )/ f σ 8 

(%) 

MegaMapper 
20k 14k LBG 2 < z < 2.5 7.9 1.7 0.32 1.0 0.066 0.85 

2.5 < z < 3 3.6 0.68 0.35 1.0 0.073 1.0 
3 < z < 4 1.1 0.19 0.40 1.0 0.085 1.3 
4 < z < 5 0.7 0.11 0.45 0.99 0.094 1.7 
2 < z < 5 2.5 0.5 0.18 0.57 0.039 0.52 

MSE 

4.3k 10k ELG 1.6 < z < 2.4 1.8 0.28 0.86 2.5 0.17 1.4 
LBG 2.4 < z < 2.8 2.3 0.51 0.51 1.5 0.10 1.7 
LBG 2.8 < z < 3.2 1.1 0.22 0.66 1.8 0.14 2.3 
LBG 3.2 < z < 4 0.43 0.08 0.79 1.9 0.17 2.8 
LBG 2.4 < z < 4 1.1 0.28 0.28 0.64 0.078 1.2 

MUST (different settings) 
20k 15k LBGX 2 < z < 4 8.9 2.3 0.13 0.41 0.026 0.44 
20k 15k 

LBGX ×LAE 

2 < z < 4 4.2–0.84 1.1 0.15 0.49 0.030–0.14 0.47 

10k 15k LBGX 2 < z < 4 5.0 1.3 0.15 0.48 0.030 0.52 
10k 15k 

LBGX ×LAE 

2 < z < 4 2.1–0.42 0.58 0.19 0.62 0.039–0.21 0.60 

10k 9k LBG 2 < z < 4 7.1 2.1 0.18 0.56 0.035 0.60 
10k 9k 

LBGX ×LAE 

2 < z < 4 3.5–0.71 0.97 0.21 0.68 0.041–0.21 0.66 

NTL (WST-like survey) 
20k 15k LBG 2 < z < 5 2.5 0.51 0.15 0.48 0.035 0.54 
40k 15k LBG 2 < z < 5 4.9 0.99 0.12 0.38 0.030 0.40 
100k 15k LBG 2 < z < 5 13 1.9 0.099 0.29 0.027 0.26 
Combination of two MegaMapper-like surveys 
20k 28k LBG 2 < z < 5 2.5 0.5 0.13 0.40 0.028 0.37 
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17 This difference is smaller in the case of the fixed number of tracer. Because 
in that case, the volume of the low-redshift bin is small, and we have a small 
bin with low noise and a large bin with high noise at high redshift. 
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ore information for their measurements in principle. Ho we ver, as
he number density of tracers is much higher at low redshift than that
t high redshift, analysing the total redshift range is not necessarily 
he best option. Because it may o v erestimate the noise that scales as
/ n at low redshift. 
We, therefore, investigate the optimal binning by exploring two 

ays to separate our redshift interval [ z min , z max ] into N bins : 

(i) Define bins with the same comoving volume V : a ‘fixed volume
pproach’. 

(ii) Define bins with the same number of targets N gal . In this case,
he low-redshift bins have volumes smaller than those at higher- 
edshift bins. 

A model including a continuous dependence of the redshift and 
ensity is more promising, but we leave this more complex option 
or a future study. We calculate σ ( f NL ) and σ ( M ν) for N bins = 1, 2,...,
0, and report their relation in Fig. 4 . We fix the tracer density and
osmic volume for these forecasts to be the fiducial MegaMapper 
nes. We check that the optimal binning scheme is independent of
hese parameters. 

For non-Gaussianity, the fixed volume approach provides the best 
onstraints with two or three bins. Indeed, f NL describes a large-scale 
henomenon, and reducing bin sizes increases the low integration 
imit value k min , which leads to a rapid increase in variances for a
arge number of bins. The drop in f NL accuracy from one bin to two
ins is due to the reduction in noise at the low-redshift bin, which
ompensates for its small volume. 17 

For NM measurement, contrary to f NL , there is no clear pattern,
nd therefore no number of bins has to be preferred. In fact, except
or one bin, the results fluctuate by less than 5 per cent from the mean
alue, which is not large given our method. This is a confirmation
hat this forecast does not depend on large scales but on small ones
s theoretically expected. 

In the following studies, we adopt a volume-fixed approach with 
hree bins for both forecasts. 

.2.2 Small-scale choice 

e do the forecast with two different k max values: 0.1 and 0.3
 Mpc −1 . The k max reached in the future surv e y analysis may be
etween these two, or e ven larger. Ho we ver, for k max = 0 . 3 h Mpc −1 ,
ur linear approach is already insufficient, and a proper future 
nalysis would have to take into account non-linear correction as 
hat Boyle & Schmidt ( 2021 ) and Sailer et al. ( 2021 ) have done.
his will mainly affect the neutrino forecast since non-Gaussianity 

s a large-scale phenomenon, whereas the power spectrum is more 
ffected by the massive neutrino contribution at large k . 
MNRAS 521, 3648–3662 (2023) 
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Figure 4. NM (the left panel) and NG (the right panel) forecast w.r.t. the bin number for two binning schemes ( V -based in blue dots and N gal -based in pink 
dots). For NM, we also include the average value for the fixed volume approach (solid lines) and delimit the ±5 per cent region around it by the two dashed 
lines. For NG, the approach with fixed volume is clearly the optimal one with two or three bins, whereas, for NM, there is not the best choice. 
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18 Indeed, A s is not directly constrained but τ and A s exp ( − 2 τ ) are. 
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.2.3 Forecasts 

n Table 5, we present forecasts for the same surv e ys as Table 4 ,
ut for the NM and non-Gaussianity. For the neutrino forecast, we
rovide constraints with only a prior from Planck CMB, and those
ith a Planck CMB prior and measurements from DESI, as described

n Section 3.4.5 . 
For non-Gaussianity, we may reach with MegaMapper-like survey

( f NL ) ∼ 1.2, which is a factor of 4 better than the DESI forecast
DESI Collaboration et al. 2016 ). In particular, the constraints depend
ainly on the volume of the surv e y. F or e xample, with the number of
bres reduced by a factor 2 (which propagates to the tracer density),
onstraints of MUST vary from 1.6 to 1.7 for k max = 0.1 h Mpc −1 ,
hereas reducing the observation window from 15 000 to 9000 deg 2 

eads to a weaker constraint from 1.7 to 2.1 for 10 000 fibres (despite a
igher tracer density for the reduced windo w). k max v alues have little
mpact on f NL , which is within expectation since it describes a large-
cale deviation from classical Gaussian prediction. A combination
f two surv e ys (co v erage of 28 000 de g 2 ) results in a smaller σ ( f NL )
han the NTL with 100 000 fibres, which shows that the measurement
f this parameter is limited by the volume and not the tracer density.
hat is also why, MSE constraints are much weaker than the ones of

he other surv e ys. 
As already mentioned in Section 3.4.3 , we assume a value p =

, but indeed different values are theoretically possible. The NG
mplitude is degenerated with p , as it scales as f NL p , as well as the
ariance. We illustrate this via the σ ( f NL ) forecast for a MegaMapper-
ike surv e y as a function of the p values in Fig. 5 . In particular,
or relatively reasonable values like p = 1.6, the variance on NG
mplitude is already significantly degraded ( ∼30 per cent w.r.t. p =
). Thus, in order to have a reliable measurement of the f NL parameter
value and uncertainty), one needs robust theoretical priors, provided,
or example, by simulations. One can find a complete discussion
bout this issue in Barreira ( 2022 ). 

The neutrino forecast depends strongly on the value of the small-
cale limit k max (by a factor of 2 in most cases). With a CMB
rior, σ ( M ν) values are relatively similar for most surveys of the
rder of 0.04eV for k max = 0.1, and 0.025eV for k max = 0.3. With
ur approach, we find an impro v ement of about 50 per cent w.r.t.
MB + DESI forecast only. Combining both, it is possible to
NRAS 521, 3648–3662 (2023) 
each 0.015 eV. Ho we ver, forecasting this parameter with our naive
pproach aims to show global trends, and values should not be taken
n the strict sense for the reasons mentioned in Section 3.4.4 but
ather as indicators. Unlike the NG, the NM measurement of the
ombination of two surv e ys is worse than the NTL 100 000 fibres.
hus, this parameter is more impacted by noise. 
The neutrino forecast varies slightly with the characteristics of the

urv e y. Indeed, the limiting factor for the accuracy of this parameter
s the weak prior of some parameters from the standard model, rather
han the surv e y settings. As discussed in Boyle ( 2019 ) and Boyle &
chmidt ( 2021 ), it is due to our limited knowledge of A s , which

s linked to τ because of a strong CMB de generac y between these
wo parameters. 18 table 2 of Liu et al. ( 2016 ) summarizes forecasts
f the expected future knowledge on ln ( A s ) and τ with future 21-
m surv e ys. We illustrate this issue in Fig. 6 by plotting σ ( M ν) for
 Me gaMapper-like surv e y, as a function of the prior on ln A s , with
alues credible according to table 2 of Liu et al. ( 2016 ). For example,
 difference in the σ (ln A s ) prior from 0.014 to 0.005 leads to an
mpro v ement from 0.024eV to 0.018eV in the optimistic scenario.
hus, improving the knowledge on A s is the best way to detect the NM
ierarchy as large as a 5 σ confidence lev el. F or other cosmological
arameters, we find that the dependencies are much weaker, and we
imply take the CMB prior values. 

.3 Optimized NG sur v eys 

e now study the optimized surv e y characteristics to minimize
( f NL ), with the surv e y model described in Section 3.5 . The fixed-
olume redshift bin number is given by 

 bin = 

⎧ ⎨ 

⎩ 

1 if �z < 1 
2 if 1 ≤ �z < 2 
3 if 2 ≤ �z. 

(44) 

We start this analysis by varying the cosmic volume in Fig. 7 for a
urv e y with 100 000 fibre-years and a minimum efficiency of 0.7. The
mpro v ement of the precision goes hand in hand with the increase
f the volume. Thus, for the study of f NL , one should al w ays f a v our
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Table 5. The same table as Table 4 but for f NL and M ν . The forecast is based on a high-mode integration limit k max = 0 . 1 − 0 . 3 h Mpc −1 , which corresponds 
to a pessimistic and an optimistic scenario (that is why we provide two values for each parameter). The left column for M ν is the forecast with a CMB prior, 
whereas the right column is the result of a combination of DESI and a CMB prior. 

Non Gaussianity and neutrino mass forecast for k max = 0.1–0.3 h Mpc −1 

Fibre number Sky area deg 2 Tracer Redshift 
Number density 
10 −4 h 3 Mpc −3 

σ ( M ν ) in 10 −2 eV 

Planck 
σ ( M ν ) in 10 −2 eV 

Planck and DESI 

MegaMapper 
20k 14k LBG 2 < z < 5 2.5 1.3–1.2 4.2–2.4 3.3–1.6 
MSE 

4.3k 10k ELG 1.6 < z < 2.4 1.8 8.9–8.1 5.0–4.5 4.1–3.0 
LBG 2.4 < z < 4 1.1 2.8–2.5 5.1–4.3 3.7–2.1 

MUST (different settings) 
20k 15k LBGX 2 < z < 4 8.9 1.6–1.4 4.2–2.4 3.1–1.6 
20k 15k LBGX × LAE 2 < z < 4 4.2–0.84 1.7–1.5 4.4–2.9 3.2–1.8 
10k 15k LBGX 2 < z < 4 5.0 1.7–1.5 4.3–2.8 3.2–1.7 
10k 15k LBGX × LAE 2 < z < 4 2.1–0.42 1.9–1.8 4.5–3.4 3.3–2.0 
10k 9k LBG 2 < z < 4 7.1 2.1–1.8 4.5–2.8 3.2–1.8 
10k 9k LBGX × LAE 2 < z < 4 3.5–0.71 2.2–2.0 4.6–3.4 3.3–2.0 

NTL (WST like survey) 
20k 15k LBG 2 < z < 5 2.5 1.4–1.4 4.1–2.1 3.3–1.5 
40k 15k LBG 2 < z < 5 4.9 1.1–1.0 3.6–1.7 3.0–1.3 
100k 15k LBG 2 < z < 5 13 1.0–0.90 3.2–1.3 2.7–1.0 

Combination of two MegaMapper-like surveys 
20k 28k LBG 2 < z < 5 2.5 0.92–0.85 3.7–1.8 3.0–1.3 

Figure 5. The predicted constraints on non-Gaussianity for a high-redshift 
LBG surv e y w.r.t. the fiducial p value. 
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Figure 6. The predicted neutrino mass constraints for a MegaMapper-like 
surv e y w.r.t. the ln A s prior. For the other cosmological parameters, prior 
values are taken from Planck CMB measurements. 
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 larger surv e y volume. It is not be yond e xpectation since f NL is a
arameter related to the large scale. In addition to that, it depended
ittle on tracer density as we show in Table 5 . This remains true when
arying the surv e y strate gy parameters, such as the surv e y duration
nd the minimum efficiency. 

Then, we set a maximum volume among all the surv e ys and vary
he fibre-year parameter N fib T sur , as well as the minimum efficiency
 min . The forecast is reported in Fig. 8 . The NM accuracy depends
eakly on the efficiency threshold but still deprives the high ones. 
hus, it is optimal to maximize the tracer average density and to

estrict the maximum magnitude of observation, as it reduces the 
oise. Ho we ver, high-redshift bins are populated with fainter galaxies 
nd limiting the maximal magnitude also limits the tracer density at 
igh redshift. This mutual restriction may explain why the tendency 
s weak. There is also a second contribution: we consider that the
f fecti ve bias is the bias of tracers with the maximum magnitude
 ( z, m ) ≈ b LBG ( z, m max ) (Section 3.2 ). Since bias decreases with
agnitude, we underestimate the small-magnitude tracer bias. Since 

he NG effect scales as � b = f NL ( b − p ), it also reduces the amplitude
f the NG. 
Furthermore, multiplying the fibre-year parameter by 4 increases 

he accuracy only by 50 per cent. The main limitation comes neither
rom N fib T sur nor from k max but the cosmic volume of the surv e y
 sur . Ho we ver, since with a longer surv e y time, one is able to go to
 higher magnitude, it underestimates the variance of NG amplitude 
ecause the bias decreases as described previously. 
MNRAS 521, 3648–3662 (2023) 
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M

Figure 7. Non-Gaussianity (left panel) and massive neutrino (right panel) general surv e y forecasts as a function of the cosmic volume described by the fraction 
of the sky f sky and redshift width �z, for 100 000 fibre-year survey, z min = 2 and p min = 0.7. 

Figure 8. Non-Gaussianity (left panel) and massive neutrino (right panel) general surv e y forecasts as a function of the efficiency threshold p min and N fib . T sur , 
for maximal cosmic volume: f sky = 0.31, �z = 3, and z min = 2. 
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.4 Optimized NM sur v eys 

e adopt the same binning choice as for the NG study in Section 4.3 .
e first show the results for different surv e y volumes in Fig. 7 . The

ariance of M ν is less correlated with volume than for NG, especially
or f sky between 0.2 and 0.3, and �z between 2.5 and 3.5. The optimal
egion seems to be around �z = 3 and f sky = 0.3, but the variation
f σ ( M ν) in the nearby if these parameters are comparable with the
ccuracy of our naive model ( ∼10 per cent). Thus, these results show
 relatively good region, rather than a clear-cut result, with a trade-off
etween the volume and the noise. Furthermore, the density of LBGs
t high redshift is low, and including high-redshift galaxies does not
elp constrain NM, given the large shot noise, beyond �z = 3. 
In accordance with the previously observed optimal region, we set

he volume at f sky = 0.31 and �z = 3. In Fig. 8 , we present the forecast
arying the fibre-year parameter and the minimum efficiency. The
M results are quite different from those of NG. Indeed, it is clear
NRAS 521, 3648–3662 (2023) 
hat the NM constraint impro v es with an increasing fibre-year. The
rror is divided by 2 when the fibre-year parameter is multiplied by
, which means that the shot noise level plays an important role.
oreo v er, the best is to work with a minimum efficiency, in order to

bserve objects with a low luminosity, located at high redshift. We
av e v erified that for slightly different cosmic volumes close to the
aximal one, these results are unchanged. 

 C O N C L U S I O N  

s successors of DESI, MegaMapper, MSE, and MUST will become
he largest spectroscopic surv e ys in the world in the next decades.
hey will map the Universe in the redshift range 2 < z < 5 using
ultiple tracers and thereby impro v e our knowledge of cosmological

istances and the structure growth (through BAO and RSD), as well
s constrain the initial conditions of the Universe and measure the
um of the mass of neutrinos. It is also possible that these surv e ys
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ake observations for the 1 < z < 2 universe. As our study focuses
n high-redshift cosmology, we did not study this possibility and left 
t for a future article. 

In this work, we find that the BAO and RSD measurements of
hese future surv e ys will reach a sub-per cent level but systematics
ay become dominant at some point. We show that the promising

orecasts for NG ( f NL ∼ 1) have to be put in perspective with the
ack of knowledge of the p parameter in equation ( 27 ), which could
ignificantly degrade these results. As for the NM, most of the high-
edshift studies will allow us to measure the mass up to a precision
f 0.025 eV, even 0.01 eV when combined with CMB. Those tight
onstraints strongly depend on k max . Different surv e ys pro vide similar
onstraints on M ν , and one way to significantly impro v e it is a better
nowledge of τ and A s , using independent surv e ys or simulations. 
In addition, we choose to model an independent general surv e y,

escribed by a dozen of parameters: { f sky , z min , �z, t exp , p min , ηtil ,
 tel , T sur , N fib } , and investigate their effects on the survey accuracy
o derive the best observational strategy and the corresponding best 
onstraints. We show that for NG, the surv e y volume should be
aximized at the expense of the tracer density. We observe a similar

rend for NM, but the increase in the sky fraction between 60 per cent
nd 100 per cent does not imply a significant impro v ement in the ac-
uracy. There has to be a density-volume trade-off. We also illustrate
hat for NG, the surv e y duration may not significantly impro v e the
onstraint 19 and that it is better to impose a high minimum efficiency
or faint objects that are crucial for mapping the high-redshift 
niverse. The increase in the duration of the surv e y may significantly
mpro v e σ ( M ν). Furthermore, NM prefers a lower minimal efficiency,
ontrary to NG, so it is optimal to observe objects up to a higher
agnitude. This model may be extended to investigate the nature of

ark matter, the dark energy equation of state, and modified gravity. 
e aim at performing rele v ant studies in a follow-up paper. 
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igure A1. Efficiency as a function of the SNR for eBOSS ELGs. We also
nclude the linear best fit. 

PPENDIX  A :  EFFICIENCY  A N D  SNR  

n Fig. A1, we present the efficiency of the ELGs’ observation for
BOSS DR16, as a function of the SNR for ELGs at 0.6 < z <
.1. The efficiency is the fraction of ELGs’ targets (photometrically
efined) that are classified as ELG spectroscopically and have a
eliable redshift measurement. Its efficiency scales linearly with the
NR. We assumed that this trend would be similar for LBG at high
edshift in our study. 

PPENDIX  B:  AV ER AG E  EXPOSURE  TIME  

iven a minimal observation efficiency, some tracers need to be ob-
erved twice or three times. Since we do not consider measurements
ith m higher than 25 because of engineering limits, it is in practice
ever necessary to observe more than three times for a given tracer.
e recall that E ( m ) is the one-exposure efficiency law. The average

umber of observations is analytically given by 

〈 t( m ) 〉 
t exp 

= 

⎧ ⎨ 

⎩ 

1 if ( C 1 ) 
1 + η2 if ( C 2 ) 
2 − E( m ) + η3 if ( C 3 ) , 

(B1) 

ith the ratio, 

2 = 

p min − E( m ) √ 

2 E( m ) 
for ( C 2 ) (B2) 

3 = 

p min − E( m )( 
√ 

2 + 1 − √ 

2 E( m )) √ 

3 E( m ) 
for ( C 3 ) (B3) 
NRAS 521, 3648–3662 (2023) 
nd the conditions, 

 C 1 ) : E( m ) ≥p min , only one observation is necessary (B4) 

 C 2 ) : E( m ) < p min and E( m )( 
√ 

2 +1 −
√ 

2 E( m )) ≥ p min (B5) 

two observations may be necessary (B6) 

 C 3 ) : higher m than ( C 2 ) , three observations may be necessary . (B7) 

raphically, in Fig. 1 

(i) ( C 1) represents the left part of the plane (full red), where only
ne observation is necessary; 
(ii) ( C 2 ) is the middle part, with possibly a second observation,

nd η2 ( m ) corresponds to the vertical width of the green area; and 
(iii) ( C 3 ) is the right part with possibly three observations, and

3 t exp is the vertical width of the blue area. 

PPENDI X  C :  M A X I M A L  M AG N I T U D E  

I SCRETI ZATI ON  

e have 

N fib T sur 

4 πηtil f sky 
= 

∫ m max 

22 . 5 
d m 

∫ z min + �z 

z min 

d z 
d χ

d z 
χ2 〈 t( m ) 〉 φLBG ( m, z) ︸ ︷︷ ︸ 

f mz ( m,z): = 

. (C1) 

e define two small steps δm and δz (typically 0.01) and transform
ur integrals into Riemann sums. We will thus find recursively the
nteger j max such that the sum 

 = 

j max ∑ 

j= 0 

δm 

� �z/δz � ∑ 

i= 0 

δz f mz ( m = 22 . 5 + jδm 

, z = z min + iδz ) (C2) 

s equal to the constant on the left-hand side of equation ( C1 ) and
educe an approximation for m max . We assume that m max cannot
e greater than 25 for practical reason since observation of fainter
bjects would be challenging, and because our luminosity function
odel does not describe LBG for higher magnitude (Wilson & White

019 ). That is why we observed saturation in Fig. 2 for small volume.
s the luminosity function decreases with redshift, the saturation
alue that corresponds to observation of every galaxy up to m max =
5 decreases with �z. 
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