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Observatory Overview

Key Features
Telescope: 2.4m aperture 
Instruments:

Wide Field Imager / Slitless
Spectrometer
Internal Coronagraph

Data Downlink: 250-500 Mbps 
Data Volume: 11 Tb/day
Orbit: Sun-Earth L2
Launch Vehicle: 3 options
Mission Duration: 5 yr, 10yr goal
Serviceability: Observatory 
designed to be robotically 
refuelable
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• Cosmological perturbations 
[temperature anisotropies, density fluctuations…]

f(t, x)
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• Cosmological perturbations 
[temperature anisotropies, density fluctuations…] 

• Correlation function

 f(t, x)

ξff(t, |x − y | ) = ⟨ f(t, x)f(t, y)⟩
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• Cosmological perturbations 
[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum

 

 

f(t, x)

ξff(t, |x − y | ) = ⟨ f(t, x)f(t, y)⟩

⟨ ̂f(t, k) ̂f*(t, k′ )⟩ = (2π)3δD(k − k′ )Pff(k)
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• Cosmological perturbations 
[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum

 

 

f(t, x), g(t, x)

ξfg(t, |x − y | ) = ⟨ f(t, x)g(t, y)⟩

⟨ ̂f(t, k) ̂g*(t, k′ )⟩ = (2π)3δD(k − k′ )Pfg(k)
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• Cosmological perturbations 
[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum

 

 

f(t, x), g(t, x)

ξfg(t, |x − y | ) = ⟨ f(t, x)g(t, y)⟩
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Why cross-correlations?
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• Observed signal
f obs = f cosmo + f noise + f cont + f sys
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• Observed signal 

• Auto-correlation power spectrum

f obs = f cosmo + f noise + f cont + f sys

⟨ f obs f obs⟩ = ⟨ f cosmo f cosmo⟩ + ⟨ f noise f noise⟩ + ⟨ f cont f cont⟩ + ⟨ f sys f sys⟩ + 2⟨ f cosmo f cont⟩
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• Auto-correlation power spectrum 

• Cross-correlation power spectrum 
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• Cross-correlation power spectrum 
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1. Cross-correlate the same observable measured by two different instruments 
2. Cross-correlate two different observables tracing the same cosmological field
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• Weak lensing 
cosmic shear

[SC et al. 2017]
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SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

$ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)
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[Seljak, PRL 2009; 
Seljak & McDonald 2009]
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• Marginal forecast errors on fNL (factorising √fsky)

Multi-tracer clustering
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[Barberi Squarotti & SC 2021 (in prep.)]
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Take-home message
• The era of synergies among cosmological observables is nigh! 

• Cross-correlations are going to be crucial for not only precise 
but also accurate cosmology 

• Cross-correlations of the same observable measured by 
different instruments will help mitigating systematics effects 

• Cross-correlations of the different observables tracing the 
same field can bypass intrinsic limitations
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• Pushing to higher redshift exploiting oxygen-line galaxies
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• H-alpha [656.5 nm] 

• OIII2 [500.7 nm]  
OIII1 [495.9 nm] 

• H-beta [486.1 nm] 

• OII [372.7/9 nm]
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Extending Hα galaxy surveys to higher redshifts 1341

Figure 1. Redshift of different emission lines as a function of the observed
wavelength. Vertical lines indicate the wavelength coverage of the spectro-
graphic instruments of different experiments: Euclid (black, dashed line),
SPHEREx (blue, dot-dashed line), and WFIRST (red, dotted line).

for past surveys such as SDSS (Strauss et al. 2002), WiggleZ (Blake
et al. 2008), GAMA (Baldry et al. 2010), VIPERS (Scodeggio et al.
2018), and current surveys such as DESI (Aghamousa et al. 2016).
While SPHEREx will always have a complete set of lines to fully
determine the redshift of a given galaxy, Euclid and WFIRST will
only have a subset of these lines available (see Fig. 1).

Let us take the example of Euclid. Lyα will mainly come from
redshifts well inside the epoch of reionization and we expect it to
be sufficiently faint, such that it will not substantially contaminate
the sample. But the oxygen lines are strong and high-z ELGs may
contaminate the Hα sample. Depending on the emitting redshift and
experimental resolution, the O III doublet, and Hβ will be indistin-
guishable so we will bundle them together for simplicity. Even if
the experiment provides enough wavelength resolution, these lines
are close enough to be considered as a distinctive sample that in
practice increases the signal-to-noise ratio (S/N) of detection. Thus,
in the observing window of Euclid, Hα will see ELGs from z∈ [0.40,
1.82], O III + Hβ will see them in the range z ∈ [0.84, 2.81], and O II

in the interval z ∈ [1.47, 3.96]. In Fig. 2, we compare the redshift
covered by each line in the three experiments we consider. For
SPHEREx specifications these lines can reach redshifts during the
epoch of reionization (EoR), thus we truncated the figure at z = 4.5.

Hence, it is clear that for the same wavelength coverage one
will observe low-redshift Hα emitters as well as high-redshift
galaxies identifiable by O III + Hβ and/or O II lines. The presence
of these secondary samples is well known, including the fact that
high-redshift galaxies can be misidentified for Hα emitters (and
vice versa). Line misidentification has already been pointed out by
Pullen et al. (2016) and more recently by Addison et al. (2019).4

But misidentification will not happen for all high-z galaxies and,
in principle, one will be able to constitute samples of galaxies
identifiable by other lines. In fact, WFIRST plans to constrain
the baryon acoustic oscillations (BAO) scale in the redshift range
2 < z < 3 using a sample of galaxies identifiable by their
O III emission lines (Spergel et al. 2015). Grasshorn Gebhardt
et al. (2019) also consider the O III sample centred at z = 2.32

4In this respect, see also Grasshorn Gebhardt et al. (2019), where they used
the anisotropic power spectrum method (Gong et al. 2014) to estimate how
the contaminated power spectrum changes for a given ratio of misidentified
galaxies.

contaminated by the low-z Hα sample. Addison et al. (2019)
took a similar approach for an O III sample centred in z = 1.9
from a Euclid-like survey. Although the last two works focus
on the effects of line contamination, both of them neglect the
potential contamination from O II galaxies coming from even higher
redshifts.

But these works indicate the merit of looking for higher redshift
star-forming ELGs using oxygen emission lines. Here, we will
take a step back and reinterpret these ‘interlopers’ as independent
secondary galaxy samples, which we will use as a cosmological
probe. We assume that one can clearly distinguish between emission
lines. Indeed this discrimination between O II, O III + Hβ, and Hα

can be possible using prior information from a sister photometric
survey, as well as fainter lines such Hβ in the observed spectra.
Indeed, Pullen et al. (2016) successfully demonstrated that using
secondary lines and/or photometric information of the spectra one
can separate the target sample from interlopers. Similarly, Comparat
et al. (2013) have used photometric information to construct a O II

sample at low redshift for SDSS, although for ELGs with a single
emission line the success rate was lower. In addition, when two
lines are present in the spectra, one can use prior knowledge of the
line ratios O II/O III and O III/Hα to assess, which pair of lines is
the most probable one. However, as Pullen et al. (2016) pointed
out, only a fraction of galaxies in a Hα sample will have secondary
lines that can be used to avoid line misidentification (of the order
of ∼30 to 50 per cent for WFIRST). Alternatively, one can rely on
machinery such as the one developed by Kirby et al. (2007) when
only a single emission line is present. Some of these methods are
dependent on the resolving capabilities of the spectrograph. Adding
shape information of the line to the identification process will also
be improve the classifiers. If we take the example of the O III doublet,
both Euclid and WFIRST would be able to resolve this double line
(see Table 1). Hence, in light of the redshift ranges that each line can
probe, one can ask if we can extend Euclid and WFIRST (excluding
SPHEREx) to cosmological probes of high-z ELGs, and what is
the merit of each individual sample for cosmology in the different
redshift ranges. Although this possibility was known, only Pullen
et al. (2016) have studied the usage of O II up to z = 2.38 within the
context of the Prime Focus Spectrograph (Takada et al. 2014), and
O III up to z = 2.9 for WFIRST, as tracers of the large-scale cosmic
structure at z > 2. A possible explanation for this is the lack of
available observationally calibrated luminosity functions at higher
redshifts. Recent results from the High-z Emission Line Survey
(HiZELS, Geach et al. 2008) shed light on the redshift evolution of
ELGs using the O II and O III + Hβ lines (Khostovan et al. 2015). For
recent semi-analytical works estimating the number of ELGs that
would be seen using Hα and/or O III lines, see Izquierdo-Villalba
et al. (2019) and Zhai et al. (2019).

These updated Schecter luminosity functions allow us to estimate
the number density of observable high-redshift objects for different
flux thresholds. Based on these, we will compute the S/N he first
multipoles of the power spectrum for different flux thresholds.
Furthermore, we will assess and compare what kind of cosmological
constraints one obtains from different survey areas and flux thresh-
olds. We will show that the secondary high-z samples complement
the information we obtain from low-z Universe, and present the
case for them to be treated as independent cosmological samples. In
fact, our results indicate that detailed studies of the precise number
density estimations are needed, as well as development of machinery
to disentangle the several galaxy samples. These are a requirement
for proper calculations of the figure of merit of the secondary as a
function of flux threshold and detection efficiency.

MNRAS 495, 1340–1348 (2020)
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• O lines (+others) well known contaminants for H-alpha: 

• 0.15–0.3% interloper fraction could bias growth rate >10% of error 

• Even if modelled correctly, cosmological constraints inflate up to 20%
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• O lines (+others) well known contaminants for H-alpha: 

• 0.15–0.3% interloper fraction could bias growth rate >10% of error 

• Even if modelled correctly, cosmological constraints inflate up to 20% 

• Can we turn contaminants into signal?
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ABSTRACT
A new generation of cosmological experiments will spectroscopically detect the Hα line from
emission-line galaxies at optical/near-infrared frequencies. Other emission lines will also be
present, which may come from the same Hα sample or constitute a new galaxy sample
altogether. Our goal is to assess the value, for cosmological investigation, of galaxies at z ! 2
present in Hα galaxy surveys and identifiable by the highly redshifted ultraviolet and optical
lines – namely the O II line and the O III doublet in combination with the Hβ line. We use
state-of-the-art luminosity functions to estimate the number density of O III + Hβ and O II

ELGs. We study the constraining power of these high-redshift galaxy samples on cosmological
parameters such as the baryon acoustic oscillation (BAO) amplitude, H(z), DA(z), fσ 8(z), and
bσ 8(z) for different survey designs. We present a strong science case for extracting the O III +
Hβ sample, which we consider as an independent probe of the Universe in the redshift range
2−3. Moreover, we show that the O II sample can be used to measure the BAO and growth
of structure above z = 3; albeit it may be shot-noise dominated, it will none the less provide
valuable tomographic information. We discuss the scientific potential of a sample of galaxies,
which, so far, has been mainly considered as a contaminant in Hα galaxy surveys. Our findings
indicate that planed Hα surveys should include the extraction of these oxygen-line samples in
their pipeline, to enhance their scientific impact on cosmology.

Key words: large-scale structure of Universe – cosmology: miscellaneous.

1 IN T RO D U C T I O N

Emission-line galaxies (ELGs), which are mainly star-forming
galaxies, have ultraviolet (UV) and optical prominent lines that
we use to determine the redshift of each individual ELG. Such
lines include Lyα (121.6 nm), O II (372.7 nm and 372.9 nm),
Ne III (387.0 nm), Hβ (486.1 nm), the O III doublet (495.9 nm
and 500.7 nm), O I (630.0 nm), N II (654.8 nm and 658.3 nm), Hα

(656.5 nm), S II (6717 nm and 6731 nm), and other weaker lines. Hα

is the strongest optical emission line from star-forming galaxies,
second only to Lyα in the UV, and followed by the oxygen lines
O III and O II. In practice, N II is nearly indistinguishable from Hα

and represents only a minor contribution to the signal. It is thus
natural to choose Hα when devising cosmological surveys targeting
ELGs. But the Hα line with a rest wavelength of 656.5 nm is quickly
redshifted into the near-infrared where the atmosphere transparency
is reduced, drastically diminishing the number of detectable galaxies
from the ground. For this reason, future optical and near-infrared
surveys will be in space. The three planned surveys are the Europe-

$ E-mail: josecarlos.s.fonseca@gmail.com (JF); stefano.camera@unito.it
(SC)

led ESA’s flagship mission, the Euclid satellite1 (Laureijs et al.
2011), which will take spectra of millions of ELGs to identify
their redshift; the US-led NASA WFIRST (Wide Field Infrared
Survey Telescope, Spergel et al. 2015) satellite2; and another NASA
mission called SPHEREx3 (Spectro-Photometer for the History of
the Universe, Epoch of Reionization, and Ices Explorer, Doré et al.
2014), which will complement the previous two. The design of
the satellites has been optimized for a wide range of scientific
goals, including several trade-offs between sensitivity, surveyed
area, wavelength coverage, available emission lines from ELGs
and so on. This has resulted into different sky area coverages and
wavelength ranges in the optical and near-infrared bands, with some
overlap among them, which we summarize in Fig. 1. In Table 1, we
summarize the wavelength coverage and spectral resolution of the
spectroscopic specifications of these experiments.

Despite the prominence of the Hα line, other emission lines are
used to identify the redshift of ELGs, as it is already done by other
ground-based spectroscopic galaxy surveys. This has been the case

1https://www.euclid-ec.org
2https://WFIRST.gsfc.nasa.gov
3http://spherex.caltech.edu
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• State-of-the-art calibrated Schecter luminosity functions
[Sobral et al. 2013; Khostovan et al. 2015; 

Pozzetti et al. 2016; Zhai et al. 2019]
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• Measurements of growth parameter fσ8(z) := f(z)D(z)σ8

Constraining cosmology
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