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Cosmological measurements over the next decade will enable us to shed light on the content and
evolution of the Universe. Complementary measurements of the Cosmic Microwave Background
(CMB) and Baryon Acoustic Oscillations are expected to allow an indirect determination of the sum
of neutrino masses, within the framework of the flat ΛCDM model. However, possible deviations
from ΛCDM such as a non-zero cosmological curvature or a dark energy equation of state with
w 6= −1 would leave similar imprints on the expansion rate of the Universe and clustering of matter.
We show how future CMB measurements can be combined with late-time measurements of galaxy
clustering and cosmic shear from the Large Synoptic Survey Telescope to alleviate this degeneracy.
Together, they are projected to reduce the uncertainty on the neutrino mass sum to 30 meV within
this more general cosmological model. Achieving a 3σ measurement of the minimal 60 meV mass
sum (or 4σ assuming w = −1) will require a five-fold improved measurement of the optical depth
to reionization, obtainable through a large-scale CMB polarization measurement.

I. INTRODUCTION

Cosmological data in the coming decade will be used to
tackle fundamental questions about the physical make-up
of the Universe. The currently favored model is ΛCDM,
describing a flat universe with a cosmological constant,
cold dark matter, and a near-zero mass of neutrino par-
ticles [1]. Upcoming data measuring the evolution of cos-
mic structures will be used to search for deviations from
this model. The only detectable deviation that we have
strong reason to expect is the non-zero neutrino mass,
with the total mass known to be at least ∼ 60 meV from
oscillation experiments [2–5], but departures from a cos-
mological constant or a flat universe are not theoretically
excluded [1, 6].

Each departure from ΛCDM imprints a unique signa-
ture on cosmological observables including the growth
rate of structure and the expansion rate of the Universe,
but at any given cosmic epoch their effects will be partly
degenerate. Previous forecasts have shown how measur-
ing the amplitude of matter fluctuations can lead to a de-
tection of neutrino mass, since a higher mass suppresses
structure growth. For example, improving the growth
rate measured by CMB lensing data, supplemented with
measurements of the baryon acoustic oscillation (BAO)
scale, should give an uncertainty on the mass sum of ∼ 30
meV [7, 8]1. Galaxy clustering and lensing data from the
Large Synoptic Survey Telescope (LSST) have been fore-
cast to measure the mass to similar precision [9]. How-
ever, Allison et al. [7] found that the mass uncertainty
when using CMB lensing can triple when allowing w or

∗ smsharma@princeton.edu
1 Or ∼ 15 meV with an improved measurement of the optical

depth to reionization, which better determines the primordial
amplitude of fluctuations.

geometry to vary, and Font-Ribera et al. [9] found that
constraints on the dark energy equation of state from the
optical surveys are also significantly degraded when the
sum of neutrino masses is varied as a free parameter.

In this paper we examine the issue of how complemen-
tary datasets, measuring structure formation over a range
of cosmic epochs and with different systematic effects,
will be able to distinguish between the various departures
from ΛCDM. For example, if a non-zero neutrino mass is
preferred by the data, will we be able to exclude a time-
varying dark energy component, or a non-zero geometry?
We present forecasts considering CMB lensing data to be
measured from next generation surveys [e.g., 8], galaxy
lensing and galaxy clustering from the Large Synoptic
Survey Telescope [10], cross-correlations between these
datasets, and BAO distance scales from the DESI exper-
iment [11]. These are combined with measurements of
primordial CMB fluctuations. We do not consider the
effect of cluster counts calibrated through CMB lensing,
which may be able to further alleviate these degenera-
cies when an extended cosmological parameter set is con-
sidered [12]. We also do not explore other cosmological
datasets including redshift-space distortions or supernova
measurements [13–15].

The paper is organized as follows. In Sec. II we re-
view the cosmological neutrino mass signal and describe
the main physical degeneracies. In Sec. III we describe
the datasets, systematic effects and nuisance parameters
considered. In Sec. IV we present forecasts for Σmν , cur-
vature, and a time-varying dark energy equation of state.
We show the impact of improved constraints on the opti-
cal depth to reionization, and of BAO measurements, and
explore the impact of possible systematic effects and as-
sumptions about the optical data. We conclude in Sec. V.
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II. PHYSICAL DEGENERACIES

The effects of massive neutrinos on the Cosmic Mi-
crowave Background (CMB) and Large Scale Struc-
ture (LSS) have been extensively studied in the litera-
ture [1, 6–8, 15–36]. Broadly, neutrinos transition from
being a relativistic gas behaving as radiation in the early
Universe to being a non-relativistic fluid that behaves
like Cold Dark Matter (CDM). They decouple from the
cosmic plasma while still relativistic, at which point they
begin to free-stream. The horizon size corresponding to
when neutrinos become non-relativistic thus sets a char-
acteristic scale below which power appears suppressed.

Neutrinos therefore contribute to the total matter den-
sity, proportional to the sum of their masses, at late
times, but with suppressed clustering at small scales.
This is unlike CDM, which clusters strongly on all scales
at low redshifts to aid in structure formation. These
features can be measured through a relative amplitude
measurement, or a measurement of the change in shape
of the matter power spectrum at small scales. Currently,
growth measurements from Planck combined with bary-
onic acoustic oscillations (BAO) from low-redshift sur-
veys [37–39] constrain the total neutrino mass to be
Σmν ≤ 0.21 eV at 95% confidence [1] 2. Here the
ΛCDM model is assumed, with a cosmological constant
and no curvature. Constraints including different large
scale structure observations have additionally been con-
sidered and can set still tighter bounds [33, 40–47].

The effect of massive neutrinos on CMB and LSS ob-
servables, in particular the suppression of clustering, can
be mimicked by non-minimal extensions to ΛCDM cos-
mology, in particular through changes in dark energy
and its dynamics, or changes in the spatial curvature, as
shown in [7]. Canonically in ΛCDM the ratio of dark en-
ergy pressure to its density is w = −1, but many models
predict deviations from this constant value [e.g., 48, 49],
and w 6= −1 is consistent with current data [1, 50–52].
We consider a description of possible dynamical dark en-
ergy using the standard Taylor expansion in the scale
factor [49, 53]:

w(a) = w0 + wa(1− a), (1)

as well as non-zero spatial curvature. Due to the accel-
erated expansion, growth in dark matter structures and
induced structure formation slows down in a dark energy-
dominated universe. Varying the equation of state of the
dark energy affects both the growth of structure and the
expansion rate of the Universe, impacting both the ampli-
tude of the power spectrum and the angular position of
the baryon acoustic oscillations. Curvature also affects
the same observables: varying the geometry modifies

2 Note that the fiducial Planck ΛCDM constraints assume neutri-
nos with a normal mass ordering and Σmν ≈ 60 meV, dominated
by the heaviest mass eigenstate.

the angular diameter distances to a given redshift, and
to hold fixed the primary CMB peak positions requires
changing the matter density which affects the growth.

If we had a measurement of the growth at only one
single effective redshift, for example through CMB lens-
ing, the degenerate effects of neutrino mass, dark energy
equation of state, and curvature lead to a degradation
in forecast sensitivity when these parameters are jointly
varied. In Fig. 1 we show the forecast sensitivity on Σmν

with the same combination Planck+CMB-S4+DESI con-
sidered in [7], showing the effect of adding in dark energy
and its linear evolution w0, wa as well as curvature Ωk
as free parameters to the forecast neutrino mass. Here
σ(Σmν) is degraded to an uncertainty of 72 meV com-
pared to σ(Σmν) = 28 meV when these are not varied
(see Tab. II and [7] for details). The addition of baryon
acoustic oscillation measurements only partially breaks
the degeneracies.

Accurate measurements of the late-time matter power
spectrum at multiple epochs provide a path for disen-
tangling the neutrino mass signal from non-minimal cos-
mological scenarios. Gravitational lensing of background
galaxies by foreground large-scale structure measures the
growth of the projected matter distribution over several
redshift bins, which can directly probe the suppression of
structure at late times. Including the clustering of galax-
ies over cosmic time also adds both growth and distance
information.
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FIG. 1. Degradation in the error on the sum of neutrino
masses with extensions to the canonical ΛCDM model, as
in Allison et al. [7]. Inset shows degeneracy with total CDM
energy density when w0, wa and Ωk are opened up as free
parameters. The forecast uncertainty σ(Σmν) increases from
28 to 72 meV in this case.
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III. PROJECTED DATA AND FORECASTING
METHOD

We use a standard Fisher forecasting method to project
the expected constraints on cosmological parameters, us-
ing, as observables, angular power spectra of the pri-
mary CMB anisotropies, the CMB lensing convergence
and projected LSST shear and galaxy clustering mea-
surements. We use the GoFish code3 originally described
in [54], which has been refined and extended for this anal-
ysis and for internal forecasts for the CMB-S4 and LSST
collaborations.

We forecast an extended set of ten free cosmological
parameters:

{Ωbh2,Ωch2, H0, As, ns, τ,Σmν , w0, wa,Ωk} 4.

The first six are core ΛCDM parameters: baryon density,
cold dark matter density, Hubble constant, amplitude
and slope of the primordial spectrum of metric fluctu-
ations, and optical depth to reionization. The extension
parameters are the neutrino mass sum Σmν , dark energy
with equation of state w(a) = w0 + (1 − a)wa and the
curvature parameter Ωk. In places we will consider a lim-
ited subset of this model with fixed {w0, wa} = {−1, 0},
or fixed Ωk = 0. Models with more complicated equa-
tions of state, or with modifications to general relativity,
in particular those that more closely mimic neutrinos or
curvature, can be expected to introduce additional de-
generacies [55–58].

Below we describe the specifications used for each ex-
periment, and the associated observables and nuisance
parameters. Where experiments are still in their design
or proposal stages, we use nominal values proposed by
the respective collaborations. Both collaborations have
carried out their own forecasts, or are in the process of,
producing their own science requirement studies, and our
results should not be interpreted as official forecasts for
either experiment.

A. Cosmic Microwave Background

We use the proposed CMB Stage-4 (S4) experiment [8],
which will aim to observe half the sky in intensity and
polarization, with anticipated white noise levels of 1 µK-
arcmin in intensity. We assume that 40% of the sky will
be useable for analysis, and that the CMB lensing field
will be reconstructed in the angular range ` ∈ [50, 5000].

3 Code available at https://github.com/damonge/GoFish. The re-
sults of the present analysis may be reproduced using the con-
figuration files and Jupyter notebooks in the LSST_nu folder.

4 We assume fiducial values of {0.02222, 0.1197, 0.69, 2.1955,
0.9655, 0.06, 60, -1, 0, 0} and step sizes of {0.0001, 0.001, 0.01,
0.01, 0.005, 0.02, 10, 0.01, 0.05, 0.015} for these parameters, and
have verified the stability of the Fisher analysis to this choice.

We also consider experiments with higher noise levels in-
creasing up to 10 µK-arcmin, which includes the level
anticipated for the Simons Observatory5. Since CMB-S4
is a ground-based experiment, characterized by a large,
non-white noise contribution on large scales, we use a
minimum multipole ` = 50, and add large-scale tempera-
ture and polarization information from Planck [1] below
that scale. The noise levels have been calibrated to re-
produce the errors reported in the 2015-16 Planck papers,
with the large-scale polarization noise tuned to reproduce
an optical depth uncertainty of σ(τ) ≈ 0.01 [59]. In cases
where we do not use CMB-S4 in forecasts, we extend the
Planck multipole range up to ` = 3000. We also consider
the impact of adding forecast constraints from proposed
space-based experiments (e.g. LiteBIRD [60]) that bet-
ter measure the optical depth from large-scale polarized
E-modes. The specifications are summarized in Tab. I.
The polarization noise level of 4 µK-arcmin is conserva-
tively higher than anticipated from LiteBIRD, but still
able to give a cosmic-variance limited measurement of τ .

Experiment `-range fsky Beam ∆T ∆P
[arcmin] [µK-arcmin] [µK-arcmin]

Planck [2,50] 0.4 10 31.1 150.0
S4 [50,5000] 0.4 3 1.0 1.4
CV [2,50] 0.7 30 2.8 4.0

TABLE I. Specifications of the CMB experiments used in
our forecasts. When S4 is excluded, the range of Planck
is extended to ` = 3000 with ∆T = 31.1µK-arcmin and
∆P = 56.9µK-arcmin at higher multipoles, calibrated to re-
produce the constraints in [1]. The ‘CV’ experiment has non-
zero noise but is cosmic variance limited in polarized E-modes
on large-scales.

B. Large-scale structure from LSST

The Large Synoptic Survey Telescope (LSST) [10] is
a Stage-IV photometric survey that will map out the
galaxy distribution on half the sky down to magnitude
r ∼ 27. LSST will pursue 5 main cosmological observ-
ables: weak lensing, galaxy clustering, clusters of galax-
ies, supernovae and strong lensing. Of these, we fo-
cus here on the first two. We assume that the baseline
data vector for LSST will be in the form of a “3 × 2-pt”
analysis [61], based on the combination of weak lensing
and galaxy clustering, both in auto-correlation and cross-
correlation. The specifications of the lensing and cluster-
ing samples used here follow closely those assumed in [54],
which we describe briefly below.

a. Galaxy clustering. We divide the galaxy cluster-
ing sample into two populations of“red”and“blue”galax-

5 https://simonsobservatory.org/

https://github.com/damonge/GoFish
https://simonsobservatory.org/
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ies. The red sample is characterized by better photo-
metric redshift (photo-z) uncertainties (see below), lower
number density, a higher galaxy bias and shallower red-
shift coverage. The blue sample, on the other hand, has
a much higher number density and reaches to higher red-
shifts, at the cost of increased photo-z uncertainties. The
redshift distribution of these samples is based on the mea-
surements of the luminosity functions presented by [62]
(red sample) and [63] (all galaxies), and assuming a mag-
nitude limit i ∼ 25.3, corresponding to the so-called
LSST “gold” sample [10]. The k-corrections needed to
transform the luminosity functions into redshift distribu-
tions were computed using kcorrect [64]. We model the
photo-z distribution of both samples as a Gaussian with
a redshift-dependent standard deviation σz = σ0 (1 + z),
with σ0 = 0.02 and 0.05 for the red and blue samples
respectively. Finally, we split the full redshift range cov-
ered by each sample into bins distributed such that the
width of each bin in photo-z space is three times the
value of σz at the bin centre. This results in 15 bins for
the red sample and 9 bins for the blue sample. For more
details on the clustering specification, see [65]. Our fidu-
cial constraints will only include the blue sample, but we
will also explore the impact of adding the red sample in
Section IV C.

b. Cosmic shear. The distribution of inhomo-
geneities in the cosmic density field produces perturba-
tions on the trajectories of photons emitted by distant
sources, an effect known as gravitational lensing [66].
This effect can be traced by the correlated distortions
it produces in the observed shapes of galaxies, labelled
“cosmic shear” or “weak lensing”, and is the same effect
probed by the lensing of the CMB. As a direct probe
of the density fluctuations, cosmic shear is a tremen-
dously useful cosmological probe, particularly in combi-
nation with galaxy clustering. The LSST weak lensing
sample is modeled here using the “fiducial” redshift dis-
tribution estimated by [67]. As in the case of galaxy
clustering we assume a tomographic analysis in which
the sample is split into redshift bins. For this, we model
the photo-z uncertainty of the lensing sample as Gaus-
sian with σz = 0.05 (1 + z), and define 9 top-hat bins in
photo-z space with a width corresponding to 3× σz.

c. Angular power spectra. The data vector consid-
ered for LSST is the collection of maps of the galaxy
overdensity or the cosmic shear field associated with the
samples described above. Let aα`m be the harmonic coeffi-
cients of the α-th map, corresponding for instance to one
of the galaxy clustering redshift bins, and let us collect
all maps for a given multipole order (`,m) into a vector
a`m. The power spectrum C` is defined as the covari-

ance of this vector 〈a`ma†`′m′〉 ≡ C`δ``′δmm′ . For both
galaxy clustering and cosmic shear, the cross-correlation

between two maps Cαβ` can be directly related to the 3D
matter power spectrum as

Cαβ` =
2

π

∫ ∞

0

dk k2 ∆α
` (k)∆β

` (k), (2)

where ∆α
` (k) is a transfer function associated to the α-th

map.
For the galaxy overdensity in the α-th redshift bin, this

is given by [54, 65, 68]

∆GC,α
` (k) ≡

∫
dz φα(z) Ψ`(k, z)

√
P (k, z),

Ψ`(k, z) ≡ bα(z)j`(kχ(z))− f(z)j
′′

` (kχ(z)), (3)

where φα(z) is the selection function of the α-th bin,
bα(z) is the linear galaxy bias, f ≡ d log δ/d log a is the
growth rate, j`(x) is the spherical bessel function of order
`, χ(z) is the radial comoving distance to redshift z and
P (k, z) is the matter power spectrum.

For cosmic shear6, the transfer function for the α-th
redshift bin is given by

∆CS,α
` (k) ≡

√
(`+ 2)!

(`− 2)!

∫
dχWα(χ)

j`(kχ)

k2a(χ)

√
P (k, z),

Wα(χ) ≡ 3ΩM,0H
2
0

2

∫ ∞

z(χ)

dz′φα(z′)
χ(z′)− χ
χχ(z′)

(4)

We also include all the angular cross-spectra between
CMB lensing, cosmic shear, and galaxy clustering.

The noise power spectra for clustering and shear are
associated to the discrete sampling of the underlying den-
sity field and the intrinsic scatter of galaxy shapes. They
are zero for disjoint redshift bins, and their contribution

to the auto-correlation is given by N i,clust
` = 1/n̄i and

N i,shear
` = σ2

γ/n̄i, where n̄i is the projected number den-

sity of sources (in units of srad−1) and σγ = 0.28 is the
intrinsic shape noise per ellipticity component [10].

d. Systematic effects. Both galaxy clustering and
cosmic shear suffer from a number of sources of system-
atic uncertainties that introduce extra nuisance param-
eters that must be marginalized over. We review these
here:

• Galaxy bias: The relation between the galaxy
and matter power spectra is expected to be well-
approximated by a linear, scale-independent, fac-
tor b(z) on large scales. Our forecasts therefore
marginalize over the value of this quantity defined,
for each galaxy sample, at a discrete set of nodes in
redshift (with the full b(z) function reconstructed
by interpolating between these nodes). See [65] for
further details. As will be discussed i in the last
point below, we use redshift-dependent scale cuts
to mitigate against the effects of scale-dependent
bias terms [41, 69, 70].

6 Note that the cosmic shear is a spin-2 field, which can be decom-
posed into E and B modes. We only include E modes in our
analysis, which is the only non-zero contribution for the cosmo-
logical models explored here.
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FIG. 2. (Left) The relative change in the power spectrum for the case of cosmic shear (top) and galaxy clustering (bottom) when
the total neutrino mass and w0 are varied, corresponding to Bin 5 of our setup (z ∈ [1.12, 1.46]). Also shown for comparison
is the LSST noise spectrum considered in this redshift range. (Right) The auto-power spectra for the fiducial cosmological
parameters, shown for all the shear (red) and clustering (blue) redshift bins considered, including scale cuts. Darker colours
correspond to higher redshift bins. For reference, the grey line correspond to a scale of k = 0.1 Mpc−1.

• Baryonic effects: We use the prescription in [71]
to account for the effects of baryons in the angu-
lar power spectra using their three-parameter cor-
rection model. The parameters and their fiducial
values are the mass dependence of the halo gas
fraction (log10(Mbcm/M�h

−1) = 14.08), the corre-
sponding ejection radius as a fraction of the virial
radius (ηb = 0.5) and the scale of the stellar com-
ponent (ks = 55hMpc−1), which we additionally
marginalize over.

• Multiplicative bias: Estimating the shear from
galaxy shapes may lead to redshift-dependent mul-
tiplicative biases [72–74]. The shear multiplicative
bias is degenerate with the amplitude of the signal
and its time evolution can hide the true evolution of
the growth of structure, which probes dark energy
as well as massive neutrinos. We apply an overall
multiplicative factor (1+mα) in each shear redshift
bin α, marginalizing over each mα. We use fiducial
values of zero and step sizes of 0.005 for mα in the
Fisher analysis.

• Intrinsic alignments: Intrinsic alignments (IA) of
galaxies associated to structure formation can con-
taminate the cosmic shear signal by up to 1-
10% [72, 75–79]. Evidence suggests that IA are
caused to a large extent by the alignment of galax-
ies with the direction of tidal forces in the cosmic
web. We model this effect according to the so-called

non-linear alignment model [80], and marginalize
over 4 values describing the redshift evolution of
the overall amplitude of the IA contribution.

• Photo-z uncertainties: Inaccuracies in the charac-
terization of the photo-z distribution of individual
sources lead to uncertainties in the overall galaxy
redshift distribution in each redshift bin, needed
to estimate theoretical predictions for the expected
power spectrum. We therefore marginalize over two
additional parameters in each clustering redshift
bin – an overall bias in the determination of photo-
zs as well as over the scatter of redshifts [72]. We
impose a prior of 0.005 (corresponding to the width
of a Gaussian prior centered on the fiducial value
of zero) on the photo-z bias following [51] and with
the expectation that LSST will be able to achieve
better sensitivity.

• Scale cuts: Theoretical uncertainties in the ef-
fect of baryons on the matter power spectrum,
and on the details of the galaxy-matter connec-
tion prevent us from using the smallest scales of
the shear and galaxy power spectrum respectively.
For this reason we must drop all multipoles beyond
a given `max. For cosmic shear, where the main
effect is that of baryons, we choose a fiducial cut
`max = 5000, independent of redshift. This corre-
sponds to a comoving scale kmax ∼ 1.6hMpc−1 at
z ∼ 1.5. Since galaxy clustering is affected by com-
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plicated non-linear, non-local and scale-dependent
bias terms [41, 69, 70], we use a more conserva-
tive, redshift-dependent cut. In this case, at the
median redshift of each bin z̄, we compute a min-
imum comoving scale kmax(z̄) defined by requiring
that matter perturbations up to that wavenum-
ber have a standard deviation σ(< kmax) = 0.75.
We then translate kmax(z̄) into an angular scale
`max(z̄) = χ(z̄) kmax(z̄). We do not impose addi-
tional cuts at large scales. The resulting scale cuts
can be seen in the left panel of Fig. 2, which shows
the auto-power spectra of all redshift bins for clus-
tering and lensing considered here.

C. Baryon Acoustic Oscillation from DESI

Besides the CMB and large-scale structure datasets de-
scribed above, we will also include in some cases the ex-
pected constraints from the measurements of the redshift-
distance relation made with the future Dark Energy Spec-
troscopic Instrument (DESI) due to begin in 2018 [81].
We use the forecast uncertainties on dA(z) and H(z) pro-
vided in [11], in 13 redshift bins between z = 0.65 and
1.85 and 5 redshift bins between z = 0.05 and 0.45 with
bin width ∆z = 0.1, expected to be achievable by DESI
and the DESI Bright Galaxy Survey respectively covering
14, 000 deg2.

IV. RESULTS

In this section, we study the sensitivity of LSST and
a future CMB-S4 experiment to the sum of neutrino
masses, the dark energy equation of state and cosmolog-
ical curvature. We consider the following combinations:

• Setup 1: Planck + S4 (+ DESI BAO, as in [7])

• Setup 2: Planck + LSST-shear

• Setup 3: Planck + LSST-clustering

• Setup 4: Planck + LSST-clustering + LSST-shear

• Setup 5: Planck + S4 + LSST-shear + LSST-
clustering

We also consider in this section the impact of including
a cosmic variance (CV)-limited measurement of the opti-
cal depth to reionization τ , and describe the effect of in-
cluding BAO measurements from DESI as an additional
tracer of late-time clustering.

A. Forecasts with LSST and CMB-S4

Figure 3 shows forecast constraints for the error on
Σmν , the dark energy parameters w0, wa and the cosmo-
logical curvature Ωk obtainable with shear and clustering

measurements from LSST and CMB-S4. These results
are shown in Tab. II. In all these cases Planck is included
as described in Sec III. Individually, CMB-S4, LSST clus-
tering and LSST shear can achieve forecast constraints
of σ(Σmν) = 111, 91 and 120 meV respectively, strongly
degraded with respect to the case where the flat ΛCDM
fixed-w model is assumed (σ(Σmν) = 73, 69 and 41 meV
respectively). In combination, however, the three probes
are able to achieve an error of σ(Σmν) = 28 meV. This
would be an almost 4σ measurement of the minimal mass
in the inverted hierarchy, and ≈ 2σ for the normal hier-
archy. By combining these datasets, the degradation is
only ∼ 20% with respect to the fixed-ΛCDM case.

It is worth pointing out that, while a free equation of
state w 6= −1 represents a more complex extension of the
standard ΛCDM model, in which the accelerated expan-
sion is driven by something other than a simple cosmolog-
ical constant, the spatial curvature Ωk is a core param-
eter needed to fully describe the Friedmann-Robertson-
Walker metric. It is therefore interesting to investigate
the possible degeneracy on Σmν from freeing Ωk while
fixing (w0, wa). This case is shown in the last row of
Tab. II: Ωk is significantly less degenerate with Σmν , and
therefore the uncertainty on the latter parameter remains
unchanged after freeing up the former.

The improvement on σ(Σmν) from the combination of
CMB and LSS probes is a result of the high sensitivity
of future CMB data. Experiments including Advanced
ACTPol and the Simons Observatory will measure the
CMB lensing over large sky areas to higher noise levels
than S4, so we explore how the forecast constraint on neu-
trino masses depends on the CMB noise level, keeping the
sky area fixed to 40%. Figure 4 shows the relative degra-
dation in the 1σ uncertainty on Σmν , Ωk, w0 and wa as
a function of the CMB noise level in temperature NT ,
with respect to the fiducial case NT = 1µK arcmin. We
find that σ(mν) could be improve by ∼ 40% with respect
to the constraints achievable with a Stage-3 experiment
such as Advanced ACTPol [82] (NT ≈ 10µK arcmin), but
the curvature and dark energy parameters would benefit
little (<∼ 5% or less) from the higher sensitivity. Interest-
ingly, we also find that the improvement in uncertainty on
Σmν with NT is much more modest when {w0, wa, Ωk}
are fixed, consistent with Allison et al. [7].

B. Impact of extended datasets

Optimal measurement of the optical depth
In Table III we show the forecast constraint on Σmν ,
the dark energy parameters w0, wa and the cosmological
curvature Ωk obtainable when adding a cosmic-variance
limited measurement of the optical depth to reion-
ization with σ(τ) ≈ 0.002. In this case, LSST and
CMB-S4 together are projected to achieve an error of
σ(Σmν) = 21 meV, enough for a measurement of the
minimal neutrino mass at 3σ significance even within
this broader cosmological model. These results show
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FIG. 3. Left: Forecast error on Σmν achievable with CMB-S4 (grey), LSST shear (blue), LSST clustering (red), LSST clustering
and shear (green) and all together (orange), combined with Planck primary CMB data as described in Sec. III A, in the presence
of an uncertain dark energy equation of state. Center, right: Forecast error on w0 and wa with different combinations of probes,
revealing the degeneracies with Σmν in each case. The corresponding forecast values are given in Tab. II.
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FIG. 4. Achievable constraints on Σmν (blue), w0 (bur-
gundy), wa (green) and Ωk (yellow) as a function of the CMB
noise level in intensity NT . Forecasts are shown as a ratio
to the constraints achievable for a 1µK arcmin experiment.
Although w0, wa and Ωk do not degrade significantly with
NT , the uncertainty on the sum of neutrino masses could im-
prove by ∼ 40% from a Stage-3 experiment (∼ 10µK arcmin)
to S4. Also shown (dotted blue) are the achievable con-
straints on Σmν when w0, wa and Ωk are fixed to their fiducial
ΛCDM values. The relative degradation with increasing CMB
noise level is much more modest in this case.

that an improved measurement of τ is vital to break
the degeneracy with the amplitude of scalar perturba-
tions, not only for CMB-based measurements as found
in Allison et al. [7], but also for large-scale structure
surveys aiming to constrain neutrino mass. We also note
that, in the absence of S4, LSST alone would benefit
less from a better measurement of τ , projecting only
a minimal improvement on σ(Σmν). Finally, we find
that improving the optical depth measurement has little
impact on the w0, wa and Ωk forecast constraints.

Setup σ(Σmν) σ(Σmν) σ(Ωk) σ(w0) σ(wa)
[meV] [meV] [×10−3]

S4 73 111 0.79 1.14 2.46
( + DESI BAO) 29 76 0.48 0.13 0.41
LSST-clustering 69 91 3.33 0.42 1.22

LSST-shear 41 120 2.99 0.19 0.57
LSST-shear+clust 32 72 2.06 0.11 0.33

S4+LSST 23 28 0.49 0.10 0.26
- 24 0.49 - -

TABLE II. Forecast constraints on Σmν from various combi-
nations of probes combined with Planck primary CMB data as
described in Sec. III A. The first column assumes the ΛCDM
model. The second allows for degeneracies with the spa-
tial curvature and a two-parameter dark energy equation of
state. The minimal mass sum in a normal hierarchy is Σmν ≈
60 meV, and Σmν ≈ 100 meV in an inverted hierarchy.

Setup σ(Σmν) σ(Σmν) σ(Ωk) σ(w0) σ(wa)
(+CV-τ) [meV] [meV] [×10−3]

LSST-clustering 69 91 3.3 0.42 1.20
LSST-shear 31 117 2.82 0.18 0.55

LSST-shear+clust 24 72 1.99 0.11 0.31
S4+LSST 14 21 0.49 0.10 0.26

- 15 0.49 - -

TABLE III. Forecast constraints on Σmν as in Tab. II but
including a cosmic variance-limited τ measurement matching
LiteBIRD sensitivity.

Additional BAO measurements
Primordial oscillations in the baryon-photon fluid im-
print characteristic geometric information in the distri-
bution of galaxies, known as Baryon Acoustic Oscilla-
tions (BAO). Massive neutrinos are sensitive to the BAO
scale through the angular diameter distance dA(z) and
expansion rate H(z). While galaxy clustering as mea-
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sured by LSST will implicitly measure the BAO scale,
uncertainties and systematics associated with the mea-
sured photometric redshifts will inevitably degrade any
BAO-related constraints. It is therefore interesting to
explore whether including measurements of the angular
diameter distance and expansion rate redshift evolution
from spectroscopic surveys would lead to a significant
improvement in the final constraints. Table IV shows
forecast uncertainties on Σmν , the dark energy param-
eters w0, wa and the cosmological curvature Ωk obtain-
able with an additional BAO measurement from DESI.
By comparison with Tab. II, we observe that, although
the additional constraining power of DESI’s BAO mea-
surements could significantly help some individual probes
(e.g. LSST shear or clustering), the final combined con-
straints on Σmν are only marginally improved by <∼ 10%
by the additional information. Finally, constraints on Ωk
are improved by ∼ 10% and those on w0, wa by ∼ 20%
in this case.

Setup σ(Σmν) σ(Σmν) σ(Ωk) σ(w0) σ(wa)
(+DESI BAO) [meV] [meV] [×10−3]

LSST-clustering 36 89 1.72 0.14 0.44
LSST-shear 32 100 1.45 0.12 0.38

LSST-shear+clust 27 67 1.24 0.09 0.27
S4+LSST 20 28 0.45 0.08 0.20

- 22 0.44 - -

TABLE IV. Forecast constraints on Σmν as in Tab. II but
including projected DESI BAO measurements.

C. Impact of systematics

Ultimately, given their sensitivity, Stage-IV surveys
will be limited by systematic effects. Understanding the
impact of these systematics is therefore crucial to identify
the most critical ones and prioritize their modeling and
calibration. In this section we explore the effect of a set
of these systematics in turn, as well as the dependence of
our final results on the choice of specifications we have
made for LSST. The impact of systematics is considered
on top of our fiducial setup as described in Sec. IV A, in-
cluding CMB-S4, LSST shear and clustering along with
Planck primary CMB. Our findings are summarized in
Fig. 5, which we will refer to in what follows.

• Scale cuts: in the baseline case we include shear
power spectra up to `max = 5000. Here we show
forecasts including only scales up to `max = 2000.
This has a small effect on the Σmν forecasts, and re-
sults in a slight degradation of the dark energy pa-
rameter predictions. This is understandable since,
although small scales are much less affected by
cosmic variance, weak lensing measurements from
LSST become strongly dominated by noise beyond
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FIG. 5. Effect of selected systematics on the forecasted neu-
trino mass sum, dark energy parameters and curvature errors.
Each point corresponds to the result of assuming absolute con-
trol about each of the systematics, while marginalizing over
the rest.

` ∼ 1000. This result also shows that the con-
straints on Σmν derived here are associated mostly
with the effect of neutrino masses on the growth of
structure, rather than their effect on the shape of
the matter power spectrum on small scales.

• Multi-tracer clustering: including an extra cluster-
ing sample made up of lower-redshift red galaxies
with higher-quality photo-zs can improve the final
constraints in a number of ways. These include the
possible cosmic-variance cancellation through the
multi-tracer effect [83], the improved coverage of
the k‖-k⊥ plane afforded by the narrower photo-
z distributions and the possible self-calibration of
photo-z uncertainties in the more numerous blue
sample through their cross-correlation with the red
galaxies [61]. As we can see in Fig. 5 , we find
that including this sample (‘Red sample’) results
in a significant improvement in our ability to mea-
sure w(a) (with a ∼ 50% improvement in both w0
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and wa errors), in agreement with our assessment
of the impact of photo-z uncertainties, described
below. We find the impact on neutrino masses to
be much milder, with only a ∼ 10% improvement.
This agrees with the results of [84] that neutrino
masses only benefit mildly from the presence of
multiple tracers.

• Photo-z uncertainties: although photometric red-
shift surveys cannot obtain precise redshift mea-
surements, their success relies on their ability to
trace the growth and geometry of the galaxy and
matter distributions over different cosmic times,
and therefore systematic uncertainties on the red-
shift distributions of all redshift bins must be kept
under control. This is particularly relevant for
the measurements of the distance-redshift relation
made with galaxy clustering since, unlike shear,
this probe provides a measurement of the clustering
pattern at the redshift of the sources (and not inte-
grated over a broad kernel). Figure 5 shows the ef-
fect of fixing the bias and scatter parameters for the
photo-z distributions. This reduces the dark energy
equation of state parameter uncertainties in partic-
ular, due to their impact on the distance-redshift
relation. We find that the effect on neutrino masses
is negligible however, and therefore photo-z calibra-
tion requirements are driven by their impact on the
dark energy constraints.

• Baryonic effects: since baryonic effects affect the
shape of the matter power spectrum at high-k, us-
ing the same argument as for the scale cuts, the
low signal-to-noise of the high-` shear power spec-
trum, combined with the conservative scale cuts
applied to the clustering samples imply that the fi-
nal constraints on σ(Σmν) do not suffer much from
the possible degeneracy with baryonic parameters.
When we hold the baryonic parameters fixed, we
find only a small improvement in the dark energy
parameters, and no effect on the neutrino mass sum
and curvature. Note however that this result may
depend on the choice of parametrization for these
baryonic effects, and that a more general treatment
(e.g., allowing for a redshift dependence of the as-
sociated parameters or a more general functional
form able to accommodate results from different
hydrodynamical models [85, 86]) could affect this
degeneracy.

• Multiplicative bias: the multiplicative bias asso-
ciated with shape measurement systematics can
severely limit the ability of lensing shear to con-
strain the growth of structure as a function of cos-
mic time. However, we find that there is no sig-
nificant degradation of σ(Σmν) or curvature due
to this systematic effect, as shown in Fig. 5 (‘no
m-bias’ holds fixed the bias parameters, while they
are varied in the fiducial case), and little degra-
dation for the w0 and wa dark energy parameters.
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FIG. 6. Forecast errors on the multiplicative bias parameters
for the different shear bins with LSST and CMB-S4. The
dotted line shows the LSST requirement of 0.5% [72–74].

This agrees with the results of [72] – CMB lens-
ing is able to calibrate the multiplicative bias well
within the LSST requirement, with forecast con-
straints shown in Fig. 6, and even in the absence of
such calibration, low-redshift parameters only suf-
fer mildly from this systematic [73, 74].

• Intrinsic alignments: the observed shapes of galax-
ies can be affected, not only by the distortion in the
photon path caused by gravitational lensing, but
also by local physical forces that alter their actual
shapes in a correlated manner. This contaminates
the shear power spectrum by up to a few percent,
and is an effect that must be taken into account to
avoid significant biases in final cosmological param-
eters. We model IAs using the non-linear alignment
model, in which galaxy shapes are proportional to
the local tidal field. Uncertainties in, for instance,
the alignment amplitude as a function of redshift
and magnitude, can lead to significant degradation
in cosmological parameters [75]. Our results show
a mild, but significant, degradation for the dark en-
ergy equation of state parameters {w0, wa} of up to
20%, in rough agreement with the results of [75]7.
On the other hand, the impact of IAs on the fi-
nal uncertainty on Σmν is negligible. This can be
understood as the IA contamination to the shear
power spectrum being self-calibrated through the
cross-correlation with galaxy clustering. In fact,

7 The authors of [75] find a quantitatively larger impact for IAs on
dark energy constraints. We have studied the impact of IAs for
more complicated models, with higher IA amplitudes and a larger
number of free parameters (e.g. sampled more finely in redshift),
finding consistent results in all cases. We therefore ascribe the
differences with [75] to the different modelling assumptions for
IAs used there.
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a non-negligible degradation of ∼ 20% caused by
IAs on σ(Σmν) is obtained when considering shear
measurements only, in the absence of clustering.

Finally, although we have shown that our results do
not change significantly when altering our assumptions
about the main sources of systematic uncertainty, it is
worth reminding the reader that the full extent of these
effects can only be fully quantified through more sophisti-
cated forecasts. These should include more detailed mod-
eling of all relevant astrophysical uncertainties, as well as
a more robust examination of the likelihood function in
the presence of systematics than is achievable through a
Fisher forecast. It is also worth mentioning that our fore-
casts assume a Gaussian covariance matrix for the large-
scale structure tracers. Non-Gaussianity caused by the
non-linear gravitational collapse couples different modes,
effectively reducing the total number of degrees of free-
dom that can be used to constrain cosmological parame-
ters. Thus, although the effect of the non-Gaussian terms
have been quantified to be relatively small [87, 88], the
absolute forecast uncertainties presented here should be
interpreted with care.

V. CONCLUSIONS

Future cosmological measurements will significantly
improve on our ability to constrain non-minimal cosmo-
logical scenarios beyond ΛCDM. In this paper we have
studied the degradation in our ability to constrain the
sum of neutrino masses with cosmological data associ-
ated with allowing for departures from a perfect cosmo-
logical constant or a flat Universe. Besides quantifying
this degradation, we have also assessed the degree to
which it can be mitigated through the combination of
data from future CMB experiments, such as CMB-S4,
and low-redshift large-scale structure data from galaxy
surveys such as LSST.

Within ΛCDM, CMB-S4, together with measurements
of the BAO scale from DESI should be able to constrain
Σmν to the level of σ(Σmν) ∼ 27 meV within ΛCDM,
enough for a 2σ measurement of the minimal neutrino
mass sum of 60 meV. However, this measurement would
get degraded to σ(Σmν) ∼ 72 meV when allowing for
the dark energy equation-of-state parameters {w0, wa}
to vary freely. Combining S4 with tomographic measure-
ments of the growth of structure from a Stage-IV optical
galaxy survey such as LSST can, however, bring back
the constraining power to the same level as ΛCDM-only
uncertainties by breaking the degeneracies between dark
energy and neutrino parameters.

More importantly none of these two experiments would
be able measure the minimal Σmν beyond the 2σ level
independently, and combining their datasets will be nec-
essary to reach this sensitivity. In particular, the noise
level achievable by CMB-S4 is important to achieve this
goal, with a ∼ 40% improvement in σ(Σmν) from Stage-
3-like noise. This improvement with noise level, however,

is contingent on the extended parameter space, and is sig-
nificantly less important if we limit ourselves to ΛCDM,
as noted by [7]. Once S4 and LSST are combined, we do
not find the DESI BAO measurements to significantly im-
prove the figure of merit Σmν , although they could have
a significantly positive impact on the dark energy param-
eters when combined with some individual datasets.

A better measurement of the optical depth to reion-
ization, τ , is an important limitation that future exper-
iments will face when constraining the neutrino mass, a
fact that has been noted before in the literature [7, 40,
46, 59, 89, 90] in the context of ΛCDM. This is still the
case when confronting an extended parameter set – we
find that both S4 and LSST would benefit significantly
from a cosmic-variance limited measurement of τ , and
that this is a necessary requirement to go beyond the
2σ-level measurement of the minimal mass sum.

Although the focus of this paper is the measurement of
Σmν , the formalism used here also allows us to explore
the possible constraints on the dark energy equation of
state. We find that, unlike in the case of neutrino masses,
the measurement of small-scale fluctuations in the CMB
from a Stage-4 experiment do not significantly help con-
strain {w0, wa} beyond what would already be achievable
with LSST alone. This result is dependent on the sever-
ity of some of the systematic effects that LSST will have
to confront, some of which have been described in the
present work. CMB data could help calibrate some of
these systematics (e.g. [12, 41, 72]), and therefore the
value of combining both datasets cannot be underesti-
mated for any science case.

Finally, we have considered a fairly comprehensive list
of systematic effects in our analysis – photo-z uncertain-
ties, baryonic effects, intrinsic alignments, scale cuts and
shear multiplicative biases. We find that the impact of
most of the systematic uncertainties that LSST is sensi-
tive to is only marginal in the joint constraints of CMB-S4
and LSST on σ(Σmν). This is due to the self-calibration
of several of these systematics, and the conservative scale
cuts included in our fiducial analysis. On the other hand,
we have also shown that w is significantly more sensitive
to some of these systematics, especially in the case of
photo-z uncertainties. Although we have tried to make
a conservative treatment of these systematic effects, the
true impact of these will only be quantified through more
elaborate forecasts beyond the Fisher matrix formalism
and ideally using simulated data with a level of realism
commensurate with the expectation of these two experi-
ments. Our forecasts are therefore limited in this sense,
and should be interpreted with care. This should not af-
fect the main qualitative message of this work: an opti-
mal measurement of the sum of neutrino masses that can
be safely distinguished from the effects of dark energy and
non-zero curvature will require the combination of both
CMB and large-scale structure data in the Stage-IV era,
and cannot be achieved individually by either probe.
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