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FIG. 1. Plotted is a schematic 2D representation of the observable universe where the area is proportional to the comoving volume and the
distance from center monotonically increases with distance from Earth. Different epochs are color coded: the epoch of galaxies (z < 6) pink;
the epoch of reionization (6 < z < 20) orange; the dark ages (20 < z < 700) gray; the epoch of the last scattering (700 < z < 1300)
cyan; and the early universe (z > 1300) purple. The volumes surveyed by various current experiments with dense redshift space sampling are
outlined, including the DESI optical spectroscopic survey of galaxies (white) and quasars (white dashed); HI intensity mapping surveys of the
intergalactic medium during the epoch of reionization (HERA; green) and lower-redshift galaxies (CHIME/Tianlai; cyan); HIRAX (yellow);
and the 21 cm Stage II project proposed here (blue). The wedge sizes give rough representations of the covered volume.

smoking guns of modified gravity which would give a unique insight into the dark energy phenomenon.

A3. Constrain or measure inflationary relics in the shape of features present in the primordial power spec-
trum. Sufficiently sharp features in the primordial power spectrum survive mild non-linear evolution and biasing, and
are predicted in various inflationary models. The amplitude, frequency and phase of the feature are all indicative of the
mechanism that sourced the initial seeds of structure. If found, they would present a breakthrough discovery and unique
opportunity in the attempt to understand the physics of the early Universe. It would be highly informative to constrain or
detect the presence of oscillatory features with frequencies !lin > 50 Mpc and amplitude smaller than 10�3 relative to the
inflationary power-law spectrum.

A4. Constrain or measure the equilateral and orthogonal bispectrum of large-scale structure with unprece-
dented precision. Primordial non-Gaussianities are generically predicted by non-minimal inflationary models of the
early Universe. The size and shape of primordial non-Gaussianities would be indicative of the number of fields present as
well as the strength of interactions and self-interactions of the field or multiple fields driving inflation. The huge amount
of clean, large-scale statistics from the volume accessible to a high-redshift survey presents a unique opportunity to put
unprecedented constraints on non-Gaussianities that are sensitive to the dynamics during inflation. Specifically, the three-
point correlation function of Fourier modes of the density field (the so-called bispectrum) is amenable to measurement
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Ultra-Large Scales

primordial non-Gaussianity, modifications of gravity

PUMA: DOE Cosmic Vision Dark Energy proposal FIG. 5. Same as Figure 4 but at z = 5. Compared to lower redshift, the number of sources tracing the structure decreases further to become
completely shot-noise dominated. The transverse smoothing for the Stage II experiment becomes more pronounced, but it nevertheless captures
the richness of the underlying dark matter structures.

science and not the other way round, but in practice one needs to start with a given design to see the ballpark science
achivable and then iterate until a convincing science-driven experiment design emerges. Our Chapter 2 is the first
step in this direction.

– Advocate for support from major scientific commissions. In particular, the 2020s Astronomy and Astrophysics
Decadal Survey and the next P5 report will need to strongly endorse this technique to keep it a viable option.

– Resolve technical challenges. There are numerous technical challenges, particularly in terms of calibration and data
analysis. We suggest a two-pronged approach: first to benefit from the experience of current-generation experiments
in mitigating these challenges, and second to support instrumentation development and theoretical progress using a
combination of computer simulations, lab experiments, and small, dedicated pathfinder instruments. We describe
this program in greater detail in Section 3.

– Optimize a Stage II instrument configuration. Parameters like redshift range, number of elements and their optical
designs, calibration schemes, etc. can crucially affect scientific outcome. We will refine and optimize the array
parameters to both minimize the systematic effects and maximize possible science.
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FIG. 1. Plotted is a schematic 2D representation of the observable universe where the area is proportional to the comoving volume and the
distance from center monotonically increases with distance from Earth. Different epochs are color coded: the epoch of galaxies (z < 6) pink;
the epoch of reionization (6 < z < 20) orange; the dark ages (20 < z < 700) gray; the epoch of the last scattering (700 < z < 1300)
cyan; and the early universe (z > 1300) purple. The volumes surveyed by various current experiments with dense redshift space sampling are
outlined, including the DESI optical spectroscopic survey of galaxies (white) and quasars (white dashed); HI intensity mapping surveys of the
intergalactic medium during the epoch of reionization (HERA; green) and lower-redshift galaxies (CHIME/Tianlai; cyan); HIRAX (yellow);
and the 21 cm Stage II project proposed here (blue). The wedge sizes give rough representations of the covered volume.

smoking guns of modified gravity which would give a unique insight into the dark energy phenomenon.

A3. Constrain or measure inflationary relics in the shape of features present in the primordial power spec-
trum. Sufficiently sharp features in the primordial power spectrum survive mild non-linear evolution and biasing, and
are predicted in various inflationary models. The amplitude, frequency and phase of the feature are all indicative of the
mechanism that sourced the initial seeds of structure. If found, they would present a breakthrough discovery and unique
opportunity in the attempt to understand the physics of the early Universe. It would be highly informative to constrain or
detect the presence of oscillatory features with frequencies !lin > 50 Mpc and amplitude smaller than 10�3 relative to the
inflationary power-law spectrum.

A4. Constrain or measure the equilateral and orthogonal bispectrum of large-scale structure with unprece-
dented precision. Primordial non-Gaussianities are generically predicted by non-minimal inflationary models of the
early Universe. The size and shape of primordial non-Gaussianities would be indicative of the number of fields present as
well as the strength of interactions and self-interactions of the field or multiple fields driving inflation. The huge amount
of clean, large-scale statistics from the volume accessible to a high-redshift survey presents a unique opportunity to put
unprecedented constraints on non-Gaussianities that are sensitive to the dynamics during inflation. Specifically, the three-
point correlation function of Fourier modes of the density field (the so-called bispectrum) is amenable to measurement
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PUMA: DOE Cosmic Vision Dark Energy proposal FIG. 5. Same as Figure 4 but at z = 5. Compared to lower redshift, the number of sources tracing the structure decreases further to become
completely shot-noise dominated. The transverse smoothing for the Stage II experiment becomes more pronounced, but it nevertheless captures
the richness of the underlying dark matter structures.

science and not the other way round, but in practice one needs to start with a given design to see the ballpark science
achivable and then iterate until a convincing science-driven experiment design emerges. Our Chapter 2 is the first
step in this direction.

– Advocate for support from major scientific commissions. In particular, the 2020s Astronomy and Astrophysics
Decadal Survey and the next P5 report will need to strongly endorse this technique to keep it a viable option.

– Resolve technical challenges. There are numerous technical challenges, particularly in terms of calibration and data
analysis. We suggest a two-pronged approach: first to benefit from the experience of current-generation experiments
in mitigating these challenges, and second to support instrumentation development and theoretical progress using a
combination of computer simulations, lab experiments, and small, dedicated pathfinder instruments. We describe
this program in greater detail in Section 3.

– Optimize a Stage II instrument configuration. Parameters like redshift range, number of elements and their optical
designs, calibration schemes, etc. can crucially affect scientific outcome. We will refine and optimize the array
parameters to both minimize the systematic effects and maximize possible science.
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more linear modes (correlated with initial conditions)

probing LSS over many redshift epochs and wide range of scales
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FIG. 1. Plotted is a schematic 2D representation of the observable universe where the area is proportional to the comoving volume and the
distance from center monotonically increases with distance from Earth. Different epochs are color coded: the epoch of galaxies (z < 6) pink;
the epoch of reionization (6 < z < 20) orange; the dark ages (20 < z < 700) gray; the epoch of the last scattering (700 < z < 1300)
cyan; and the early universe (z > 1300) purple. The volumes surveyed by various current experiments with dense redshift space sampling are
outlined, including the DESI optical spectroscopic survey of galaxies (white) and quasars (white dashed); HI intensity mapping surveys of the
intergalactic medium during the epoch of reionization (HERA; green) and lower-redshift galaxies (CHIME/Tianlai; cyan); HIRAX (yellow);
and the 21 cm Stage II project proposed here (blue). The wedge sizes give rough representations of the covered volume.

smoking guns of modified gravity which would give a unique insight into the dark energy phenomenon.

A3. Constrain or measure inflationary relics in the shape of features present in the primordial power spec-
trum. Sufficiently sharp features in the primordial power spectrum survive mild non-linear evolution and biasing, and
are predicted in various inflationary models. The amplitude, frequency and phase of the feature are all indicative of the
mechanism that sourced the initial seeds of structure. If found, they would present a breakthrough discovery and unique
opportunity in the attempt to understand the physics of the early Universe. It would be highly informative to constrain or
detect the presence of oscillatory features with frequencies !lin > 50 Mpc and amplitude smaller than 10�3 relative to the
inflationary power-law spectrum.

A4. Constrain or measure the equilateral and orthogonal bispectrum of large-scale structure with unprece-
dented precision. Primordial non-Gaussianities are generically predicted by non-minimal inflationary models of the
early Universe. The size and shape of primordial non-Gaussianities would be indicative of the number of fields present as
well as the strength of interactions and self-interactions of the field or multiple fields driving inflation. The huge amount
of clean, large-scale statistics from the volume accessible to a high-redshift survey presents a unique opportunity to put
unprecedented constraints on non-Gaussianities that are sensitive to the dynamics during inflation. Specifically, the three-
point correlation function of Fourier modes of the density field (the so-called bispectrum) is amenable to measurement
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PUMA: DOE Cosmic Vision Dark Energy proposal FIG. 5. Same as Figure 4 but at z = 5. Compared to lower redshift, the number of sources tracing the structure decreases further to become
completely shot-noise dominated. The transverse smoothing for the Stage II experiment becomes more pronounced, but it nevertheless captures
the richness of the underlying dark matter structures.

science and not the other way round, but in practice one needs to start with a given design to see the ballpark science
achivable and then iterate until a convincing science-driven experiment design emerges. Our Chapter 2 is the first
step in this direction.

– Advocate for support from major scientific commissions. In particular, the 2020s Astronomy and Astrophysics
Decadal Survey and the next P5 report will need to strongly endorse this technique to keep it a viable option.

– Resolve technical challenges. There are numerous technical challenges, particularly in terms of calibration and data
analysis. We suggest a two-pronged approach: first to benefit from the experience of current-generation experiments
in mitigating these challenges, and second to support instrumentation development and theoretical progress using a
combination of computer simulations, lab experiments, and small, dedicated pathfinder instruments. We describe
this program in greater detail in Section 3.

– Optimize a Stage II instrument configuration. Parameters like redshift range, number of elements and their optical
designs, calibration schemes, etc. can crucially affect scientific outcome. We will refine and optimize the array
parameters to both minimize the systematic effects and maximize possible science.
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non-linear evolution and measurement noise decorrelate the observed 
and initial density fields on smaller scales, leading to a loss of information

Sialer et al (2021)
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Primordial FoM: effective number of modes correlated with the initial conditions

non-linear evolution and measurement noise decorrelate the observed 
and initial density fields on smaller scales, leading to a loss of information

Sialer et al (2021)

Karkare & Moradinezhad, Keating, Breysse, Chung  
Snowmass21 WP (2022)

Cosmology with mm-wave line intensity mapping

• Analysis: Development of techniques to mitigate astrophysical, instrumental, and modeling
systematics will enable robust extraction of the cosmological signal.

All of these efforts leverage decades of investment and experience from CMB and LSS experiments
in detector technology, facilities, observing strategy, and analysis.
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A Primordial Physics Figure of Merit

To quantify the information content of the LIM power spectrum in constraining primordial physics,
we calculate the primordial physics FoM as defined in [5]. We compute the linear matter power
spectrum using the CLASS Boltzmann code2 [143], and model the nonlinear line power spectrum
using redshift-space Eulerian perturbation theory at one-loop level, including the effective field-
theory terms and infrared resummation, using the velocileptors package 3 [144]. The line biases
are computed by assuming Sheth-Tormen halo biases and co-evolution predictions as in [97]. We
set the small-scale cut (kmax) according to instrument resolutions in the angular and line-of-sight
directions, and further impose the cutoff of kmax < 1 hMpc�1. The same large-scale cut is set as in
the parameter forecasts. Instrumental noise is computed as in [17], and interlopers are accounted
for as additional noise terms. Figure 4 shows the FoM as a function of maximum observed redshift

Figure 4: Primordial physics FoM as a function of maximum observed redshift, for a survey with
⇠ 4⇥ 109 spectrometer-hours. The shaded blue region is excluded by cosmic variance for a full-sky
survey probing all six lines. The solid (dashed) lines assume best- (worst-) scenario of perfect (no)
cleaning of interlopers. The red lines show the combined FoM.

2https://github.com/lesgourg/class_public
3https://github.com/sfschen/velocileptors
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Primordial Figure-of-Merit

Primordial FoM: effective number of modes correlated with the initial conditions

non-linear evolution and measurement noise decorrelate the observed 
and initial density fields on smaller scales, leading to a loss of information
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Cosmology with mm-wave line intensity mapping

• Analysis: Development of techniques to mitigate astrophysical, instrumental, and modeling
systematics will enable robust extraction of the cosmological signal.

All of these efforts leverage decades of investment and experience from CMB and LSS experiments
in detector technology, facilities, observing strategy, and analysis.
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Imprints of Primordial non-Gaussianity
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Maldacena 2003,  
Creminelli & Zaldarriaga (2004)

Single-field f loc
NL ! 1
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Local non-Gaussianity

! = ! G + f loc
NL

!
! 2

G ! " ! 2
G #
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Dalal et al (2008)
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Imprints of Massive Neutrinos

Archidiacono et al (2020) 

Inverted

Normal

! Δm32 !Δm21 > 0

2

termed, respectively, the normal and inverted neutrino mass hierarchies, and Figure 1 shows the two cases graphically.
Some authors prefer the term Òmass orderingÓ over Òmass hierarchyÓ when a third case Ð a degenerate spectrum Ð
is relevant to the context. In a degenerate spectrum, the mass of the lightest neutrino is large compared to the
individual mass di! erences,i.e. m1 ! m2 ! m3. Of note, neutrinoless double beta decay rates depend strongly on
the mass hierarchy only if the mass spectrum is non-degenerate [8]. In more general contexts, authors regularly use
ÒorderingÓ and ÒhierarchyÓ interchangeably.

The precision of neutrino sector measurements has reached a point where the unknown hierarchy is a major hurdle
to further progress. Knowledge of the hierarchy is also vital to interpretation of neutrinoless double beta decay results,
serves as an input to cosmological and astrophysical measurements, and is a powerful discriminant among uniÞcation
and neutrino mass models. The neutrino mass hierarchy may also be the next major unknown of the Standard Model
to be measured. In this article we review the experimental outlook for making this measurement.
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FIG. 1: The two possible neutrino mass hierarchies. The colors represent the approximate ßavor admixtures present in each
mass eigenstate. In the normal case, the masses exhibit a hierarchical pattern, and the lightest neutrino has the largest
admixture of electron ßavor. The relative ordering m2>m 1 is known through observations of solar neutrinos, which are subject
to resonant matter e! ects in the sun [4, 9Ð11].

II. MAKING THE HIERARCHY MEASUREMENT

A. Physical principles

Several distinct approaches for probing the mass hierarchy are in use or under consideration by current and future
experiments. One approach is motivated by the vacuum oscillation probability in Eq. (2). Since this probability
depends on each of the mass splittings" m2

ij , a su# ciently precise measurement ofP(E) for a given set of initial
and Þnal ßavorsl and l ! can determine whether" m2

32 is slightly larger or smaller than " m2
31. This approach suits

reactor-sourced! e " ! e oscillation measurements, as low energy neutrinos (few MeV) are needed to obtain signiÞcant
contributions from the " m2

21 terms at distancesL that are short enough (tens of kilometers) to still have useful event
rates at the detector.

For neutrinos traveling through matter, the presence of electrons in the propagation medium modiÞes the Hamil-
tonian for ! e di! erently than it does for ! µ and ! ! [9Ð12]. Qualitatively, the e! ective masses of the! e-dominated ! 1
and ! 2 states are increased (or decreased for antineutrinos) by the presence of the electrons, and the kinematic phases
" m2

ij L/ (4E) follow suit. This either compresses or expands the e! ective mass splittings, depending on the hierarchy,
modifying the oscillation probabilities in a observable way.

In a di! erent arena, cosmological measurements of large-scale structure, the cosmic microwave background, and its
B -mode polarization provide access to the hierarchy via the sum of the neutrino masses [13, 14]. In particular, were
these data to yield

!
mi ! 2

"
|" m2

32| # 100 meV, the hierarchy would have to be normal. A analogous constraint

Patterson (2016)

Agarwal & Feldmann (2010)

• Cosmology sensitive only to total mass ! m!
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! Modification of expansion history 

! Suppression of power on scales smaller 
than their free-streaming scale 

! Scale-dependant growth rate of structure  
1 Introduction 3

Figure 1. Fractional change in the matter density power spectrum as a function of comoving wavenumber
k for di ! erent values of

!
m! . Neutrino mass suppresses the power spectrum due to free streaming below

the matter-radiation equality scale. The shape of the suppression is highly characteristic and precision
observations over a range of scales can measure the sum of neutrino masses (here assumed all to be in a
single mass eigenstate). Also shown are the approximate ranges of experimental sensitivity in the power
spectrum for representative probes: the cosmic microwave background (CMB), galaxy surveys (Gal.), weak
lensing of galaxies (WL), and the Lyman-alpha forest (Ly ! ). The CMB lensing power spectrum involves
(an integral over) this same power spectrum, and so is also sensitive to neutrino mass.

when m1 = 0, m2 = 8 .68+0 .15
! 0.13 meV, and m3 = 49.7+0 .8

! 1.0 meV. So, in the normal hierarchy, the minimum sum
of the masses is

!
m! = 58.4+1 .2

! 0.8 meV. In the case of a so-called inverted hierarchy, wherem1 ! m2 " m3,
the minimum sum of the masses must be greater than 100 meV. For the degenerate neutrino mass case
where m1 ! m2 ! m3, the sum of neutrino masses is at least approximately 150 meV. As we will discuss
below, future CMB-S4 and LSS experiments in the Cosmic Frontier have projected constraints to detect the
minimum mass scale of 58 meV at# 4! conÞdence, a ground-breaking result.

Community Planning Study: Snowmass 2013

Abazajian et al (2014) 
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Figure 1 : Contributions of a single thermally-decoupled Goldstone boson, Weyl fermion or
massless gauge boson to the e! ective number of neutrinos," Ne! , as a function of its decoupling
temperature Tdec. The vertical gray band denotes the QCD phase transition.

element abundances Þnd [33, 36]

Ne! = 3 .04± 0.18 (CMB) , (2.3)

Ne! = 3 .28± 0.28 (BBN) , (2.4)

which is consistent with the SM prediction of Ne! = 3 .046. We expect that future cosmological
observations will improve these constraints by up to an order of magnitude. Any non-zero value for
" Ne! would indicate physics beyond the standard models of particle physics and/or cosmology.

A natural source for " Ne! != 0 are extra relativistic particles. Figure 1 shows the contribution
to " Ne! from a single thermally-decoupled species as a function of the decoupling temperature
Tdec and the spin of the particle. The plot assumes that the extra species was in thermal equi-
librium at some point in the history of the universe and that the number of relativistic degrees
of freedom at decoupling was not signiÞcantly larger than the SM value. We also assumed no
signiÞcant entropy production after decoupling. We see that decoupling after the QCD phase
transition produces a contribution to Ne! that is comparable to that of a single neutrino species,
which is in tension with current observations. Decoupling before the QCD phase transition, how-
ever, creates an abundance that is smaller by an order of magnitude and hence still consistent
with current limits. Future observations will therefore give us access to particles that are more
weakly coupled than neutrinos. The exclusion of the minimal thermal abundance" Ne! = 0 .027
would have important consequences for BSM physics [15Ð17]. We Þnd it intriguing that this
threshold seems to be within reach of future CMB and LSS observations. In this paper, we will
quantify this expectation.

4

QCD

Baumann et al (2017) 

• Extra light species are ubiquitous in 
many BSM scenarios Ne! != N SM

e!
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• Amplitude of matter power spectrum 

• Amplitude and phase of baryon acoustic 
oscillations (BAO)
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Figure 3 : Variation of the matter power spectrum P(k) ( top) and the BAO power spectrum
Pw(k)/P nw(k) (bottom) as a function of Ne! . The physical baryon density ! b and the physical
sound horizon at the drag epoch,r s, are held Þxed in all panels of the BAO spectrum. In the
second BAO panel, we Þxed the scale factor at matter-radiation equality,aeq ! ! m / ! r . The
variation in the BAO amplitude "A is then the dominant contribution. In the third BAO panel,
the spectra are normalized at the fourth peak and the bottom panel shows a zoom-in illustrating
the remaining phase shift.

the most robust information about Ne! lives in Pw(k). In particular, it was shown in [ 28] that
the phase of the BAO spectrum is immune to the e! ects of nonlinear gravitational evolution. In
Figure 3, we show the dependence of the phase of the BAO spectrum on the number of relativistic
speciesNe! . We claim that this information is preserved after nonlinear corrections are taken
into account.

3 Future Constraints on Light Species

We have argued that measuring the radiation density at the percent level provides an interesting
window into early universe cosmology and beyond the Standard Model particle physics. In this
section, we will further quantify the constraining power of future cosmological observations. We
will consider two types of forecasts based onP(k) and Pw(k). We will refer to these as ÔP(k)-
forecastsÕ and ÔBAO-forecastsÕ, respectively.
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Figure 2 : E! ect of the braiding on CMB temperature power spectra (left panel) and the matter power
spectrum at z = 0 (right panel). In the bottom panels we show the relative di! erence between the DE/MG
models considered and a Þducial! CDM. In each model, we Þx all the standard cosmological parameters to
some Þducial value. We use thelcdm parametrization for the background expansion history (i.e.wDE = ! 1)
and propto_omega for the evolution of the alphas. We Þx ö! K = 1 , ö! M = ö! T = 0 and we vary ö! B in the
stable region.

4 Summary and Outlook

This paper accompanies the launch of the Þrst public version ofhi_class , an implementation of HorndeskiÕs
theory in the Cosmic Linear Anisotropy Solving System. This initial version allows the user to freely specify
parameterisations of the expansion history, as well as the functions that characterise the evolution of the
perturbations at the linear level. The parameterised approach can be used to test gravity in a largely
model-independent manner by directly modifying the fundamental properties of the gravitational degrees
of freedom and calculating the subsequent impact on cosmological observables. Although technically more
involved, this way of working neatly generalises the widely used parameterisations of the equation of state
wDE : just as detecting wDE "= ! 1 on the Hubble diagram would be a clear signature of physics beyond
the cosmological constant, any signiÞcant data preference for! i "= 0 would constitute model-independent
evidence for dynamics beyond Einstein gravity.

The formulation of modiÞed gravity as implemented in hi_class ensures that whatever the choice
of parameters is made, there exists a model in the Horndeski class of scalar-tensor theories which would
have exactly such a phenomenology at linear level in perturbations. The phenomenology ofany particular
scalar-tensor model of gravity or dark energy (such as quintessence,f (R) or galileons) can be obtained by
choosing particular ! functions and background. In this way, hi_class , should be thought of as a uniÞed
code to test all such modiÞcations of gravity for which separate codes exist currently.

The current version of hi_class represents just the Þrst step towards a reliable, fast and ßexible tool
to address modiÞcations of gravity on cosmological scales in a self-consistent manner. Further extensions
and improvements to hi_class will be released publicly in the near future and which will include inter alia
approximation schemes to optimise the computational performance, automatic predictions for full covariant

Ð 14 Ð

Figure 3 : Same as Figure2 but for the running of the Planck mass. We Þx ö! K = 1 , ö! B = ö! T = 0 and we
vary ö! M in the stable region, with M 2

! ,0 = 1 initially.

Figure 4 : Same as Figure2 but for the tensor speed excess. We Þxö! K = 1 , ö! B = ö! M = 0 and we vary ö! T

in the stable region.

Ð 15 Ð

Imprints of Dynamic DE or Modification to Gravity

L = G2 (! , X ) + G3 (! , X ) + G4 (! ) R + L m
!"#$%&'$()*#+,-#)%./012345678+998:';<.=>?%#5@:>-A01BCCC7DE'=F4GHIAJ&?JKJL+MN>.9OP#A5'<DJ<QC-RDI*7&=<4A$3SPTMMA+UG'VE'UD>W2*39ARE2>U;+XFYDRA:ZGJ[Y\]XIQDR/HL8"6^&_P`Y`:>$a@^WH7/:bb[E_)X`/EccbOR+C<<:?dSWAedTS.Z'3C>XWeW[PeWYL)%4?X"@C2K`$bH#'``>SC4d\`.8VfI.6JL@]>78@TU2IbR8]][XD4O"+R;V>$_?-]&E6H-EM^#<TOA%7ZT>KW@bNV<[6P5Kb5Y@;@_$9-$?/F2C<e+WF\_/RZ]%O`QDWW3OKAZH5*/dX+PLM[%U^J<MC)OXG:VTMZ"QKPE$@Q#fJ]K/-[DdNC;/^af$G7-QZf6eXfEWbSUXFP@Q6H3]`W2`7W5WL;"f%36QV;&UeSJKS*VUOX_7'9f&cb6_R8]3>OeT)b$UD#>>C2J";V87&^W&2\fK$\#:3%2QMGS7V"47..'7$M7Gd$C&_X%D<5/]%L?)#@.#$+9$SDWVFX;cKELWc`DNb":9Ce$%$fO0!2"#$%&'$B!"#$%&'$()*#+,-#)%./01$23456"3&78%29:;<=>-?@ABC))01DEEEFGH'7I8JKLM3&N3B34+OP2.QR<8ER&8S:8TFT5JL*F&7U8M$T@<SOOMHTVRWX'@G2GY*"QMOXYC3?4%YJ*Z>>[%I\-].F8E2T4WX]Q9^SU%:Z]:&_-^_*77"ZG4^8L#664QTRSU2A53B"'J`ICRW%LCa^5L>_GIEQKPLQ%..]L[9-.;%bNIN[KRKC;CW;I=_SA;JKU3cdCdM6^Y"QAV9e$`^#NA8L#AE"["H6cGWG#V$Y#UAFMXL*9R%:M]Y<*=J#;Nb@=ZJd-K48EQ72YC$/+IJ$-$6B\[QW)T#YfS]^]`_6NdR6:;A#T?]H*8Z[NeM:=#C33)+<\^U]c_)@&W<'XOaVb*^MK7[]7ZM27BKE9YZ4A]/W4P$A6S?N`dU^8OCY#7]3cUTaKX9]E&.?b#Ec`&MLG9LTB]S&C4SdE@8;:N]&.+SN@ZMd;Z)eH"=;Yc%H%+GV4GOGS2]<T;/La`7-#C$_.C>8]>:.AJGR]KT"aHVadV8'?f'K$W[BB$Z-?\4.8d-#;&<9$Z70!Y"#$%&'$D!"#$%&'$()*#+,-#)%./01$23456"3&78%29:;<=>-?@ABC))01DEEEFGH'7I8JKLM3&N3B34+OP2.QR<8ER&8S:8TFT5JL*F&7U8M$T@<SOOMHTVRWX'@G2GY*"QMOXYC3?4%YJ*Z>>[%I\-].F8E2T4WX]Q9^SU%:Z]:&_-^_*77"ZG4^8L#664QTRSU2A53B"'J`ICRW%LCa^5L>_GIEQKPLQ%..]L[9-.;%bNIN[KRKC;CW;I=_SA;JKU3cdCdM6^Y"QAV9e$`^#NA8L#AE"["H6cGWG#V$Y#UAFMXL*9R%:M]Y<*=J#;Nb@=ZJd-K48EQ72YC$/+IJ$-$6B\[QW)T#YfS]^]`_6NdR6:;A#T?]H*8Z[NeM:=#C33)+<\^U]c_)@&W<'XOaVb*^MK7[]7ZM27BKE9YZ4A]/W4P$A6S?N`dU^8OCY#7]3cUTaKX9]E&.?b#Ec`&MLG9LTB]S&C4SdE@8;:N]&.+SN@ZMd;Z)eH"=;Yc%H%+GV4GOGS2]<T;/La`7-#C$_.C>8]>:.AJGR]KT"aHVadV8'?f'K$W[BB$Z-?\4.8d-#;&<9$Z70!Y"#$%&'$D!"#$%&'$()*#+,-#)%./01234567#+8/9:*';8<=8>?"@A="B01CDDD7EF'4AGHIJK:&>:L:M+2NO.<8P-DQ'RE:R?D-BEJ*7&AGMS##:5PJPST:U8V9>:TBWFBW9U>UXYJRZE;*[H\39A=-6=7GBOUMU"TL+UP:<>&2TM=@9IJ]/R=9F%66;/@F^7QP+B=O["I8TD87_`a5'$:O6U@a%\KTZU)aG+O6]Jb:;$.3#\4^O^D;\3;<Nc_c.\8R].)*U)8EdV.cUQBA6Te8"GJ-cQ"9\Ff&FVU#@e]#ReQK%JXQ6%W@=dc29\H?&7Dd]2L?^X$b']?dKG4-F^/>V#T93ba66<D)/V8@J-G9%^/?<e@R88X=fe"65R%;UAD9-&6fb/VMAV<?e/'F\AUSf#I:'B`UL:53W8e#\.ID3Q)"Z;a$QUdJ^*58&a+4&`6`U`-TK]_:f6*@8P-97:;e=Q8S"7"*A)^)c&G"fI.6-8I/%7WaHZX$+X=F["L<"A3X4c@"$Q5LbD<=bS8.ce%OV*RQOcNI$*#)c%TGWM3E-%NA#"TVWWEbM%=YYdVB)OK0!d"#$%&'$C

• Horndeski class of theories (with speed of GWs equal to speed of light)

Zumalacárregui & Bellini et al (2016)

Effective description: !"#$%&'$()*#+,-#)%./01/2"/345623789:;<=*>?@ABAC$/01DEEEFGH'IJK9LMNB&O3CPAQ-R-JM"S7ERTF<9UVG7L@;<'O9WH=EP9>X88/KSL':KY:&A9U%Z'*)H'R<;"[A<Y=+:=&/3Z\6ZI8<]^_[BFSS#6+YTCHOY%M[2["*-?A<I8RJ?S'>`]FC5@LG3$P8XF`B*#;N=G[6@6`9EC.U"9I/Pa?QLT`Wb%F]@BHcF+ETYUPGMFRS.[-dR77;-)-'V?5USE-eIPC@#9LN=THRb53^BR]WaCb6<744F#JQJ2J?Tb<N>MFN&:8>8L9][Ud=/Y>'b;IO]W3Xb@=E%.MNKddE3>&+a5d3@'6M*@?O+:N6@J@C'bCc:e_WU6:GM\U@aK\EaRf532_&>#bN6Xdb/_YF\BFN<SB;cTf:UL5":FC:fQHZOT3_/e"`O[QE*\G_`2&\5'SGJGB\H"[`+5d8<92-EV<NcO<NOQHEW.=EWBLN@<ZEKaGNV7YV7=R+5[6V#JGCH2F<$/e$GM>_A!2"#$%&'$Dw, ! K , ! B , ! M
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Described in terms of 5 attributes

PN , f sky , ! z, kmin , kmax
!"#$%&'$()*#+,-#)%./012"3%/4%56"7689:;"7.<=>?@ABC01DCCC:EF'<-@GHIA;&>;2/J3@@4%9KLCMFN<&6MO4>F-'I:PQRSLE6N89TU;9;IV#)WX5672X>YM$>FHAZX[#\E@R-G+W/]%4%<^[8Q9#@$^\P#T>&#F""$-RLFUXQ2U_^`%5T@8Z6a8_/QNE)R=AZZA@N#?_O.<II6R/W\A.7bT]XcV^9_N7/\#]Q%Rd+RM\NZ$N6c?SL[e[?;3Za@2e_*?])C$\HWYI:B&V/S;?<'^dSA%/5P+IT?XQ=<8//]IKGECTXB]ET6N&W6YZKIeK^Q[c#IbEV>G]I>4+=9ZY*6%?aJ?=:<#e[4E84RAfU\_U*8=\8GIc?`/9V<#@73G:4E]KRKPF7/SB%UBE*?O4I=I%#:GdBe=WQ+R=<ZW@`@Re)T<AM*:V+^\6[MR8*-M6$K*:<TO3SI%^/.$*@b`NLJNX"<ZaC3YACZ[CR8.C]H9=GUC=7GfC8P6RF.B>.$$.)BTSJANF3`6=X)G.XCF2T_3;0!X"#$%&'$D!"#$%&'$()*#+,-#)%./012"3%/4%56"7689:;"7.<=>?@ABC01DCCC:EF'<-@GHIA;&>;2/J3@@4%9KLCMFN<&6MO4>F-'I:PQRSLE6N89TU;9;IV#)WX5672X>YM$>FHAZX[#\E@R-G+W/]%4%<^[8Q9#@$^\P#T>&#F""$-RLFUXQ2U_^`%5T@8Z6a8_/QNE)R=AZZA@N#?_O.<II6R/W\A.7bT]XcV^9_N7/\#]Q%Rd+RM\NZ$N6c?SL[e[?;3Za@2e_*?])C$\HWYI:B&V/S;?<'^dSA%/5P+IT?XQ=<8//]IKGECTXB]ET6N&W6YZKIeK^Q[c#IbEV>G]I>4+=9ZY*6%?aJ?=:<#e[4E84RAfU\_U*8=\8GIc?`/9V<#@73G:4E]KRKPF7/SB%UBE*?O4I=I%#:GdBe=WQ+R=<ZW@`@Re)T<AM*:V+^\6[MR8*-M6$K*:<TO3SI%^/.$*@b`NLJNX"<ZaC3YACZ[CR8.C]H9=GUC=7GfC8P6RF.B>.$$.)BTSJANF3`6=X)G.XCF2T_3;0!X"#$%&'$D!"#$%&'$()*#+,-#)%./012"3%/4%56"7689:;"7.<=>?@ABC01DCCC:EF'<-@GHIA;&>;2/J3@@4%9KLCMFN<&6MO4>F-'I:PQRSLE6N89TU;9;IV#)WX5672X>YM$>FHAZX[#\E@R-G+W/]%4%<^[8Q9#@$^\P#T>&#F""$-RLFUXQ2U_^`%5T@8Z6a8_/QNE)R=AZZA@N#?_O.<II6R/W\A.7bT]XcV^9_N7/\#]Q%Rd+RM\NZ$N6c?SL[e[?;3Za@2e_*?])C$\HWYI:B&V/S;?<'^dSA%/5P+IT?XQ=<8//]IKGECTXB]ET6N&W6YZKIeK^Q[c#IbEV>G]I>4+=9ZY*6%?aJ?=:<#e[4E84RAfU\_U*8=\8GIc?`/9V<#@73G:4E]KRKPF7/SB%UBE*?O4I=I%#:GdBe=WQ+R=<ZW@`@Re)T<AM*:V+^\6[MR8*-M6$K*:<TO3SI%^/.$*@b`NLJNX"<ZaC3YACZ[CR8.C]H9=GUC=7GfC8P6RF.B>.$$.)BTSJANF3`6=X)G.XCF2T_3;0!X"#$%&'$D!"#$%&'$()*#+,-#)%./012"3%/4%56"7689:;"7.<=>?@ABC01DCCC:EF'<-@GHIA;&>;2/J3@@4%9KLCMFN<&6MO4>F-'I:PQRSLE6N89TU;9;IV#)WX5672X>YM$>FHAZX[#\E@R-G+W/]%4%<^[8Q9#@$^\P#T>&#F""$-RLFUXQ2U_^`%5T@8Z6a8_/QNE)R=AZZA@N#?_O.<II6R/W\A.7bT]XcV^9_N7/\#]Q%Rd+RM\NZ$N6c?SL[e[?;3Za@2e_*?])C$\HWYI:B&V/S;?<'^dSA%/5P+IT?XQ=<8//]IKGECTXB]ET6N&W6YZKIeK^Q[c#IbEV>G]I>4+=9ZY*6%?aJ?=:<#e[4E84RAfU\_U*8=\8GIc?`/9V<#@73G:4E]KRKPF7/SB%UBE*?O4I=I%#:GdBe=WQ+R=<ZW@`@Re)T<AM*:V+^\6[MR8*-M6$K*:<TO3SI%^/.$*@b`NLJNX"<ZaC3YACZ[CR8.C]H9=GUC=7GfC8P6RF.B>.$$.)BTSJANF3`6=X)G.XCF2T_3;0!X"#$%&'$D

Foregrounds

Anthena Size, Resolution

Instrument Noise

Survey Volume

• Potential to achieve: 

• Critical to have broad spectral coverage and at 
least 10% of sky.

! (f NL ) ! 1
!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B

Moradinezhad & Keating (2018b)
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Described in terms of 5 attributes

PN , f sky , ! z, kmin , kmax
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Foregrounds

Anthena Size, Resolution

Instrument Noise

Survey Volume

• Potential to achieve: 

• Critical to have broad spectral coverage and at 
least 10% of sky.

! (f NL ) ! 1
!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B!"#$%&'$()*#+,-#)%./012+3456789:;+<&+=.#444>;?@A/01B666CDE'=-FDGHIG6JG7/K%$5+LMN'?KO"PQ>OM%'3RI'3%REGQ3)$SGA.K/H@T@CCU+/I#V/I#C>F78JG:8GAT4E-5?RIE*N*S"PW=QX?OYT-H?$Z.;<Z[=A'S$-AT<YV$P8\IKSSGC]M4V"9;6Q9><]OX^_?J/2JD3R#65`;/^a%]CSKDT@.FJCN'`V'>KMJ_A2Z"7;39)b\]_Y_H=3NZ2%EAMcC-cE-$=<9+F^CZ&>7d;\\4P.+:Y;%c3GD\H#=ed\&7\HYK@J#24Pc>$%e'6*@Jc.?`J?>]Q\^?AaL9McO:[RLJ$U2=XUVa@J[O[H>&L4U2E?WM+YJ:J:ZPfeIGTfKdH2L'>.K&H_E9)4U&bDfH#D#c/;*3`dTQA4`O]2FdN=''4J@:Y"[@>Ie-S9+-?Vb@=<Ic]Qe>W9\WKP.6TF?DKeOR#'.DJVO+a?Xc+XbV#YVU3Z5-b;_Wf?DV-^`&<A"&\0!:"#$%&'$B

Moradinezhad & Keating (2018b)
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Karkare & Moradinezhad, Keating, Breysse, Chung(2022)

see also Chen & Pullen (2021)
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Massive Neutrinos & Light Relics w. LIM

Planck + Euclid ! (M ! ) = 31 [meV]
!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A

! (Ne! ) = 0 .073
!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E

! (M ! ) = 83 [meV]
!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C

! (Ne! ) = 0 .187
!"#$%&'$()*#+,-#)%./0123454#6789:;<#:=>?@ABCDE@FG01HIIIJ?K'GLM6NO3@&>@PQM.RSQTCL?U$VWXY@>WZWQK[\O']^B=3@V_-W$2>`Ta3_V*b.GYYS=KF*'>)A<c+A^A4VC?./P@@7E7NGd.B@2=R.8+T*#e""L#R/e$]^PW]%)eCPY']``JT$5N?dL'YaJ2YJ$6eM\K;[O;JDFNbY;bL[AAZFOdQ[G#eK2Va/F33#Q/_:aQ288J)./2*.d%#97`6dX%VU5a6eX;]+:2./[)RLIS/b5\D]-3Q):I]$W89C/U<[4[>6OSQXWEM?\ZObb`>`_GXQO;d%4VKcFO4V`_]UT:L@/2>;9\?YcJb*/QfE=cd\]$O^;R#OUf+QD8Rc9`Ce_P[GJKUZ:a<[3%GD&;b6Y4K[;FJCO4U+F&=J)2[b]&IDaQ;^bE&2`4[DO9KAcKD)%J#f_+Z"%-ZU4<\2/I?Q3VCZ4I5YVV=:IV#P/?/X3'C]f5Z<5ZRe9B\?B=f)3R9<e\XI=]#BN<00!A"#$%&'$H!"#$%&'$()*#+,-#)%./0123454#6789:;<#:=>?@ABCDE@FG01HIIIJ?K'GLM6NO3@&>@PQM.RSQTCL?U$VWXY@>WZWQK[\O']^B=3@V_-W$2>`Ta3_V*b.GYYS=KF*'>)A<c+A^A4VC?./P@@7E7NGd.B@2=R.8+T*#e""L#R/e$]^PW]%)eCPY']``JT$5N?dL'YaJ2YJ$6eM\K;[O;JDFNbY;bL[AAZFOdQ[G#eK2Va/F33#Q/_:aQ288J)./2*.d%#97`6dX%VU5a6eX;]+:2./[)RLIS/b5\D]-3Q):I]$W89C/U<[4[>6OSQXWEM?\ZObb`>`_GXQO;d%4VKcFO4V`_]UT:L@/2>;9\?YcJb*/QfE=cd\]$O^;R#OUf+QD8Rc9`Ce_P[GJKUZ:a<[3%GD&;b6Y4K[;FJCO4U+F&=J)2[b]&IDaQ;^bE&2`4[DO9KAcKD)%J#f_+Z"%-ZU4<\2/I?Q3VCZ4I5YVV=:IV#P/?/X3'C]f5Z<5ZRe9B\?B=f)3R9<e\XI=]#BN<00!A"#$%&'$H!"#$%&'$()*#+,-#)%./0123454#6789:;<#:=>?@ABCDE@FG01HIIIJ?K'GLM6NO3@&>@PQM.RSQTCL?U$VWXY@>WZWQK[\O']^B=3@V_-W$2>`Ta3_V*b.GYYS=KF*'>)A<c+A^A4VC?./P@@7E7NGd.B@2=R.8+T*#e""L#R/e$]^PW]%)eCPY']``JT$5N?dL'YaJ2YJ$6eM\K;[O;JDFNbY;bL[AAZFOdQ[G#eK2Va/F33#Q/_:aQ288J)./2*.d%#97`6dX%VU5a6eX;]+:2./[)RLIS/b5\D]-3Q):I]$W89C/U<[4[>6OSQXWEM?\ZObb`>`_GXQO;d%4VKcFO4V`_]UT:L@/2>;9\?YcJb*/QfE=cd\]$O^;R#OUf+QD8Rc9`Ce_P[GJKUZ:a<[3%GD&;b6Y4K[;FJCO4U+F&=J)2[b]&IDaQ;^bE&2`4[DO9KAcKD)%J#f_+Z"%-ZU4<\2/I?Q3VCZ4I5YVV=:IV#P/?/X3'C]f5Z<5ZRe9B\?B=f)3R9<e\XI=]#BN<00!A"#$%&'$H!"#$%&'$()*#+,-#)%./0123454#6789:;<#:=>?@ABCDE@FG01HIIIJ?K'GLM6NO3@&>@PQM.RSQTCL?U$VWXY@>WZWQK[\O']^B=3@V_-W$2>`Ta3_V*b.GYYS=KF*'>)A<c+A^A4VC?./P@@7E7NGd.B@2=R.8+T*#e""L#R/e$]^PW]%)eCPY']``JT$5N?dL'YaJ2YJ$6eM\K;[O;JDFNbY;bL[AAZFOdQ[G#eK2Va/F33#Q/_:aQ288J)./2*.d%#97`6dX%VU5a6eX;]+:2./[)RLIS/b5\D]-3Q):I]$W89C/U<[4[>6OSQXWEM?\ZObb`>`_GXQO;d%4VKcFO4V`_]UT:L@/2>;9\?YcJb*/QfE=cd\]$O^;R#OUf+QD8Rc9`Ce_P[GJKUZ:a<[3%GD&;b6Y4K[;FJCO4U+F&=J)2[b]&IDaQ;^bE&2`4[DO9KAcKD)%J#f_+Z"%-ZU4<\2/I?Q3VCZ4I5YVV=:IV#P/?/X3'C]f5Z<5ZRe9B\?B=f)3R9<e\XI=]#BN<00!A"#$%&'$H

Planck (primary)

• Order-of-magnitude improvement over Planck constraints f sky < 0.5
!"#$%&'$()*#+,-#)%./01%234567892:;<=#>?@"ABCDE3FG01HDDD4IJ'K>3LMNOF&PF?B3.QRSNT>4GRO#)'GAO)UV<KWX=OY$F5ZN<;$#[G\]A&N&J.X8&%XW23M?2]?\$AX2O=KTW8K%^J;'3M5$_YA?N]$M`/$abVUXQRa8b$--J7Tc\;F_>A]`B=B[^X#K'\c9CLL#N>3PGWG9?d9W'e^=O+3@'UfQA&<8OO^]`&@44)a*7/+LR5%_"`2&*;/4cP?YMA+b4Q*DRD?^-+cVCB:Vf;9??a=*8N`N]F/+aaaA=Z_53#8_B/J"3.@#da[`D=A++X[4>342e+=DR%$9A>&A@&[D.ES+/9K`.?YGaX<DcW*6W]3/"=%;C2&#\DC@7#8Ne[TXF//;D])KA4=c'O&E8:[[Aa\7f_\dA7[)7"3-D'E2/U6]=#*bf22RCSS+K6JK\<4M$OL4^DY[.D5M]_L;D_4$ID%2GGJb^bbK[.>"="Af\JRTG4RKP/6DG=V]$^0!6"#$%&'$H!"#$%&'$()*#+,-#)%./01%234567892:;<=#>?@"ABCDE3FG01HDDD4IJ'K>3LMNOF&PF?B3.QRSNT>4GRO#)'GAO)UV<KWX=OY$F5ZN<;$#[G\]A&N&J.X8&%XW23M?2]?\$AX2O=KTW8K%^J;'3M5$_YA?N]$M`/$abVUXQRa8b$--J7Tc\;F_>A]`B=B[^X#K'\c9CLL#N>3PGWG9?d9W'e^=O+3@'UfQA&<8OO^]`&@44)a*7/+LR5%_"`2&*;/4cP?YMA+b4Q*DRD?^-+cVCB:Vf;9??a=*8N`N]F/+aaaA=Z_53#8_B/J"3.@#da[`D=A++X[4>342e+=DR%$9A>&A@&[D.ES+/9K`.?YGaX<DcW*6W]3/"=%;C2&#\DC@7#8Ne[TXF//;D])KA4=c'O&E8:[[Aa\7f_\dA7[)7"3-D'E2/U6]=#*bf22RCSS+K6JK\<4M$OL4^DY[.D5M]_L;D_4$ID%2GGJb^bbK[.>"="Af\JRTG4RKP/6DG=V]$^0!6"#$%&'$H!"#$%&'$()*#+,-#)%./01%234567892:;<=#>?@"ABCDE3FG01HDDD4IJ'K>3LMNOF&PF?B3.QRSNT>4GRO#)'GAO)UV<KWX=OY$F5ZN<;$#[G\]A&N&J.X8&%XW23M?2]?\$AX2O=KTW8K%^J;'3M5$_YA?N]$M`/$abVUXQRa8b$--J7Tc\;F_>A]`B=B[^X#K'\c9CLL#N>3PGWG9?d9W'e^=O+3@'UfQA&<8OO^]`&@44)a*7/+LR5%_"`2&*;/4cP?YMA+b4Q*DRD?^-+cVCB:Vf;9??a=*8N`N]F/+aaaA=Z_53#8_B/J"3.@#da[`D=A++X[4>342e+=DR%$9A>&A@&[D.ES+/9K`.?YGaX<DcW*6W]3/"=%;C2&#\DC@7#8Ne[TXF//;D])KA4=c'O&E8:[[Aa\7f_\dA7[)7"3-D'E2/U6]=#*bf22RCSS+K6JK\<4M$OL4^DY[.D5M]_L;D_4$ID%2GGJb^bbK[.>"="Af\JRTG4RKP/6DG=V]$^0!6"#$%&'$H!"#$%&'$()*#+,-#)%./01%234567892:;<=#>?@"ABCDE3FG01HDDD4IJ'K>3LMNOF&PF?B3.QRSNT>4GRO#)'GAO)UV<KWX=OY$F5ZN<;$#[G\]A&N&J.X8&%XW23M?2]?\$AX2O=KTW8K%^J;'3M5$_YA?N]$M`/$abVUXQRa8b$--J7Tc\;F_>A]`B=B[^X#K'\c9CLL#N>3PGWG9?d9W'e^=O+3@'UfQA&<8OO^]`&@44)a*7/+LR5%_"`2&*;/4cP?YMA+b4Q*DRD?^-+cVCB:Vf;9??a=*8N`N]F/+aaaA=Z_53#8_B/J"3.@#da[`D=A++X[4>342e+=DR%$9A>&A@&[D.ES+/9K`.?YGaX<DcW*6W]3/"=%;C2&#\DC@7#8Ne[TXF//;D])KA4=c'O&E8:[[Aa\7f_\dA7[)7"3-D'E2/U6]=#*bf22RCSS+K6JK\<4M$OL4^DY[.D5M]_L;D_4$ID%2GGJb^bbK[.>"="Af\JRTG4RKP/6DG=V]$^0!6"#$%&'$H
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Snowmass2021 white paper, 
Karkare, Moradinezhad, Keating et al (2022)

•  detection of minimum ,  and 1.5  exclusion of thermal abundance 5! (8! ) M" !
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Massive Neutrinos & Light Relics w. LIM

Planck + Euclid ! (M ! ) = 31 [meV]
!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A!"#$%&'$()*#+,-#)%./01234%5&627"89&:%;5<.=7>4?'6@01ABBBCBD'7;EFGHIJ&KJDLE.MNL?%.CO#*-)PJKQR9K4M/<HSTUV@JR6-4$5K=W:I6R':K4X.5Y&%5>ZLQDZ:DW$35ZI[78>Y7%\Q>'E=Y"?#7;.)@48]@>KO7GPM)SP+NM=$-GWE:<^J2_"I'`&KH*KKU2^^PO9P^=a*b9GH9@?Q>$M]aEFRO+DPT:3C9QPB&&LI-5-ODc<E8bKL>R+[:UXBLbSQR*&/QSHC\6\.+d>HBN/"-Q?HQFYW3*Z#-D\+@&3QR2CY"Z4;=;_UCL"ZJ6G9:W/P:CB[R9D'YC)H=C:#_YVW@D6*;YCcH"4U@3Q8;YCY>+=UbW^a9DE7XNEeV6XJ6bWV<a6SH_U`U^@XKYTJ.I?:I)<)"@W34FLKTLN4?'Z$aaP&4-CL_@>%"VbXH`P6._$f[P^?SW8J/'2B?8a<57J<&PaJG\BU4IJ<$>B%Z/J2.)&.)W]$"`"P@W9N-/U>)+@XS3=?U!X"#$%&'$A

! (Ne! ) = 0 .073
!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E!"#$%&'$()*#+,-#)%./012-)3456)789:;<=>%.??@AB$C>D01E>>>FGH'IJKLMN;O&<O@/CAP+.C=-QGH97)*RR8.BR*$SP)B2RLTPUVWWX3T7DIYD7%4F4-Z'&RP'-[?DJZ.5\-#F]6TS%]4^SWV:;RX]W_<.$&Q8"37SK;$C&`85]#+$%a%@W%VPB$RYOQb"VcF=I*-_W\##??/'=_QGW2+;JV:::_)9<Qd4#]+T9FZ6DeD*D+;-98%SAOPe>"Id%3Y^G#_*TL\BW&>39H-I)c[D9#DIcLJ&^8"H7UGHRa%Z%`aQWDVe\^F)K5J<'`Q]MLP4^B.=S9WR;)YDLa4S?>;M9[&)%)XBH*'"Lc5Q\RR?^=W`5]D)"G9M6B6=CD`9W3%M`@^JKDI^`)#'V5P?DCTH6W_LHIOcBJ*^Y*M5&/7;DW^3=f_LMLH_VC%'F%H]P[;Z#_?3M^MI9a93`4#AR6G=QGbP;>$9R>/dX>O?>Xe@/G/c;'`C]^96^9aSa%'F5JZ7>bb;[S/>)7d8=X00!Z"#$%&'$E

! (M ! ) = 83 [meV]
!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C!"#$%&'$()*#+,-#)%./0123435678*95&%49$:;<=>)?=@AB01CDDD3D<'EFGHIJK@&>@</LMN+.O/<7JIN=PQRK$SBR=F?*DLTDP+*UVJPW;=XH2"YV2MZ;-['&9N'-4SXF[.W:-#3876\%8;Q\]X^79RR]R<Q<P_-\+*E`'.)>>a\+;ET^#<$"9]='NO=&UU`QRD]7_KK=NS+Bb+22)RHR$L*cH8<T8F2V*_I#8+V'@dR\d3BA_JW>W'^Q_Xd;)_\KJaJe<KV#caeK++6`QbK"b&V+EOZa&6<@?"63E8e367<L&a;"Z6*@NWVFGSQS\.Y]V#AO\fRJ&GX2Z.'M?O#V*DQU)c:W/8*KG>.@B_"V#f*RMT.OJY?+B'fP]B;MGD[4G8cU5?:6_LbYRGX_9QDS/%'"22F787eTV6JA@+Y*'D)_aOL&D@O2FA:$_BX/aWJ5Hd]fGGE]5X%GN4+)+OEZ-DfdO2P?6D2+@2>#BD:76D`<BWfcY=F`e[`)[NUfPT8P;)^/Z?)+7[T%P\B!["#$%&'$C

! (Ne! ) = 0 .187
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Planck (primary)

• Order-of-magnitude improvement over Planck constraints f sky < 0.5
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Snowmass2021 white paper, 
Karkare, Moradinezhad, Keating et al (2022)

•  detection of minimum ,  and 1.5  exclusion of thermal abundance 5! (8! ) M" !

Moradinezhad & Keating et al (2021)
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 Covariant approach vs. effective description    
 (explore a meaningful portion of the parameter space of viable models)

Two Broad Classes of Beyond-LCDM Models

L = G2 (! , X ) + G3 (! , X ) + G4 (! ) R + L m
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• Covariant approach

1) Jordan-Brans-Dicke gravity

G2 =
M 2

Pl

!
wBD X ! V (! )
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• Effective description: compress the information in the above 
Lagrangian into a few meaningful functions of time w, ! K , ! B , M 2
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Advantage: each one of these functions has a clear physical meaning, and they describe particular classes of models

Disadvantage: can lead to unphysical models
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Early Dark Energy with LIM

• Attracted significant attention as a solution to Hubble tension 

• Grey bands are current best constraints from compilation of LSS & CMB data
Simon et al (2022)

Moradinezhad, Bellini, Keating (2023)
14 Moradinezhad Dizgah & Bellini et al.
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Figure 4. Blue solid (dashed) lines show the marginalized 1-! marginalized constraints on EDE driven by ultra-light axions,
including (neglecting) line interloper noise. The red lines show the corresponding required sky coverage, and the grey band shows
the current bounds from Planck (temperature, polarization, and lensing) data and BOSS full-shape galaxy power spectrum,
imposing prior on h0 from SH0ES local distance-ladder data (Simon et al. 2022). The ! CDM Planck priors are applied.

Figure 5. Marginalized 1- and 2-! constraints on EDE and ! CDM parameter pairs from LIM alone (blue) and when combined
with ! CDM Planck constraints (red). Interloper noise is included here, and the spectrometer hours is Þxed to ! 108.

Figure 6. Marginalized 1-! constraints on EDE model pa-
rameters as a function of maximum redshift, including inter-
loper lines, imposing Planck priors, and Þxing the spectrom-
eter hours to ! 108.

for the CPL model in ¤6.3. This is simply due to the
fact that in obtaining these constraints di! erent datasets
are used. Similar observation can also be made forwa,
with the only remarkable di ! erence that at low spec-
trometer hours its constraints here are slightly worse

than in the previous analysis. This suggests that the
constraining power of current LIM surveys leaves some
degeneracy that broaden the allowed parameter space.
Considering ö! B , LIM alone will be able to improve the
current constraints for ! 4 ! 108 spectrometer hours.
With the parameter m the situation is a bit di ! erent.
First, the minimum spectrometer hours needed to im-
prove the current constraints are 7! 108; second, there
is an almost-plateau at high spectrometer hours, which
signals a diminishing return in pushing the survey spec-
iÞcations to their limits in constraining m.

Fig. 11 shows the 1- and 2-" marginalized constraints
on the shift-symmetric Horndeski and|LambdaCDM pa-
rameter pairs, Þxing the number of spectrometer hours
to " 108. The LIM-only (blue) contours display strong
degeneracies betweenw0 and h, " b and " c as in Fig. 8.
Also, wa has some mild to large degeneracy with the
same parameters. The degeneracy betweenw0 and
(ö! B , m) is removed when adding Planck priors, which
tightly constrain h and " b. The constraints on w0 do

maximal fractional EDE density  
to the total energy density

the critical redshift at which 
 maximum density is reached

normalised initial value of the 
scalar field
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Shift-Symmetric Horndeski model with LIM
16 Moradinezhad Dizgah & Bellini et al.
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Figure 10. Blue solid (dashed) lines show marginalized 1-! constraints on background (top) and perturbation (bottom)
parameters of the shift-symmetric Horndeski model, including (neglecting) interloper noise. Planck priors on ! CDM parameters
are imposed. Red lines are the corresponding required sky coverage and grey bands are the current bounds from CMB, BAO,
RSD and Supernovae Type IA data jointly with theoretical priors of Traykova et al. (2021).

Figure 11. 1- and 2-! marginalized constraints on ShiftSym-Horndeski vs. ! CDM parameters from LIM alone (blue) and when
imposing Planck priors on ! CDM parameters. Interloper noise is included here. The sky fraction is assumed to be f sky = 0 .5,
and the spectrometer hours is Þxed to ! 108.

6.5. E! ective Description of
Luminal Horndeski Models

The e! ective description of DE is, to some extent (as
discussed in¤2) the most general class of models we are
investigating. On top of that, our Þducial models were
designed ad-hoc to have signatures beyondz ! 1 as

normal dynamical-DE models. It is important to stress
that the analysis of these models is meant to be illus-
trative of the potential of LIM surveys to probe gen-
eral EFTofDE models, rather than providing constraints
on a speciÞc model. Given our chosen parametrization,
shown in Eqs. (23), constraints on this class of models

Moradinezhad, Bellini, Keating (2023)

• Case of shift-symmetic : 
interesting, radiative corrections 
are parametrically suppressed 
around (quasi) de Sitter 
backgrounds in such theories 

#

• Assume that  is slowly 
evolving on a cosmological 
background and Taylor 

expand the ’s for small X.

#

Gi

• Can be casted onto effective 
description with CPL equation 

of state of DE and $B ≠ 0
See also Scott et al (2022)
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• Dark matter, biasing, redshift-space 
distortions: linear 

• Luminosity-SFR relation: scaling relations 

• Dependance of luminosity on properties 
beyond halo mass: often not included
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• Dark matter, biasing, redshift-space 
distortions: linear 

• Luminosity-SFR relation: scaling relations 

• Dependance of luminosity on properties 
beyond halo mass: often not included
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Figure 4 . Models of [CII] (left) and CO(2-1) (right) luminosities, and the corresponding log-normal
scatters with ! line = 0 .37. The colors of the scatter indicate the joint probability density of the halo mass
and line luminosity.

3 Comparison with Simulations

In this section, we summarize the characteristics ofMithra LIMSimsand present comparisons of
the theoretical predictions with the simulated line intensity maps. Given that the implemented
painting scheme does not distinguish between central and satellite galaxies and the dependence
of the signal on the halo proÞle, our comparison only includes the 2-halo contributions for the
full power spectrum shape.

3.1 Simulation SpeciÞcations

The mock LIM maps presented in this work are constructed from the publicly available halo
catalogs of the Hidden Valley simulation suites [43] ! 13. The HV simulations have been produced
with FastPM code [100] " 14, and follow the dynamics of 102403 particles in periodic cubic boxes
of sizeL box = 1024 h! 1Mpc. This gives a mass resolution ofM min = 8 .57! 107 h! 1M " , which
is su! cient to resolve halos hosting CO and [CII] up to high redshift. The accuracy of FastPM
has been tested extensively in Refs. [43, 100], where it was found to be accurate at the 2% level
in reproducing the clustering of halos in a full TreePM simulation.

The initial particle displacement are generated using second-order Lagrangian pertur-
bation theory at zi = 99. Halos are identiÞed using Friend-of-Friend algorithm [101], im-
plemented in FastPM code, and the halo catalogues are saved at redshifts in the range of
0.5 " z " 6, in steps of " z = 0 .5. The cosmology is set to a ßat#CDM model with
$ m = 0 .309167, h = 0 .677, ! 8 = 0 .8222, $ b = 0 .04903, ns = 0 .96834. We perform our
measurements on theHV10240/R simulation, which uses Gaussian initial conditions. We refer
the reader to Ref. [43] for more details about the HV simulations.

To populate the halos with CO and [CII], we extend the publicly available analysis code
used in Ref. [43] " 15 to include the models of line luminosity as a function of halo mass
and redshift, described in Eqs. (2.5, 2.6, 2.8). The measurements of the matter and line auto
and cross spectra are performed using nbodykit package [102] " 16. In painting halos with line
luminosities, we include a halo-to-halo log-normal scatter in the relation of halo mass and line
luminosity. As we discussed earlier, we consider a single scatter parameter in the relation between

13 http://cyril.astro.berkeley.edu/HiddenValley
14 https://github.com/fastpm/fastpm
15 https://github.com/modichirag/HiddenValleySims
16 https://github.com/bccp/nbodykit

Ð 12 Ð
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MithraLIMSims

Moradinezhad, Nikakhtar, Keating, Castorina (2021)

• Keenan et al (2021): THESAN Sims  
IllustrisTNG+CLOUDY 

•  Leung et al (2020): HOD-based Nbody, 
using SIMBA+CLOUDY 

• Yang et al (2020): HOD based Nbody, 
using SAMS 

• Li et al (2016): HOD-based Nbody using 
semi-analytic relation for L(M,z) 

• Sato-Polito et al (2022): HOD-based 
Nbody using UniverseMachine galaxy 
formation model & scaling relations

V ! 1 h! 3Gpc3
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Line Power Spectrum
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Stochasticity Beyond Poisson Noise

Caution in inferring SFR from measurements of shot noise

Measured Stochasticity
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See also Murmu et al (2021)
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Baryon Acoustic Oscillations 

Moradinezhad, Nikakhtar, Keating, Castorina (2021)
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Conclusions & Prospects

• Potential of LIM to constrain fundamental physics thanks to mapping 

the LSS over a wide range of scales and many redshift epochs.    

• Search for imprints of primordial non-Gaussinaity, constrain properties 

of light relics & neutrino, constrain deviation from general relativity or 

dynamic dark energy (  spec-hrs) 

• Accurate theoretical models of the LIM signal: accounting for 

nonlinear biasing and Poission shot noise are essential 

• Simulation-based inference promising in maximizing extraction of 

information from LIM data. Requires accurate and fast forward model 

of the signal combined with efficient ML-based Baysian inference.

∼ 107


