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High S/N with CMB S4 & DESI

56 Science Case

Low-redshift BOSS/SDSS LRGs

High-redshift DESI LRGs

Figure 21. CMB-S4 constraints on the cumulative electron-density (left) and thermal-energy (right)
profiles will distinguish between feedback models. Top row: Stacking N = 2.5 ⇥ 105 BOSS and SDSS
LRG halos of average mass M200c = 1013 M� at z = 0.2. The left panel is extracted from the kSZ signal and
the right panel from the tSZ signal. The lines come from density and pressure profiles around such halos
measured in six cosmological hydrodynamics simulations: BAHAMAS [395] (fiducial blue, “high-AGN”
orange, “low-AGN” green); Battaglia et al. [396, 397] (red); EAGLE [398] (magenta); and IllustrisTNG-300
[399, 400, 401] (brown). The data points average the predictions, and show error bars determined via stacked
aperture photometry applied to component-separated maps from CMB-S4 LAT and Planck data (or SO and
Planck data). The dashed vertical lines denotes r200c. The insets give the CMB-S4 forecast signal-to-noise
ratio. The error bars are highly correlated due to the photometry method, but the models can nonetheless
be distinguished at high significance. Bottom row: The same, inferred by stacking N = 2.5⇥105 DESI LRG
halos of average mass M200c = 1013 M� at z = 1. We emphasize that ionized gas properties in the low-mass,
high-redshift regime shown in the bottom row cannot be easily measured with any other astrophysical probe.
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and lensing profiles for the same halos!
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ACT + Planck (microwave) Hubble (optical)

Figure: Emmanuel Schaan. ACT+Planck microwave images: Schaan et al 2020. HST ACS I band image: Masters et al 2011.  
ACT photo: John Ward. Planck photo: ESA/AOES Medialab. HST photo: NASA.
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ACT + Planck (microwave) Hubble (optical)

Figure: Emmanuel Schaan. ACT+Planck microwave images: Schaan et al 2020. HST ACS I band image: Masters et al 2011.  
ACT photo: John Ward. Planck photo: ESA/AOES Medialab. HST photo: NASA.

Measurement: LOWZ 

Gas density, gas pressure, dust emission 
far outside the virial radius 

from low mass galaxy groupsEmmanuel Schaan
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tSZ / kSZ = gas temperature!

10

FIG. 2. Average, inferred electron temperature profile of
CMASS galaxies halos weighted by density obtained from the
joint kSZ+tSZ fit to the OBB model using the MCMC chains.
The black line is the median profile, the blue band indicates the
2� range of the models obtained from the MCMC chains. For
comparison, the grey dashed line indicates the expected virial
temperature for an isothermal sphere of mass equal to the the
mean mass of our CMASS sample (M200 = 3.3 ⇥ 1013M�),
Tvir = 1.7 ⇥ 107 K. The x-axis is converted to arcmins to
ease the comparison to the density and pressure profiles. The
average temperatures of the CMASS galaxies are closer to
107K than they are to 106K.

analyzing the cross-correlation function between SDSS
galaxy groups at a lower redshift (z < 0.2) and Planck
y-maps. They found evidence of both components in the
most massive halos, M � 1013.5h�1

M�, with a predom-
inance of the two-halo term at >⇠ 2 Mpc, and evidence
of two-halo term alone for lower mass systems. Also us-
ing Planck y-maps, the two-halo regime has now been
constrained through the measurement of hbPei, the halo
bias-weighted mean electron pressure, with galaxy sam-
ples from the Dark Energy Survey [90], a compilation
of the 2MASS photometric redshift survey, WISE, and
SuperCOSMOS [91], and the DR14 SDSS release [92, 93].
Unlike previous work based on Planck, the ACT data
used here has a smaller beam, enabling us to study the
pressure profiles in small group-sized halos, including both
the one-halo and two-halo terms, at z ⇠ 0.6.

The goodness of the fit does not substantially change
if we reduce the number of free parameters by fixing the
intermediate slope to our best-fit value ↵t = 0.8. We
get in this case �

2 = 40.1 (PTE=0.60) and the same
2� distribution of the models obtained from the MCMC
chains. The constraints on the amplitude get remarkably
tighter, from 70% to 20% (P0 = 1.3+0.3

�0.2), and those on
the outer slope improve from 33%to 10% (�t = 2.0± 0.2),
while the constraints on At2h and on the parameters of
the dust model remain essentially the same.

The tSZ radial profile that we obtain from fitting the
GNFW model is consistent within 2� with the tSZ profile
obtained for the OBB model. We get �

2 = 27.9 for 16
data points (PTE=0.03). This is a reasonable match

considering that these are fits of different parametric
models, each one having some degenerate parameters,
and also taking into account our measurement errors. By
neglecting the outermost measurements which have the
largest error bars, we find a better match within 1.6�,
with �

2 = 20.4 for 14 data points (PTE=0.12).

IV. IMPLICATIONS FOR OPTICAL
WEAK-LENSING OBSERVATIONS

The parametric GNFW model for the electron density
profile we obtained from kSZ measurements serves as
a first-order, empirical model for how baryons impact
theoretical halo occupation distribution (HOD) models
for optical weak-lensing measurements from the CMASS
sample. Ref. [26] showed that their HOD model for the
galaxy-galaxy lensing signal from CMASS over-estimated
this signal compared to their measurements, concluding
that “lensing is low”. The details of their fiducial halo
model (MDR1) are described in [94] and the parameters
of their model are calibrated to provide the best fit to
CMASS galaxy clustering measurements.

Here, we do not attempt to disentangle the HOD from
the individual profiles. Our best fit GNFW profile de-
scribes the “HOD-convolved” density profile. In other
words our parametric GNFW model contains within it
the underlying properties of the CMASS sample, like
what fraction of the CMASS sample are central or satel-
lite galaxies. Thus, it is indeed the relevant quantity for
predicting the impact of baryons on galaxy weak lensing,
since the weak lensing signal is also convolved with the
same exact HOD.

With our HOD-convolved best fit we can straight-
forwardly estimate the impact of baryons on the MDR1
model [94] by simply incorporating our parametric GNFW
model for the electron density into it. The MDR1 model
assumes that baryons trace the dark matter on all scales.
We will use the MDR1 HOD model for the dark matter
contribution to the galaxy-galaxy lensing measurement
which uses a standard weak-lensing shear estimator, �⌃.
The projected mass density ⌃ is related to �⌃ through

�⌃(R) = ⌃̄(< R)� ⌃(R), (20)

where ⌃̄(< R) is the mean projected mass density within
projected radius R and ⌃(R) is the surface mass density
at R. We can split the total �⌃ into a dark matter
component (�⌃DM from MDR1) and baryon component
(�⌃b, obtained from our parametric GNFW model) such
that �⌃tot = �⌃DM +�⌃b. The �⌃DM is calculated
by scaling the full �⌃ from MDR1 by the dark matter
fraction, (⌦M � ⌦b)/⌦M. The �⌃b is calculated by pro-
jecting our best fit GNFW model for the electron density
profile,

⌃b(R) / 2

Z 1

0

⇢gas

⇣p
R2 + l2

⌘
dl. (21)
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Informing hydrodynamical simulations

15

FIG. 6. Top: comparison of our best-fit gas density (left) and thermal pressure (right) profiles (blue curves and 2� bands)
with the related profiles from two cosmological simulations: [46] (magenta) and Illustris/TNG [28] (orange and green), and
a NFW profile [20] (black). We show average profiles, where each halo contribution is weighted by its mass according to the
mass probability density function of the CMASS catalog used in this work, and at the same redshift (z = 0.55). We select red
galaxies from TNG and show both stellar mass- (orange) and halo mass-weighted average profiles. The vertical grey lines enclose
the range where we measure the kSZ and the tSZ. Middle: projected density and pressure profiles, for comparison purposes.
Bottom: comparison of the profiles projected into the kSZ (left) and tSZ (right) observable space with the measurements by [18]
in the ACT f150 band (blue points and 1� error bars). The projection of the simulated and the NFW profiles account for and
for the convolution with the ACT beam and the aperture photometry filtering, as described in Section II. The black dashed
curve shows the NFW profile truncated at the virial radius. The tSZ simulated profiles also include the dust correction from our
ACT+Herschel measurements (2�).

Amodeo Battaglia Schaan Ferraro & ACT 20

New territory: low halo masses, outside virial radius 
Data suggests hotter gas in the outskirts 
Informs subgrid feedback prescriptions in hydro sims

Emmanuel Schaan



Constraining galaxy formation: challenges
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Figure 4. Simulated profiles of density (left) and pressure (right) showing the populations fit with different mass
selections, color selections, distribution matching options, and fitting models. The solid lines are the TNG profiles
for the population specified by the legend, the dashed lines are the best fit from the GNFW model, and the dotted
lines are the best fit from the GNFW1h model. In the bottom panels, the profiles and fits are normalized by a fiducial
TNG profile for sample ms-red, m (solid red curve) denoted as ⇢⇤gas and P ⇤

th. This figure shows that selections by
color and mass type (seen by left panels) and the distribution matching (seen by the right panels) have varying levels
of significance on the profiles. Furthermore, this figure shows the inclusion of a two-halo term to the fitting model
provides a closer match to the profile than a model that only includes the one-halo term.

is also seen in the 3D profiles. This is the result
of SHMR of IllustrisTNG being lower than the
Kravtsov et al. (2018) relation, so at a fixed stellar
mass TNG will select a higher halo mass. Further-
more, the GNFW1h models overpredict the values
of the profiles at high radii (seen previously in Fig-
ure 4), so the amplitudes of the profiles only taking
into account the one-halo term are higher than the
models including a two-halo term.

The lower panels of Figure 6 shows fits for the
pressure profiles. As shown previously in Figure 4,
the inclusion of mass-distribution matching has a
significant effect on the 3D pressure profiles due

to its dependence on M
5/3. We can see this in

more detail in both bottom panels, along with sim-
ilar trends to the top panel density profiles with the
matched models and the stellar mass-selected sam-
ple resulting in higher values and amplitudes. It
is clear from Figure 6 that the modeling choices
for the cross-correlation signal are important sim-
ply by comparing the differences in the observed
profiles to the size of the forecasted errors.

4.3. Testing the Number of Free Parameters

Certain parameters of the GNFW profile are de-
generate, as discussed in Section 2.4. We test how
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kSZ & galaxy - galaxy lensing

Total mass profile and gas profile 
Same halos, HOD, weighting (linear in mass, VS tSZ or Xray), angular scales 
➞ no modeling needed
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Is BOSS lensing low?

Emmanuel Schaan

3 Stellar mass bins = [1011.4 - 1011.57[, 
                                  [1011.57 - 1011.75[,  
                                  [1011.75 - 1013.0]
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Joint analysis of tSZ, gg lensing, RSD for BOSS galaxies 
Investigate low lensing tension depending on host halo mass
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FIG. 1: Galaxy power spectra and noise power spectra for an experimental configuration corresponding to the DESI experiment
(with galaxy density and CMB noise according to our baseline 1 defined in Table I). At large scales, where the fNL signal
is strongest, we get a much lower noise using kSZ tomography than with galaxies alone, due to the k2 scaling of the kSZ
reconstruction noise. The chosen fNL value of 5 is near the 1! sensitivity for this configuration. All power spectra are shown
at z = 1 and for mu |µ| = 1 (radial modes), and the galaxy power spectra include the RSD term.

A. Consistent small scale power spectra from the halo model

The kSZ velocity reconstruction noise in eq.(6) depends on the ratio of small scale power spectra Pge(kS)2

P tot
gg (kS)Ctot

l
,

where for > 4000 the CMB power spectrum C is dominated by the kSZ e!ect, which depends on Pee(kS). There
is some uncertainty in the shape and amplitude of these three power spectra. However, all three of them can be
calculated in the halo model and are dominated by the 1-halo term at the relevant kS . We review the halo model
calculation of these power spectra in App. A, and more details can be found in [22]. A key property is that they depend
on the satellite galaxy profile in the halo us(k|m, z) (assumed NFW, tracing the dark matter) and the electron profile
ue(k|m, z). We therefore make a consistent forecast by using a halo model calculation for all three power spectra.

To calculate galaxy power spectra in the halo model, one needs to specify the Halo Occupation Distribution
(HOD). Details about the HOD [29, 30] which we use can be found in [22]. To connect the HOD with di!erent
experiments, we are using the following prescription. In the HOD, the galaxy sample is specified by imposing a
threshold stellar mass mthresh of observable galaxies. At a fixed halo mass, it assumes a log-normal distribution for
the stellar mass. There are also three further parameters in the HOD, which define the central and satellite galaxy
numbers for each mass. These parameters depend on mthresh, and have been calibrated with data in [29]. We match
the parameter mthresh so that the total predicted galaxy number (centrals+satellites) matches the number density
expected for a given experiment (e.g. LSST, DESI). An example of this matching is shown in the next section.

B. Experiments

We make forecasts for two next generation large-scale structure experiments, LSST and DESI. LSST is an example
of a high number density experiment with photometric redshifts. DESI is an example for a lower number density ex-
periment but with precise spectroscopic redshifts. For the CMB experiment we consider a CMB-S4 configuration [21],
as well as a configuration similar to that of Simons Observatory (SO). We do not include atmospheric noise or noise
from foregrounds such as tSZ or CIB in this work. A more realistic forecast that includes these contributions for SO
can be found in [31]. Our detailed redshift binned forecast will be for LSST+CMB S4, which is the most promising
configuration for fNL, while for DESI+SO we only provide a simplified forecast to illustrate the performance of a
lower number density without photo-z errors.

kSZ quadratic estimator

Emmanuel Schaan
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where we have introduced the notation P
tot

gg,ij
= Pgg,ij + Ngg,ij for the total (clustering + Poisson) galaxy power

spectrum, and Pge,i for the electron-galaxy cross spectrum. Then:

Nvv,ij(k, µ) = µ
�2

2⇡�2

⇤
K2

⇤

Aij

AiiAjj

(37)

As a sanity check, for an auto power spectrum (i = j), the result is the same as before in Eq. (6).

V. FISHER FORECAST RESULTS

In this section we provide Fisher forecasts for di↵erent experimental setups. In the first part, we analyze two
realistic baseline configurations for a single redshift bin and without mass binning in detail. We then add redshift
binning, to obtain a realistic forecast for LSST. Finally we investigate the influence of mass binning halos, where sample
variance cancellation already appears at the level of galaxies alone, and the improvement factor is thus reduced.

A. Baseline forecast: single 3d snapshot box, no mass binning

To explore the parameter dependencies of our forecast, we start with the two baseline experiments specified
in Table I. These baseline values were chosen to resemble the experimental configuration of DESI and an SO-like
CMB experiment (baseline 1) and of LSST and CMB-S4 (baseline 2). For simplicity here we have used a single
3-dimensional box in our kSZ box formalism, where the box has the size of the survey volume. Therefore the forecast
in this section ignores the time evolution of power spectra and biases on the light cone, but retains the unbinned red
shift (or distance) information of the galaxies. In the next section, we approximate light cone evolution by using a
sequence of boxes of the appropriate volume for a series of redshift bins along the light cone. A precise treatment of
light cone evolution would require using spherical coordinates and is postponed to future work.

For the baseline 1 experiments, we forecast a combined constraint �kSZ+gal

fNL
= 3.3, an improvement factor of 1.8

with respect to the galaxy value �
gal

fNL
= 6.0. For the baseline 2 experiments we find �

kSZ+gal

fNL
= 0.7 and �

gal

fNL
= 5.3

with an improvement factor of 7.8. Note that this large improvement factor is reduced when considering all redshifts
or considering mass binning below. The forecasts shows that the kSZ method benefits strongly from a high number
density, and is not very sensitive to photo-z errors.

baseline 1 baseline 2

survey volume V 100 Gpc3 100 Gpc3

central redshift z 1.0 1.0
galaxy density ng 2⇥ 10�4 Mpc�3 10�2 Mpc�3

halo bias bh 1.6 1.6
photo-z error �z - 0.06
CMB sensitivity 5µK-arcmin 1µK-arcmin
CMB resolution 1.5’ 1.5’

�gal
fNL

6.0 5.3

�kSZ+gal
fNL

3.3 0.7

�gal
fNL

/�kSZ+gal
fNL

1.8 7.8

TABLE I: Baseline configuration of LSS and CMB experiments. The values for baseline 1 are similar to those expected for
DESI and Simons Observatory. The values for baseline 2 are similar to LSST and CMB S4. Bias and survey volume were
kept identical for both baselines to stress the dependence on galaxy density and photo-z errors. Here we only consider one
3-dimensional redshift box. For the full redshift range of LSST, including the whole survey volume with sky overlap with CMB
S4, see below.

To explore which scales contribute most to the signal, we plot �fNL as a function of kmin in Fig. 3 (left). The plot
shows where the e↵ect of kSZ sample variance cancellation kicks in, around k = 0.01 Mpc�1. It also shows that towards
the low kmin end both curves scale similarly with kmin in this configuration. We also plot the correlation coe�cient
for radial modes in Fig. 3 (right). As we have seen, the improvement factor due to sample variance cancellation

galaxy shot noise

“kSZ shot noise”

Munchmeyer+18

kSZ yields lower noise than galaxy density! 

Several groups implementing estimator: Johnson+, Munchmeyer+, Smith+ 

Alex Roman & Kendrick Smith working on BOSSxACT (5σ currently)



DESI has started!

Emmanuel Schaan

Commissioning complete, main survey ongoing until 2025 
5k fiber spectrograph on 4m Mayall telescope 
35M redshifts over 14k deg2 

In 2.5 months, DESI gathered as many redshifts as BOSS+eBOSS in 10 years!



Route towards S4: DESI x ACT
Project idea 1: tSZ from ACT + Legacy Survey LRG, BGS, ELG, QSO 
high precision tSZ profiles 

Project idea 2: tSZ & kSZ from ACT + DESI LRG, BGS, ELG, QSO 
highest precision kSZ profiles 
best constraints on galaxy formation and baryonic correction to lensing 
Codes Thumbstack, MopC-GT, Iskay are ready to use! 

Project idea 3: large-scale velocities & fnl from kSZ 
Smith+18, Münchmeyer+19

Emmanuel Schaan
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https://github.com/EmmanuelSchaan/ThumbStack
https://github.com/samodeo/Mop-c-GT
https://github.com/patogallardo/iskay

