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Figure 4. Baryon density of the non-radiative simulation (no
star formation, feedback or cooling) at z = 0. The same slice as
in Fig. 3 is displayed.

Illustris can also be used to probe the metal content in
gas and stars. Star particles are stochastically formed when
gas reaches densities above a threshold value ⇢sfr. A star
particle is modelled as a single-age stellar population, for
which the mass and metal return will be computed at every
time-step. This material is then distributed over neighbour-
ing gas cells (see Section 2.2 and 2.3 in Vogelsberger et al.
2013). In Fig. 13, we show the evolution of the metals in
gas and stars normalized to the total metal mass at z = 0.
Additionally, the figure shows which fraction of the metals
in gas is residing in haloes, filaments or voids. We find that
at z = 0, 36 % of the metals are locked up in stars and 64 %
of the metals are in gas. Considering only the gaseous com-
ponent, half the metals are within haloes and 28 % reside in
the filaments. The remaining 22 % are located in voids. The
average metallicity of the stars is 1.49 solar metallicities at
z = 0, while the halo gas has about 0.37 solar metallicities
on average. The average metallicity in filaments and voids
is roughly 0.1 times the solar value.

3.3 Baryonic temperature–density relation

An alternative way to look at the distribution of baryons is
to analyse them according to their density and temperature.
This is more directly relevant to observations, as density and
temperature are the important variables for emission and
absorption mechanisms. In Fig. 14, we show the contribu-
tion of gas to the total baryonic mass in a temperature versus
baryon density histogram. For this plot we directly use the
Voronoi cell densities of the gas instead of the averaged den-
sities we used in Section 3.2. We divide the baryons accord-
ing to the same classification as has been used in Davé et al.
(2001): di↵use gas having ⇢ < 1000⇢crit⌦b and T < 105 K,
condensed gas with ⇢ > 1000⇢crit⌦b and T < 105 K, warm–
hot gas with temperatures in the range 105 < T < 107 K

and hot gas with temperatures above 107 K. We refer to the
warm–hot gas also as WHIM.

We find that 21.6 % of the baryons are in the form of
di↵use gas, located mainly in the intergalactic medium. The
tight relation between temperature and density is due to the
interplay of cooling through adiabatic expansion and pho-
toionization heating (see also the discussion in Section 3.3
of Vogelsberger et al., 2012). The condensed gas amounts to
11.2 %. Most of the condensed gas is in a horizontal stripe
around 104 K. As photoionization heating becomes less dom-
inant but cooling time-scales shorten at higher densities, gas
cools e↵ectively down to this temperature. Since there is no
metal and molecular line cooling, 104 K represents an e↵ec-
tive cooling floor for the gas in this phase. The upward ris-
ing slope which extends from the ‘condensed’ region into the
‘WHIM’ region is due to an e↵ective equation of state used
for gas exceeding the density threshold for star formation
(Springel & Hernquist 2003). The warm–hot medium makes
up for 53.9 % of the baryons, while 6.5 % of the baryons are
in hot gas.

The mass in these two categories corresponds to warm–
hot shock-heated gas in haloes and filaments and material
which has been ejected due to feedback from haloes (in-
spection of Fig. 10 shows that the ejected material is in the
temperature range defining the WHIM region). If all the
23.6 % of the ejected material (see Table 2) had remained
in haloes, this would have changed the warm–hot mass frac-
tion to 30 % and increased the condensed fraction to 34.8 %
(plus 6.6 % in stars).

The redshift evolution of the gas phases is given in
Fig. 15, where we see that at high redshift, most of the gas
has been in the form of a rather cold and di↵use medium.
Starting at a redshift of z = 4, and more pronounced after
redshift z = 2, the WHIM phase is gaining more and more
mass, and by redshift zero, ends up containing most of the
baryons.

4 DISCUSSION

Comparing the values of Table 1 with Table 2, we see a
very good agreement at z = 0 between the subfind halo
catalogue and the haloes defined by a dark matter density
cut. This suggests that our method of measuring the mass
using the average dark matter density in a cell of our grid
works reasonably well. However, we see deviations of 5–7 %
for the mass in haloes at redshifts higher than 1. The reason
for these deviations is that at higher redshifts the haloes are
less massive, and thus some fall below the resolution limit
of our grid.

Using the temperature-baryon density classification in
Section 3.3, we find that 53.9 % of the baryons reside in
the WHIM region. This is higher than the 30–40 % found
in the work of Davé et al. (2001), or the work of Cen &
Ostriker (2006), who reported between 40 and 50 % in the
WHIM phase. This discrepancy is most likely due to the use
of di↵erent feedback models. The importance of the feedback
model is further underlined by the di↵erences between the
full physics and the non-radiative runs, which produce a
nearly identical dark matter distribution but very di↵erent
baryon distributions (see Fig. 7). In the full physics run only
half the baryons are within haloes compared to the non-
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Figure 3. Dark matter and baryon density in a thin slice at z = 0. The slice covers the whole (106.5 Mpc)2 extent of the simulation
and has a thickness of 104 kpc (1 cell).

Table 2. Dark matter mass, baryonic mass and volume fraction in haloes, filaments and voids at z=0. The categories have been defined
through dark matter density ranges. We also added a category ‘ejected material’ which corresponds to baryons inside the ‘voids’ region
which have a temperature T> 6 ⇥ 104 K. The spatial regions to which these dark matter density regions correspond to are shown in
Fig. 8.

dark matter density % of total % of total % of total % of total
component region (⇢crit) dark matter mass baryonic mass mass volume

haloes > 15 49.2 % 23.2 % 44.9 % 0.16 %
filaments 0.06 - 15 44.5 % 46.4 % 44.8 % 21.6 %
voids 0 - 0.06 6.4 % 30.4 % 10.4 % 78.2 %

ejected material
0 - 0.06 2.6 % 23.6 % 6.1 % 30.4 %

inside voids

baryons, this ‘ejected material’ region is responsible for most
of the baryons in dark matter voids. In Fig. 9, the spatial
region corresponding to the ejected material is plotted; note
that it fills about 40 % of the voids. We should note though,
that the ejected mass most likely heats some of the baryons
already present in the voids. Therefore, we have probably
overestimated the ejected mass in voids. However, through
following the redshift evolution of the mass in voids we can
give an estimate of the associate uncertainty, as we discuss
below. We note that our findings for the volume fractions
are generally in good agreement with simulations by Cau-
tun et al. (2014).

3.2.3 Redshift evolution of matter and metals in haloes,

filaments and voids

By applying the same dark matter density cuts at di↵erent
redshifts, we can study the time evolution of the values re-
ported in Table 2. This is done in Fig. 12, where we show
how the baryons and dark matter divide into haloes, fila-
ments and voids as a function of time. In Fig. 12 (a) we see
that, starting at redshift z = 2, feedback begins to e�ciently
remove gas from haloes. At first, this only slows down halo

growth, but after a redshift of z = 1, it reduces the amount
of baryons in haloes. In Fig. 12 (b) we see that the dark mat-
ter haloes, una↵ected by feedback, continue to grow at the
expense of the filaments. At high redshifts, the dark matter
was distributed homogeneously with a density of ⌦dm⇢crit,
and thus falls into the ‘filament’ category. The underdense
regions of the voids were only created as matter from less
dense regions was pulled into denser regions. Thus the frac-
tion of dark matter in voids is increasing from z = 6 to 2.
After z = 2, the amount of dark matter in voids is slowly de-
creasing due to accretion on to filaments. The baryons show
a similar behaviour from z = 6 to 2. However, starting at
a redshift of z = 2 ejected material is also transported into
the voids, thus increasing their baryonic content. We see in
Fig. 12 (a) that the mass increase of the ‘ejected material’
is higher than the mass increase of the ‘voids’. The most
likely explanation is that the ejected mass heats gas already
present in the voids, which means that we overestimate the
mass of the ejected material with our density and tempera-
ture cut. If we assume that in the absence of feedback the
baryons would show the same relative decrease from z = 2
to 0 as the dark matter, we would need to correct the value
of the ejected material down to 20 %.
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Figure 1. False-color composite image of MACS J0717.5+3745 with the lensing
results of Limousin et al. (2012) in blue, the Hubble Space Telescope image using
the F814W filter in green, and the Chandra X-ray image in red. The blue contours
show the Limousin et al. (2012) result on a linear scale, and clearly indicate the
four sub-clusters labeled A through D, with white Xs marking the sub-cluster
positions determined by Ma et al. (2009) from the galaxy distribution.
(A color version of this figure is available in the online journal.)

sub-cluster C to be the most massive system, and Ma et al.
(2009) determined that sub-cluster C is probably the highly
disturbed core of the main system. Sub-clusters B and D are
assumed to be relatively intact cores of systems that are merging
along a direction close to the line-of-sight. In particular, sub-
cluster B is coincident with an X-ray temperature that is colder
than the surrounding regions, indicating that its core has not
been highly disrupted by the merger. From the spectroscopic
data, Ma et al. (2009) found that sub-cluster B has a line-
of-sight velocity that differs from the other components by
approximately 3000 km s−1. Further indications of this large
line-of-sight velocity for sub-cluster B were presented in M12,
who found a similar best-fit velocity by using X-ray and SZ
measurements to constrain the kinetic SZ signal toward that
sub-cluster, although the statistical significance of their kinetic
SZ constraint on the velocity is modest (≃2σ ). This wide range
of observational data toward MACS J0717.5+3745 is therefore
converging to what appears to be a coherent picture of this
complex system.

4. DATA REDUCTION

4.1. Bolocam

We observed MACS J0717.5+3745 with Bolocam from the
Caltech Submillimeter Observatory (CSO) for a total of 12.5 hr
at 140 GHz and for a total of 27.3 hr at 268 GHz, where
the effective band centers are quoted for a CMB spectrum.
Compared to the previous Bolocam analysis presented in M12,
this represents an additional 19.3 hr of data collected at 268 GHz
in 2012 December. In contrast to the original 8.0 hr of 268 GHz
integration used in M12, much of which was collected in
poor observing conditions with a 225 GHz optical depth
τ225 > 0.10, most of the additional 19.3 hr of 268 GHz
integration was obtained with τ225 ≃ 0.05. This additional data
was therefore collected during the lowest opacity conditions
generally available from the CSO.

The Bolocam instrument has an 8′ diameter circular field of
view (FOV), and point-spread functions (PSFs) that are approx-
imately Gaussian with full widths at half-maximums (FWHMs)
equal to 58′′ and 31′′ at 140 and 268 GHz, respectively (Glenn
et al. 2002; Haig et al. 2004). All of our Bolocam observations
of MACS J0717.5+3745 involved scanning the CSO in a Lis-
sajous pattern with an rms velocity of approximately 4′ s−1.
The details of our data reduction are given elsewhere (Sayers
et al. 2011; M12), and we briefly summarize our procedure
below.

First, we obtain pointing corrections accurate to 5′′ using
frequent observations of nearby quasars, and obtain an absolute
flux calibration accurate to 5% and 10% at 140 and 268 GHz,
respectively, using observations of Uranus and Neptune (Griffin
& Orton 1993; Sayers et al. 2012). We note that Hasselfield
et al. (2013) recently determined the brightness temperature of
Uranus to be 106.7±2.2 K at 149 GHz using ACT observations
calibrated against the primary CMB anisotropies measured by
the WMAP satellite. Also, Planck Collaboration et al. (2013a)
recently determined the brightness temperature of Uranus to be
108.4±2.9 K at 143 GHz based on Planck data. Our calibration
model assumes a brightness temperature of 106.6 ± 3.5 K for
the 140 GHz Bolocam bandpass, which was measured in Sayers
et al. (2012) by extrapolating the WMAP 94 GHz brightness
measurements presented in Weiland et al. (2011) using the
model of Griffin & Orton (1993). This model predicts the
brightness temperature of Uranus to increase with decreasing
frequency. As a result, the ACT and Planck measurements imply
a best-fit 140 GHz brightness temperature that is approximately
2.5 K higher than our assumed value of 106.6 K. However, this
difference is comparable to the ACT and Planck measurement
uncertainties, and it is well below our estimated 5% flux
calibration uncertainty at 140 GHz. We therefore have not
updated our calibration model. Furthermore, we note that the
accuracy of the ACT and Planck Uranus brightness temperatures
is 2%–3%, which is only slightly smaller than the 3.3%
accuracy of our assumed 140 GHz brightness temperature.
Furthermore, our 140 GHz calibration uncertainty receives an
approximately equal contribution from our 3.1% beam solid
angle uncertainty. Revising our flux calibration using ACT and
Planck would thus not have a significant effect on our overall
calibration uncertainty, which itself is already sub-dominant
to measurement uncertainties (see Table 2). Finally, we note
that our 10% flux calibration at 268 GHz is limited largely by
atmospheric fluctuations, and therefore a more accurate Uranus
brightness temperature at that frequency would have no effect
on our overall calibration uncertainty.

To remove atmospheric fluctuations from the data, we first
subtract a template of the common mode signal over the FOV,
and we then high-pass filter (HPF) the time-stream data at
250 and 500 mHz at 140 and 268 GHz, respectively. The
large amplitude of the atmospheric fluctuations in the 268 GHz
data necessitates this more aggressive HPF, and this filtering
represents a slight change from the M12 analysis, which used
a 250 mHz HPF for both data sets. We used a scan speed
of ≃4′ s−1 for our observations, and the HPFs at 250 or
500 mHz therefore correspond to angular scales of 16′ and
8′, respectively. Consequently, the maximum angular scale
preserved by our filtering is largely set by the common mode
subtraction over Bolocam’s 8′ FOV. Because our processing
removes astronomical signals with angular sizes larger than
the 8′ FOV, we determine the map-space transfer function at
each wavelength by reverse-mapping and processing an image
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Figure 1. A pictoral explanation of how density-field reconstruction can improve the acoustic scale measurement. In each panel, we
show a thin slice of a simulated cosmological density field. (top left) In the early universe, the initial densities are very smooth. We mark
the acoustic feature with a ring of 150 Mpc radius from the central points. A Gaussian with the same rms width as the radial distribution
of the black points from the centroid of the blue points is shown in the inset. (top right) We evolve the particles to the present day, here
by the Zel’dovich approximation (Zel’dovich 1970). The red circle shows the initial radius of the ring, centered on the current centroid of
the blue points. The large-scale velocity field has caused the black points to spread out; this causes the acoustic feature to be broader.
The inset shows the current rms radius of the black points relative to the centroid of the blue points (solid line) compared to the initial
rms (dashed line). (bottom left) As before, but overplotted with the Lagrangian displacement field, smoothed by a 10h�1 Mpc Gaussian
filter. The concept of reconstruction is to estimate this displacement field from the final density field and then move the particles back
to their initial positions. (bottom right) We displace the present-day position of the particles by the opposite of the displacement field
in the previous panel. Because of the smoothing of the displacement field, the result is not uniform. However, the acoustic ring has
been moved substantially closer to the red circle. The inset shows that the new rms radius of the black points (solid), compared to the
initial width (long-dashed) and the uncorrected present-day width (short-dashed). The narrower peak will make it easier to measure the
acoustic scale. Note that the algorithm applied to the data is more complex than was just described, but this figure illustrates the basic
opportunity of reconstruction.

steps of this algorithm below and discuss details specific to
our implementation in subsequent subsections.

(i) Estimate the unreconstructed power spectrum P (k) or
correlation function ⇠(r).

(ii) Estimate the galaxy bias b and the linear growth rate,
f ⌘ d lnD/d ln a ⇠⌦0.55

M (Carroll et al. 1992; Linder 2005),
where D(a) is the linear growth function as a function of
scale factor a and ⌦M is the matter density relative to the
critical density.

(iii) Embed the survey into a larger volume, chosen such
that the boundaries of this larger volume are su�ciently
separated from the survey.

(iv) Gaussian smooth the density field.
(v) Generate a constrained Gaussian realization that

matches the observed density and interpolates over masked
and unobserved regions (§2.3).

(vi) Estimate the displacement field  within the
Zel’dovich approximation (§2.4).

(vii) Shift the galaxies by � . Since linear redshift-
space distortions arise from the same velocity field, we shift
the galaxies by an additional �f( · ŝ)ŝ (where ŝ is the
radial direction). In the limit of linear theory (i.e. large
scales), this term exactly removes redshift-space distortions
(Kaiser 1987; Hamilton 1998; Scoccimarro 2004). Denote
these points by D.

(viii) Construct a sample of points randomly distributed
according to the angular and radial selection function and
shift them by � . Note that we do not correct these for
redshift-space distortions. Denote these points by S.
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Figure 2. Evolution of the BOSS sky coverage from DR9 to DR11. Top panels show our observations in the Northern Galactic Cap (NGC) while lower panels
show observations in the Southern Galactic Cap (SGC). Colours indicate the spectroscopic completeness within each sector as indicated in the key in the
lower-right panel. Grey areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3275, 6161,
and 8377 deg2, respectively.

Ross et al. (2011) and Ho et al. (2012) also found a significant
anticorrelation between the number density of CMASS galaxies and
seeing of the imaging data. It was found that in areas with poorer
seeing, the star–galaxy separation algorithm was more restrictive
inducing the observed anticorrelation. Using the same catalogue,
Ho et al. (2012) derived corrections based on measurements of
the galaxy–seeing cross-power and applied them to their angular
power spectrum measurements, showing that the seeing impacts
the measured clustering. Over the DR9 footprint, the impact of the
systematic with seeing was found to be insignificant (Ross et al.
2012), as the pattern of seeing over the DR9 area has negligible
large-scale power. However, the effect on clustering measured for
any given footprint will scale with the pattern of seeing in that par-
ticular footprint and any impact on the DR10 and DR11 clustering
measurements must be re-tested.

Ross et al. (2012) determined that weights applied to the DR9
CMASS galaxies as a function of stellar density and the ifib2 mag-
nitude effectively removed any angular and redshift dependence of
the CMASS galaxy field on the number density of stars. They found
that, while a significant relationship existed between the observed
density of CMASS galaxies and seeing, the relationship did not af-
fect the measured clustering. Additional potential systematics such
as Galactic extinction, airmass, and sky background were tested and
the relationships were consistent with the expected angular varia-
tion in galaxy number density. No significant systematic trends were
detected in the LOWZ sample.

For the DR10 and DR11 samples, we followed the same proce-
dure as in Ross et al. (2012) to test and model the relation between
the density of spectroscopically identified galaxies and stellar den-
sity, seeing, Galactic extinction, airmass and sky background. To
perform these tests, we made HEALPIX (Górski et al. 2005) maps of
the DR11 galaxies and compared them to maps of the number of
stars with 17.5 < i < 19.9, where i is the extinction-corrected i-band
magnitude, and to maps of the mean values of the potential system-
atic based on data from the SDSS DR8 Catalog Archive Server,
using various map resolution parameters Nside.

The solid red lines of Fig. 3 show the relationships between the
surface number density of galaxies in the CMASS sample, obtained

after applying the completeness and close-pair corrections described
above, and the stellar density (panel a), Galactic extinction (panel
b), and i-band seeing (panel c). These lines systematically deviate
from ng/n̄g = 1, indicating the presence of systematics affecting
the galaxy distribution. The error bars in these relations were ob-
tained by applying the same test to the mock catalogues described
in Section 3.2. The systematic effect associated with the surface
density of stars, ns, is clearly visible in panel (a), causing a decrease
in the number of galaxies of as much as 20 per cent in regions with
high stellar density. A weak relation between the observed number
of galaxies and the galactic extinction can be seen in panel (b).
This is due to the correlation between Ar and ns and not to an inde-
pendent systematic. Panel (c) illustrates the strong impact of poor
seeing conditions on the observed galaxy number density: an i-band
seeing of S ≃ 2 arcsec leads to a loss of approximately 50 per-cent
of the galaxies. While this effect is dramatic, only 1 per cent of
the survey footprint has S > 1.6 arcsec. The systematic relationship
we find between the DR11 CMASS sample and the seeing in the
imaging catalogue is consistent with relationship found in the DR9
data (Ross et al. 2012).

We use the method to determine the corrective weight for stellar
density, wstar, defined in Ross et al. (2012). This method weights
galaxies as a function of the local stellar density and the surface
brightness of the galaxy. We use the ifib2 as a measure of surface
brightness and adopt a form for

wstar(ns, ifib2) = Aifib2 + Bifib2ns, (19)

where Aifib2 and Bifib2 are coefficients to be fit empirically. To con-
struct these weights, we divide the CMASS catalogue into five bins
of ifib2, and fit the coefficients Aifib2 and Bifib2 in each bin so as to
give a flat relation between galaxy density and ns. The stellar density
map used for this task is based on a HEALPIX grid with Nside = 128,
which splits the sky into equal area pixels of 0.21 deg2. This rela-
tively coarse mask is enough to reproduce the large-scale variations
of the stellar density. The values of the Aifib2 and Bifib2 coefficients
for DR10 and DR11 are given in Table 3. The final weight wstar

for a given galaxy is then computed according to the local stellar
density by interpolating the binned values of the coefficients Aifib2
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SO/CMB S4: S/N x few from sensitivity,  
                            x few from tSZ removal 

→ S/N~100

Schaan Ferraro +15
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Gas energetics from kSZ/tSZ

2 Battaglia et al.

1

3
�gas

| {z }
from kSZ

&mass profile

+

ˆ
PthdV

| {z }
from tSZ

+

ˆ
PNthdV

| {z }
!inferred

/ PSurface,

here �gas is analogous to the gravitational energy of the
gas, Pth is the thermal pressure, and PSurface is a surface
pressure (See the Appendix for a full derivation).
Since the initial detections of the tSZ e↵ect on indi-

vidual galaxy clusters (e.g., Pariiskii 1972; Meyer et al.
1983; Partridge et al. 1987), there now exists an abun-
dance of tSZ measurements across a large range of halo
masses, from galaxy clusters mass-scales where we have
catalogs of tSZ detected clusters (e.g., Reichardt et al.
2013; Hasselfield et al. 2013; Bleem et al. 2015; Planck
Collaboration et al. 2016b), down to galaxy mass-scales
where the tSZ is detected via stacked observations (e.g.,
Hand et al. 2011; Planck Collaboration et al. 2013; Greco
et al. 2015; Spacek et al. 2016, 2017). The kSZ e↵ect was
first detected (Hand et al. 2012) recently using a galaxy
catalog from the Baryon Oscillation Spectroscopic Sur-
vey (Eisenstein et al. 2011) and CMB observations from
the ACT telescope. Since then, many other detections
from multiple CMB experiments using various techniques
and galaxy catalogs have followed (Planck Collaboration
et al. 2016a; Schaan et al. 2016; Hill et al. 2016; Soergel
et al. 2016; De Bernardis et al. 2017), as well as a de-
tection from an individual galaxy cluster (Sayers et al.
2013). While all the current detections are around 4-�,
forecasts for experiments like AdvACT, SPT-3G, the Si-
mons Observatory, and CMB Stage-4 (CMB-S4, Abaza-
jian et al. 2016) promise an order magnitude and greater
improvements from these current detections (Flender
et al. 2016; Ferraro et al. 2016).
In this paper, we propose to use stacked observations

of tSZ and kSZ to measure the average density and pres-
sure profiles for a given galaxy, quasar, or cluster sample.
We show that these measurements place constraints on
the important physical processes in the IGM and ICM,
such as AGN feedback and non-thermal pressure sup-
port, which impact the baryons that govern global star
formation and thus, galaxy evolution. Previous work
proposed to use joint tSZ and kSZ measurements to infer
the optical depth, temperature and peculiar velocity of
individual clusters (Knox et al. 2004; Sehgal et al. 2005),
whereas in this work we focus on baryonic processes for
ensemble populations.
We provide theoretical formalism for interpreting com-

bined SZ observations and inferring parametric and non-
parametric constraints on galaxy formation in Section 2.
In Section 3 we describe the component separation and
observational techniques used in this work. We present
the forecasts for our proposed method in Section 4. We
discuss possible extension of this work and conclude our
findings in Section 5. We adopt a flat ⇤CDM cosmology
with ⌦M = 0.25, H0 = 70 km s�1 Mpc�1. The results
presented in this work are not sensitive to cosmological
parameters.

2. METHODOLOGY

The tSZ spectral distortion and kSZ doppler boost am-
plitudes are proportional to the line-of-sight pressure and
momentum, respectively. For the tSZ, the distortion is a

function of frequency and the Compton y parameter:

�T (⌫)

TCMB
= f(⌫)y, (1)

where TCMB is the CMB temperature, f(⌫) =
x coth(x/2)� 4, x = h⌫/(kBTCMB), h is the Planck con-
stant, and kB is the Boltzmann constant. Here we ne-
glected the relativistic corrections to f(⌫) (e.g., Nozawa
et al. 2006; Chluba et al. 2012). The Compton-y param-
eter is defined as

y =
�T

mec2

ˆ
LOS

Pe dl, (2)

where �T is the Thomson cross-section, c is the speed
of light, me is the electron mass, Pe is the thermal elec-
tron pressure and dl is the line-of-sight (LOS) physical
distance.
The kSZ e↵ect is sensitive to the combination of optical

depth and peculiar velocity, vr of each halo along the
line-of-sight,

�T

TCMB
=

�T

c

ˆ
LOS

e�⌧nevr dl, (3)

where ne is the electron number density and the optical
depth ⌧ is defined as

⌧ = �T

ˆ
LOS

nedl. (4)

The ICM is observed to have entropically stratified
medium and its temperature and pressure are mostly
determined by its gravitational potential. We assume
these properties hold for the IGM in groups and massive
galaxies. In steady state, the total pressure of the hot gas
(whether thermal and non-thermal) balances the gravi-
tational force on it. For a spherically symmetric system,
this reads as:

dPtot

dr
= �G

M(< r)

r2
⇢gas(r). (5)

Here G is the gravitational constant, M(< r) is the
total mass enclosed within radius r, ⇢gas is the ICM
gas density, Ptot is the total ICM pressure in the sys-
tem which can be operated into thermal (Pth) and non-
thermal (PNth) contributions such that Ptot = Pth+PNth.
Observations of tSZ and kSZ measure Pth and ⇢gas di-
rectly and we can measure M(< r) using optical weak
lensing (e.g., Mandelbaum et al. 2006; Leauthaud et al.
2016) or use an NFW model (Navarro et al. 1997) for the
DM component. The remaining PNth profile can be con-
strained non-parametrically by these cross-correlations
or both feedback and non-thermal pressure support can
be constrained if one invokes a parametric model for the
ICM.
The projected measurements for tSZ and kSZ are re-

lated to the 3D radial profiles Pe and ne by

y(✓d) =
�T

mec2

ˆ
LOS

Pe

✓q
l2 + d2A(z)|✓d|2

◆
dl, (6)

and

Measure 1-halo / 2-halo term → diffuse gas 
Bin in redshift 
Split populations 
SZ from quasars 

Virial theorem for gas: 

→ Constrain Pnon-th as a function of radius, hydro mass bias 
→ Constrain energy injected through feedback
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• Evidence for kSZ with ACTPol and velocity 
reconstruction from BOSS arXiv:1510.06442 

• KSZ powerful baryometer: abundance, profile 

• Constrain non-thermal pressure and energy injection 
with kSZ & tSZ 

• CMB S4 and DESI will increase the S/N to ~100  
→ bin in mass/type/color 

• Requires large aperture CMB telescope

Summary: kSZ & gas physics in clusters 

http://arxiv.org/abs/1510.06442


Thank you!


