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Abstract: The Sunyaev-Zeldovich (SZ) effect was first predicted nearly five decades ago, but has
only recently become a mature tool for performing high resolution studies of the warm and hot ion-
ized gas in and between galaxies, groups, and clusters. Galaxy groups and clusters are powerful
probes of cosmology, and they also serve as hosts for roughly half of the galaxies in the Universe.
In this white paper, we outline the advances in our understanding of thermodynamic and kinematic
properties of the warm-hot universe that can come in the next decade through spatially and spec-
trally resolved measurements of the SZ effects. Many of these advances will be enabled through
new/upcoming millimeter/submillimeter (mm/submm) instrumentation on existing facilities, but
truly transformative advances will require construction of new facilities with larger fields of view
and broad spectral coverage of the mm/submm bands.



1 Introduction

Structures such as galaxies, groups, clusters, and the cosmic web filaments that connect them con-
tain a warm or hot (> 10° K), gravitationally-bound component that dominates their baryon count.
In such structures — from individual galaxies to galaxy clusters — this gas informs us about the total
mass, composition, accretion history, and role of AGN feedback, while filaments comprising the
cosmic web are expected to host the majority of the so-called ‘missing baryons’ at redshifts z < 3
(i.e. when the Universe was ~20% its present age) [1-4]. Galaxy groups and clusters are powerful
probes of cosmology, and they also serve as hosts for roughly half of the galaxies in the Uni-
verse. As discussed here, a suite of secondary anisotropies in the cosmic microwave background
(CMB), due to Thomson scattering by free electrons and known as the Sunyaev-Zeldovich (SZ)
[5-7] effects, can provide useful, redshift-independent probes of the ionized gas that makes up the
dominant and optically invisible baryonic component of the Universe [8, for a recent review].

In massive systems (M,;,=> 10 M), the thermal SZ (tSZ) effect is typically strongest. The
tSZ effect is proportional to the integrated thermal pressure of the gas along the line-of-sight,
thus providing a direct calorimetric probe of the thermal energy content of the ionized gas in
the intracluster, intragroup, circumgalactic, and warm-hot intergalactic media (ICM, 1IGrM, CGM
& WHIM). Generally more challenging to observe is a Doppler shift in the primary CMB that
measures the mass-weighted velocity of the gas along the line-of-sight known as the kinetic SZ
(kSZ) effect. Further, the impact of relativistic corrections to the tSZ effect [e.g., 9, 10] can become
significant for gas 2> 5 keV [11, 12], providing an X-ray-independent probe of temperature in
massive galaxy clusters out to the redshift of formation. Fig. 1 shows the tSZ and kSZ effects
and the impact of relativistic effects (rSZ) as a function of frequency v. In the coming decade,
high-resolution, multi-frequency observations of the SZ effects will provide new insights into the
thermodynamic and kinematic properties of the ICM, IGrM, CGM, and WHIM, especially in the
low-density regions in the outskirts of dark matter halos and their connection to the cosmic web
throughout the epochs of galaxy and cluster formation.
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2 Probing Thermal Structure and Evolution of the Universe

What are the thermodynamic states of the ICM, IGrM, CGM, and WHIM? When do they
first form, and how do they evolve? How do they impact star formation and galaxy evolution?

ICM Thermodynamics: Measurements of the tSZ effect will provide important information about
the thermodynamic structure of the ICM, including the impacts of feedback, bulk and turbulent
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motions, substructure, and cluster asphericity. Since the total thermal energy content is determined
primarily by the gravitational potential of the cluster, the integrated tSZ effect signal, Ygyz, serves as
a robust proxy for total mass [e.g., 13—18]. However, despite the robustness of Y5y as a mass proxy,
there can be large deviations from self-similarity, particularly during ubiquitous cluster mergers -
the most energetic events since the Big Bang [19]. These cluster mergers can induce significant
tSZ and kSZ effect substructure through compression [20, 21] and bulk and turbulent motion [22].

Thanks to the advances of high-angular-resolution imaging experiments, it is just now be-
coming possible to study the evolution of — and characterize pressure substructures in — the ICM
through tSZ effect studies, assessing the impact on cluster cosmology. Substructures detected
through the tSZ effect are related to gas compression driven by merger events associated with in-
falling substructure. Fig. 2 shows one such example, revealing the offset between the peaks of
the tSZ effect, X-ray, and strong lensing signals in the merging of a subcluster in RX J1347.5-
1145 [23], each providing complementary views of the thermodynamic properties of ICM and the
distribution and nature of dark matter (e.g. the self-interaction cross-section).

Figure 2: Left: ALMA+ACA image (~5" res-
olution) of RX J1347.5-1145 with X-ray con-
tours overlaid. Right: Substructure in the tSZ
effect signal revealed after subtraction of a
mean profile excluding the SE quadrant. Lens-
ing contours are overlaid, revealing the loca-
tion of the dark matter component. Figures
T30 1347300 280 T30 1347300 280 from [23].

Measuring Gas Temperature using relativistic corrections to the tSZ: In the near future, an
exciting prospect for studying mergers and ICM substructure will also come from improved con-
straints on the rSZ. The rSZ can provide a redshift-independent direct measurement of the gas
temperature, approximately weighted by electron pressure (n.b. this is independent of X-ray spec-
troscopy, which for comparison is weighted by the X-ray emission, which scales as density-
squared). This topic is explored in more detail in the white paper by Basu & Erler et al.

44:42.0

Declination

-11:45:36.0

Constraining Models of AGN feedback: High-resolution, multi-frequency SZ effect observa-
tions also promise to provide new insights into the physics of feedback from supermassive black
holes and its impact on the evolution of groups/clusters, and thus probe different mechanisms
thought to suppress runaway cooling flows [e.g. 24-26]. The right panel of Fig. 3 shows the re-
cent CARMA 30 GHz measurements of the AGN-inflated radio bubbles (X-ray cavities, left) in
MS0735.6+7421 (2 = 0.21), indicating the lack of a tSZ decrement from these features [27].
Further, a recent ALMA study of the SZ effect from the hyperluminous quasar HE 0515-4414
constrain the ratio of the kinetic luminosity of the thermal wind (containing particles with ener-
gies ~few keV) to the bolometric luminosity of the quasar to only ~ 0.01% [28], suggesting that
thermal winds alone cannot be the dominant feedback mechanism in quasar host galaxies.
Although previous X-ray measurements indicate that cavities could in principle be supported
by plasma that is too hot and diffuse to emit in the X-ray band [29-32], the lack of a tSZ decrement
from these cavities begins to constrain their composition and suggests that, if thermal, the gas
should be at temperatures > 100 keV. Therefore, non-thermal cosmic-ray electrons and protons
are likely the primary support mechanism [33-35]. One exciting prospect is that by covering more
of the SZ increment, one could directly probe non-thermal deviations from the SZ effect (see e.g.
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[8, 33, 36, 37]). Unraveling the nature of AGN feedback thus drives a few key instrumentation
requirements: 1) higher sensitivity, as most bubbles have enthalpies (and SZ signals) 2-4 orders of
magnitude lower than those in MS0735.6, 2) broad spectral coverage of the mm/submm bands, and
3) sufficient spatial dynamic range to resolve more typical (few arcsec) bubbles while recovering
the bulk SZ effect signal from the entire cluster (generally on scales of 10'-30/).

© 6 Figure 3: Chandra X-
BERNTC ° B:  ray (left) and CARMA

537 ) ° 30 GHz S/N (right) maps of
o MS0735.6. White contours
on right delineate the radio
-8 bubbles; black are from
59 _ X-ray, showing the cavity
105 kpe 74°1300° positions. Panels from
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Testing Galaxy Formation Models with CGM observations: From galaxies to galaxy clusters,
the effects of feedback leave an imprint on their tSZ effect profiles, and should be measurable using
large samples [e.g., 38—42]. Feedback effects are particularly strong in the inner regions of lower
mass systems, and have been observed by stacking large samples of clusters, groups, and even
galaxies [43]. Such measurements, if extended to lower mass regimes, will strongly constrain the
subgrid models used to describe galaxy formation and AGN feedback in cosmological simulations
(see the white paper by Battaglia & Hill et al.). Ultimately, the stacking measurements of today
will become the radially-averaged and direct imaging measurements of tomorrow.

Probing the Missing Baryons and Low-Overdensity Environments: Since the tSZ effect de-
pends linearly on density (c.f. X-ray surface brightness, which drops as density-squared), it has
long been promoted as a tool for probing the low density gas in and accreting from cosmic web
filaments. These regions are particularly important for revealing the environmental properties that
drive the quenching of star formation in galaxies [44]. Recent works have begun to fulfill this,
putatively detecting the WHIM [45—47] and virial shock in a cluster’s outskirts [48]. While current
subarcminute-resolution instruments are limited to 1’—6’ scales, in order for this avenue of research
to advance to direct imaging measurements, large fields of view probing out to and beyond the
virial radius (~ few Mpc h™!, typically 10’30’ at intermediate and high redshift) at high spatial
dynamic range are required. In such low temperature regions, the kSZ effect can be expected to
play an increasingly important role (see the white paper by Battaglia & Hill et al. & [49-52]).

3 Shocks, Mergers & Turbulence in the Growth of Structure

What are the kinematic properties of ICM, IGrM, and CGM plasma? What is the level of
bulk and turbulent gas motions and how do they impact hydrostatic mass estimates?

Constraining Kinematics of Warm-Hot Gas with tSZ and kSZ effects: Modern cosmological
hydrodynamical simulations make firm predictions for the mass accretion histories of dark mat-
ter halos and the bulk and turbulent gas motions generated by mergers and the accretion process
through the hierarchical growth of structure [e.g., 53-57]. Deep tSZ effect observations of merging
systems can help address several outstanding questions in ICM, IGrM and CGM physics. Resolved
measurements of the tSZ effect are well suited to probing shocks (pressure discontinuities) and
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distinguishing the nature of fluctuations in the ICM (adiabatic vs. isobaric). This has been demon-
strated in deep, targeted measurements over the past decade, such as those from ALMA/ACA
[23, 58-60], MUSTANG [61-65], GISMO [66], NIKA [67-70], as well as several Planck obser-
vations of very nearby systems [48, 71, 72]. An example from [73] of NIKA’s measurements of
the tSZ effect substructure in a spectacular merging system is shown in Fig. 4, where the most sig-
nificant SZ decrement reveals the hottest cluster gas, as confirmed by X-ray spectroscopy [63, 73].

) e g "°2%  Figure 4: NIKA constraints on
ol . bE o1 I MACS J0717.5, using 150 & 260 GHz
ol ‘ ' c ‘. “..4 [fos  to reconstruct the tSZ (left) and kSZ

45 00°f 00 Qﬁl D = | |leo (right) effect signals and to clean for
50°f ! |l,, contaminants. The tSZ effect map

44 00" - reveals 7, > 18 keV gas , while
7 m"’th s k- th « N " the kSZ effect map reveals gas with
cEnt(Z: ::A. :: 1703?08'03?)% +37 45 00.0 i: ::A. :j 17§?o(c)hr)3(|)3ec +37 45 00.0 U ™ 3000 km/s. Figures are from [73]

Detecting Cluster Mergers and Bulk Motions with kSZ effect: The ability of kSZ effect to
uniquely measure the peculiar velocity of a system with respect to the CMB (i.e. the most univer-
sal reference frame) provides a complementary view on mergers driven by the growth of structure.
This is well illustrated in the Bolocam and NIKA constraints for MACSJ0717.5+3745, which ex-
hibits a line-of-sight velocity of v, ~ 3000 km/s for one particular subcluster. Fig. 4 (right) shows
the highest resolution kSZ effect measurement to date, using NIKA on the IRAM 30-meter tele-
scope. Work has been done to extend such measurements to other systems and larger samples [e.g.
74, 75], the latter of which has placed constraints on the global RMS gas motion (at 1’ resolution)
for a sample of 10 massive clusters. Future measurements of the kSZ effect will provide unique
constraints on bulk and turbulent gas motions, especially in the outskirts of high-redshift clusters.
These forthcoming measurements will be particularly complementary to upcoming X-ray missions
like XRISM, Athena, and Lynx [76-78], which will focus on similar measurements in the inner
and intermediate regions of galaxy clusters in the low-redshift, more local universe.

y(10®) o
: | Figure 5: Left: The Planck y-map
of the Coma cluster. Right: Resid-
os uals after subtracting the average
o Compton y profile, used to place
constraints on the turbulent Mach
numbers in the cluster outskirts via
tSZ effect power spectral fluctua-
15 tions [79].
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Probing Turbulence with ICM fluctuations: The study of ICM fluctuations presents a relatively
new tool for understanding the energetics of ICM interactions [80-84]. While usually applied
to X-ray data, recent work demonstrates the potential for the application of this method to tSZ
measurements, despite only probing fluctuations at the shallow level of (y) ~ 1075 (see Fig. 5,
right; [79]). The spectral normalization is linearly related to the ICM turbulent Mach number
(and thus non-thermal pressure support). The slope of the SZ power spectrum is uniquely sensi-
tive to thermal conduction and can determine whether density fluctuations seen in X-ray imaging
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are adiabatic [79] or isobaric [23, 60]. Further, the power spectrum of kSZ variations may give
an additional constraint on turbulence, and provide key corrections to mass estimates assuming
hydrostatic equilibrium [85] (see white paper by Bulbul+).

4 Prospects for the Next Decade

How do we continue this rapid pace of development? How can we make a truly transforma-
tive advance in SZ observations?

While theorized only shortly after the discovery of both the CMB [86] and X-ray emission from
galaxy clusters [87, 88], observations of the SZ effect have only matured within the last decade
to a level suitable for precise astrophysical studies. Through the continued and rapid advances
of mm/submm instrumentation, the SZ effect will strengthen its position of providing a unique
window on the astrophysics of the warm and hot ionized ICM, IGrM, CGM, and WHIM and their
applications to cosmology, particularly at high-z.

Recently fielded and upcoming instruments with subarcminute resolution — such as ALMA &
ACA, CCAT-p, CONCERTO, MUSTANG?2, ngVLA, NIKA2, TIME, and TolTEC [see 89-93] —
will significantly advance the state of the art. However, most of these high-resolution instruments
have modest fields of view (typically < 5'), which will limit their ability to study the outskirt
regions of galaxy clusters and other low-density environments. This is especially true for interfer-
ometers lacking a significant single-dish component (e.g. ALMA!, ngVLA, SKA). Similar to the
7-meter ACA component of ALMA, the inclusion of a compact array would partially mitigate this
issue for the ngVLA [94]. However, further ngVLA studies found that a single-dish with diameter
> 45-meters (2 3x that of the interferometric array elements) is required to access larger scales
with good fidelity and high spatial dynamic range [95, 96].

Large single dish facilities covering the mm/submm bands (e.g. 70 — 500 GHz) must therefore
continue to be developed and supported. The 100-m GBT, for instance, could host a 90 GHz tSZ
camera with a 15’ instantaneous field of view (FoV), improving both its spatial dynamic range and
mapping speed. Similarly, a significant upgrade of the optics on the 50-m Large Millimeter Tele-
scope (LMT) could expand its FoV to ~10-15’, while additional improvements could be made by
extending its frequency coverage beyond the 3 bands now being built for TOITEC [97]. Such a new
generation of SZ instruments would build on the successes and lessons of the current instruments,
probing scales from 10’s of kpc to those nearly as large as the cluster virial radius (> 1 Mpc)
across the epoch of cluster formation (z < 2). In addition, broader spectral coverage, particularly
at higher frequencies (= 350 GHz), is needed for detailed velocity and temperature studies with
the kSZ and rSZ effects, and also for removing contamination from dust emission [12, 75].

A significant leap in SZ science capabilities will require a large aperture (2 30 meter), large
FoV (2 1 degree), multi-frequency mm/submm telescope, such as the Atacama Large Aperture
Submm/mm Telescope (AtLAST; see [98—102]), Large Submm Telescope (LST; see [103]), Cha-
jnantor Sub/millimeter Survey Telescope (CSST; see [104, 105]), or CMB in High-Definition
(CMB-HD; see [106]). With an instantaneous FoV at least 225 x that of the 50-m LMT and the
better atmospheric transmission of an intrinsically drier site > 5000 meters above sea level [107], a
mapping speed at least 500x greater can be expected for such facilities, enabling a transformative
leap in sample size and serving as an invaluable complement to future X-ray facilities.

"While ALMA technically includes a single-dish component, it lacks a method to modulate the signal rapidly
enough to recover faint , continuum signals (e.g. using a chopper or nutator), and the antenna optics limit any instru-
mental upgrades to only a few beams at most.


http://atlast-telescope.org
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