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Quest for Sunyaev-Zel’Dovich effect from the
cosmic web at high resolution with MISTRAL
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Abstract. Baryonic matter, according to observations, accounts for 5% of our Universe.
Half of this is undetected, and this discrepancy is known as “missing baryons problem”.
Simulations predict that baryons could reside in the form of warm-hot intergalactic medium
that consitutes a component of cosmic filaments, in a low-density, low-temperature state,
thus difficult to observe. A tool to detect these baryons is the Sunyaev-Zel’Dovich effect
arising from the interaction between cluster outskirts and the cosmic microwave back-
ground. Merging clusters are particularly interesting because their filaments are com-
pressed, increasing their signal-to-noise ratio. Recent ground-based experiments allowed
the study of filaments to arcminute scales. However, interesting science resides at small
scales (10-20"), explorable with high resolution millimeter cameras. Here we present the
status of the field and discuss future obervations with the new MISTRAL camera, that will
be an excellent instrument for the study of cosmic filaments.
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1. Introduction

The current paradigm in cosmology is the
ACDM model, which has been extremely suc-
cessful to date, being able to explain a wide
range of phenomena with only 6 free parame-
ters. Measurements of the cosmic microwave
background (CMB) provided excellent esti-
mates of these parameters (Aghanim et al.
2020), giving an insight on the fundamental
composition of the universe. From these mea-
surements we know that most of our universe
is composed of dark energy and dark matter,
while ordinary matter, or baryons, represent a
mere 5% of the total mass-energy density. The
baryon fraction is well constrained from these
high-redshift measurements. However, when
adding up all the baryons detectable in the late
universe, a discrepancy is observed, as almost
half of the baryons are undetected (Fukugita
et al[{1998). The leading explanation for this
discrepancy, supported by simulations, is that
a significant part of the baryons reside outside
galaxy clusters, in the filaments that form the
“cosmic web” (Cen & Ostriker[2006)). The cos-
mic web is a low-density, low-temperature en-
vironment, thus baryons are in a state known as
warm-hot intergalactic medium (WHIM). Due
to its physical characteristics, WHIM is dif-
ficult to detect. Indeed, the low temperature
(10° —107K) and density (6 = 5—500") greatly
suppress the X-ray bremsstrahlung emission,
while the faint magnetic field does not pro-
duce significant synchrotron emission. X-ray
absorption studies, using cosmic beacons such
as blazars, quasars or gamma-ray bursts after-
glows (Tejos| 2016)), also allows the charac-
terization of missing baryons. However, this
method can not be used for large scale map-
ping. A complementary probe is the ther-
mal Sunyaev-Zel’Dovich effect (Sunyaev &
Zeldovich||1980) (tSZ), an anisotropic spectral
distortion of the CMB produced by the scat-
tering between low energy photons and high
energy electron populations, like in the intra-
cluster medium (ICM) or in cosmic filaments.
The spectral distortion has a peculiar spectral
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age density of the universe at its redshift.

shape and has the unique characteristic of pro-
ducing a negative temperature signal at fre-

quencies below 217 GHz:
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where x = hv/(kgTcup), v is the frequency,
h is the Planck constant, kg is the Boltzmann
constant, Tcyp is the temperature of the
CMB, and y is the comptonization parame-
ter, which is proportional to the product be-
tween electron density n, and electron tem-
perature T, integrated along the line-of-sight
(LOS) (Mroczkowski et al.[2019):
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where o is the Thomson scattering cross-
section, m, is the electron mass and c is the
speed of light.

2. Filaments between clusters

An interesting environment in which it is pos-
sible to characterize WHIM is in the outskirts
of pre-merger clusters. In this situation, a pri-
mordial filament can be compressed by the
merging clusters, increasing their pressure thus
their tSZ signal and X signal, allowing the
structure to be directly observed. From now
on we will refer to filaments between inter-
acting clusters as “bridges”. The first detec-
tions of individual bridges using the tSZ effect
were reported by the Planck satellite at a res-
olution of 10’ (Ade et al.|2013)). These detec-
tions included some known pairs of interacting
clusters, most notably A401-A399 and A3391-
A3395. In the first pair, a joint analysis with
X-ray data provided an estimate of the elec-
tron temperature and density, which was found
to be consistent with simulations. The same
region was also studied in the radio domain,
showing the presence of a radio “ridge” be-
tween the clusters (Govoni et al.[2009; [Murgia
et al|2010). Although A399-A401 is a rather
unique system, it represents a great labora-
tory to characterize the WHIM using a multi-
instrument, multi-wavelength approach, given
the large amount of independent observations.
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Another approach that was successfully ap-
plied to Planck data is stacking a large number
of candidate interacting systems in order to in-
crease the SNR and detect an average excess
signal between clusters (de Graaff et al.|2019;
Tanimura et al.| [2019; |Singari et al.| [2020).
Another example is the other notable detection
by Planck, the A3391-A3395 system, that was
observed in great detail by the eROSITA X-ray
telescope with unprecedented depth and sensi-
tivity (Reiprich et al.[2021). This observation
allowed the distinction between hot ICM and
warm, primordial gas. Due to the complexity
of the system, the 10’ resolution provided by
Planck is rather inadequate, as the clusters are
separated by 37", corresponding to few beams,
and it does not allow a full, spatially resolved
characterization.

3. High resolution tSZ observations

Observations provided by Planck gave the first
tentative detections of warm-hot gas residing
outside galaxy clusters. For a better charac-
terization, higher resolution observations are
required. An interesting example is still the
A399-A401 cluster system, that was observed
at arcminute resolution (1.65”) by the Atacama
Cosmology Telescope (ACT), providing the
deepest tSZ observation of the system to date.
The higher resolution allowed a better untan-
gling of the bridge signal from cluster pressure
profiles, that was detected with a significance
better than 50-. Additionally, this observation
provided a better understanding of the 3D ori-
entation of the system, which is not trivial to
derive in most cases |[Hincks et al.| (2021)).
Many other cluster pair candidates reside at
higher redshift with separation of few arcmin-
utes, thus being barely resolved by ACT |Hilton
et al.| (2021). For this reason it is useful to ob-
serve them at higher resolution (10”) using
millimeter cameras on large, single dish radio
telescopes.

3.1. State of the art

Few instruments with such capabilities exist
in the world. In the W band (75-110 GHz),
the state of the art is the MUSTANG-2 cam-

era (Dicker et al.[[2014) at the 100m Green
Bank Telescope (GBT), providing a 4.2 field
of view (FOV) and a resolution of 9.5”
(Orlowski-Scherer et al.|2022). Another cam-
era working in the W-band is the 100 GHz
MKID Camera (Honda et al.[2023) at the 45 m
Nobeyama Telescope, with a FOV of 3. The
latest deployed instrument of this kind is the
MISTRAL camera at the 64 m Sardinia Radio
Telescope (SRT), see section [ Other no-
table instruments, working at higher frequen-
cies, are TolITEC (Wilson et al.|[2020) at the
50m Large Millimeter Telescope, NIKA2 at
the 30 m IRAM telescope (Perotto et al.[2020).
See Table [1] for further details. Although in-
terferometers provide higher resolution, their
field of view is small (< 1’), and makes large
maps unfeasible because of the long observa-
tion time needed. For this reason, single dish
cameras are highly complementary to inter-
ferometers in tSZ observations (Mroczkowski
et al.[2019).

3.2. Cluster and filaments at sub-arcmin
resolution

Observations of clusters and filaments at high
resolution can provide a deep understanding of
the dynamics and thermodynamics of the ICM.
In Hincks et al.| (2021)), observations at a res-
olution of 12.7” with MUSTANG-2 gave an
estimate of the amplitude of the pressure fluc-
tuations in the A401 cluster and in the bridge
region. The low amplitude of these fluctuations
is compatible with a relaxed cluster, supporting
the pre-merger scenario and a primordial ori-
gin of the filament between them. Untangling
the dynamical state of the cluster and deter-
mining if it is relaxed or non relaxed is a very
complex task, and high resolution observations
are needed to break this degeneracy. The ob-
servation of sub-structures in clusters and fila-
ments like shocks and cold fronts is also inter-
esting for the understanding of the dynamics of
a cluster and its outskirts. A notable example
of a shock observed with the tSZ effect is the
candidate merger shock in the El Gordo galaxy
cluster, at a redshift of ~ 0.9, that was ob-
served at a resolution of 3-6”” by the ALMA in-
terferometer (Basu et al.|[2016). Similar struc-
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Table 1. State of the art instruments for high resolution tSZ observations.

Instrument Frequency [GHz] resolution [’]  FOV [’]
MUSTANG-2 90 9 4.2
MISTRAL 90 12.2 4
NIKA2 150/260 18/11 6.5
TolTEC 150/220/270 9.5/6.3/5 4
Nobeyama 100 GHz 100 16.7 3

tures in clusters at lower redshift are accessible
by the single dish cameras mentioned before
(Mroczkowski et al.[2019). Another interesting
example is the candidate shock in the A399-
A401 system that was tentatively detected in
X-rays by the Suzaku satellite (Akamatsu et al.
2017). This shock is located in the bridge re-
gion and runs parallel to it. It was not de-
tected by ACT because of the insufficient res-
olution, but an observation with MUSTANG-2
or MISTRAL could provide useful and com-
plementary information to strengthen its detec-
tion and its nature. In this case, an high resolu-
tion camera could play the same role that ACT
had played for Planck.

4. High resolution tSZ with MISTRAL

The Mlllimeter Sardinia radio Telescope
Receiver based on Array of Lumped ele-
ments KIDs (MISTRAL) is a new W-band
camera, that was installed in May 2023 at
the gregorian focus of the SRT, and is cur-
rently undergoing the technical commission-
ing (Battistelli et al.[2023blal). The receiver ob-
serves at *90 GHz with an array of 415 Kinetic
Inductance Detectors (KIDs) in lumped con-
figuration (LEKIDs) that fill a diffraction lim-
ited focal plane of *90 mm in diameter, cor-
responding to ~4’ in the sky (Paiella et al.
2022 2023}; (Cacciotti et al.|[2023)). The detec-
tors are cooled down to 200—240 mK by a four
stage cryostat (Coppolecchia et al.|2023)), cus-
tom built with strict requirements on weight
and size (Fig. [T). The MISTRAL camera at
the focus of the SRT provides a resolution of

~12"". During the laboratory characterization
phase, we used noise time-streams acquired
with a background of 300K as a worst-case
scenario for the background that will hit the
KIDs at the radio telescope, and we used it
to estimate the noise equivalent flux density,
equal to 2.8 mJy /s. This estimate assumes a
complete removal of the correlated noise due
to the atmosphere. The efficiency of the atmo-
spheric removal depends on the scanning strat-
egy, as well as the filtering and map-making
pipeline, and will be further characterized dur-
ing the commissioning phase. As a preliminary
estimate, by re-scaling data obtained at SRT at
22 GHz, we found a range of values between 5-
15 mly +/s. This reflects into a mapping speed
of 170 — 1500 arcmin®/mJy?/h (Isopi et al.
2023}, |Perotto et al.|[2020).

5. Conclusions

High resolution observations at 10" repre-
sent a step forward in the understanding of the
dynamics and thermodynamics of clusters and
cosmic filaments, because of the high spatial
resolution (tens of kpc) achievable. MISTRAL,
a new receiver installed in May 2023 at the
gregorian focus of SRT, will provide this res-
olution. It observes the W-band sky at a res-
olution of 12" using an array of 415 Kinetic
Inductance Detectors, sampling a diffraction
limited focal plane that spans 4’ in the sky.
The mapping speed presented in section
is comparable to other state of the art in-
struments: NIKA?2 reports a mapping speed
of 1400/110 arcminz/mJyz/h at 150/260 GHz
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Fig. 1. CAD drawing of MISTRAL, showing its main subsystems dD’AIessandro et al.||2022|).

(Perotto et al.| [2020), MUSTANG-2 reports

~ 500arcmin”/mJy“/h at 90 GHz
2021)). This mapping speed allows MISTRAL
to observe wide areas of the sky in few hours
of observations, down to a sensitivity of ~mly.
This sensitivity can also be translated into
a Compton-y sensitivity, by integrating the
tSZ spectral distortion over the MISTRAL
band. This can also be expressed in terms of
Compton-y sensitivity Ay ~ 2 x 107> in 1h of
integration time (Isopi et al|[2023). Very few
instruments of this kind exist in the world, and
only two other instruments operate in the same
frequency band at similar resolution. For this
reason, MISTRAL will provide a precious new
stream of data to the tSZ science community.
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