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ABSTRACT

Context. Mechanical feedback from active galactic nuclei is thought to be the dominant feedback mechanism quenching cooling flows
and star formation in galaxy cluster cores. It, in particular, manifests itself by creating cavities in the X-ray emitting gas, which are
observed in many clusters. However, the nature of the pressure supporting these cavities is not known.
Aims. Using the MUSTANG-2 instrument on the Green Bank Telescope (GBT), we aimed to measure thermal Sunyaev-Zeldovich
(SZ) effect signals associated with the X-ray cavities in MS0735.6+7421, a moderate-mass cluster that hosts one of the most energetic
active galactic nucleus outbursts known. We used these measurements to infer the level of nonthermal sources of pressure that support
the cavities, such as magnetic fields and turbulence, as well as relativistic and cosmic ray components.
Methods. We used the preconditioned gradient descent method to fit a model for the cluster, cavities, and central point source directly
to the time-ordered data of the MUSTANG-2 signal. We used this model to probe the thermodynamic state of the cavities.
Results. We show that the SZ signal associated with the cavities is suppressed compared to the expectations for a thermal plasma
with temperatures of a few tens of keV. The smallest value of the suppression factor, f , that is consistent with the data is ∼0.4, lower
than what has been inferred in earlier work. Larger values of f are possible once the contribution of the cocoon shock surrounding
the cavities is taken into account.
Conclusions. We conclude that in the “thermal” scenario, when half of the pressure support comes from electrons with a Maxwellian
velocity distribution, the temperature of these electrons must be greater than ∼100 keV at 2.5σ confidence. Alternatively, electrons
with nonthermal momentum distribution could contribute to the pressure, although existing data do not distinguish between these two
scenarios. The baseline model with cavities located in the sky plane yields a best-fitting value of the thermal SZ signal suppression
inside cavities of f ∼ 0.5, which, at face value, implies a mix of thermal and nonthermal pressure support. Larger values of f (up to
1, i.e., no thermal SZ signal from the cavities) are still possible when allowing for variations in the line-of-sight geometry.

Key words. galaxies: clusters: individual: MS0735.6+7421 – galaxies: clusters: intracluster medium – cosmic background radiation

1. Introduction

The majority of baryons in galaxy clusters reside in the diffuse
intracluster medium (ICM). As baryons fall into clusters they are

heated by shocks and compression, while simultaneously radiat-
ing away energy in the form of X-ray radiation (Fabian 1994).
Thus, in the absence of other processes, the cluster cores will
radiate away all their heat in a short period of time. However,
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while X-ray observations of clusters reveal emission from the
ICM, there is a notable deficit of soft X-rays, corresponding
to temperatures of .1 keV (Peterson & Fabian 2006), as com-
pared to predictions. One potential solution to this problem is
that some process is injecting energy into the ICM and reheating
it. Numerous mechanisms may provide this heating, but feed-
back by active galactic nuclei is believed to play the primary
role (Churazov et al. 2000; McNamara & Nulsen 2007, 2012;
Gaspari et al. 2020; Hlavacek-Larrondo et al. 2022).

Jets are the main drivers of ICM reheating, although the
exact mechanism is not clear yet. It is known that the jets, as
traced by their synchrotron emission, often terminate in radio
lobes that are coincident with depressions (cavities) in the X-ray
emission (Fabian 2012). The standard interpretation is that the
jets form plasma bubbles in the ICM, a view that is supported by
high-resolution hydrodynamical simulations (Sternberg & Soker
2009; Gaspari et al. 2011; Ehlert et al. 2019). The nature of pres-
sure support for these cavities (or radio bubbles) is poorly under-
stood, and hence the means by which the energy from the jets
couples to the ICM is also poorly understood. Broadly, the sup-
port mechanisms can be broken down into two categories: ther-
mal and nonthermal. In the thermal support case, under the
assumption of thermal equilibrium between the bubbles and the
surrounding ICM, since the electron number density in the bub-
bles must be low (as evidenced by their low X-ray emission),
the gas must be very hot to sustain the bubbles via pressure
support. In the nonthermal case, the pressure might be due to
a combination of relativistic protons, electrons, and magnetic
fields.

Observations of the thermal Sunyaev-Zeldovich (SZ) effect
(Sunyaev & Zeldovich 1970, 1972) provide a powerful com-
plement to X-ray observations. Since the thermal SZ effect is
sensitive to the line-of-sight integrated electron pressure of the
ICM, it can distinguish the classical thermal pressure scenario
from nonthermal pressure and relativistic electron populations
(Colafrancesco et al. 2003; Colafrancesco 2005; Pfrommer et al.
2005; Mroczkowski et al. 2019; Yang et al. 2019). Magnetic
fields and ions do not contribute to the thermal SZ effect, while
relativistic effects suppress the thermal SZ decrement. As a
result, the thermal SZ signal from bubbles supported by non-
thermal pressure will be suppressed. Conversely, thermally sup-
ported bubbles are relatively unsuppressed in the thermal SZ
support scenario, unless the supporting particles are extremely
hot (see Sect. 3.5).

MS 0735.6+7421 (hereafter MS0735) is a galaxy cluster at
a redshift of z = 0.216. It is notable for hosting two of the
largest known X-ray cavities, nearly 200 kpc across, sourced
by one of the strongest known radio outbursts in the Universe
(McNamara et al. 2005). The immense size of these cavities
allowed McNamara et al. (2005) to place strong constraints on
the mechanical energy needed to create them, and hence the
mechanical strength of the central radio source. This in turn
firmly established the plausibility of radio outbursts as a mecha-
nism for quenching cooling flows over long timescales.

Recently, Abdulla et al. (2019, hereafter A19) put constraints
on the pressure support of the bubbles in MS0735 using the
Combined Array for Research in Millimeter-wave Astronomy
(CARMA). As shown in, for example, McNamara et al. (2005),
Vantyghem et al. (2014), Biava et al. (2021), and Bégin et al.
(2022), the X-ray cavities in MS0735 correspond to radio-bright
bubbles, indicating the presence of relativistic plasma. A19
found nearly complete suppression of the SZ signature of the
bubbles at the 30 GHz observation frequency of the CARMA
observations reported in Abdulla et al. (2019); this implies non-

thermal pressure support, or else thermal support by electrons
with temperatures of at least kTe & 150 keV. In this work, we
build upon the work by A19 by observing MS0735 with the
MUSTANG-2 instrument on the 100 m Green Bank Telescope
(GBT). Observing at 90 GHz, MUSTANG-2 has comparable
resolution (∼9′′) to CARMA but higher sensitivity.

The paper is structured as follows. An overview of the data
is provided in Sect. 2. In Sect. 3 we discuss the pressure pro-
file fits across the cavities. We offer an interpretation in Sect. 4,
and in Sect. 5 we provide conclusions. To facilitate comparison
with A19, we adopt a Λ cold dark matter concordance cosmol-
ogy with ΩΛ = 0.7 and H0 = 70 kms−1 Mpc−1 throughout the
work. At the redshift of the cluster (z = 0.216), the 9′′ beam
corresponds to 32 kpc.

2. Data

MUSTANG-2 is a 90 GHz bolometer camera on the GBT
with ∼9′′ resolution and a 4.2′ instantaneous field of view
(Dicker et al. 2014; Stanchfield et al. 2018). The combination of
resolution and field of view makes it well matched to MS0735,
where the bubbles are ∼1′ in diameter, as compared to the 9′′
beam, and the cluster profile has a characteristic radius of ∼2′
(Vantyghem et al. 2014, hereafter V14).

Observations are saved as time-ordered data (TODs). To
calibrate and preprocess the TODs, we used the MUSTANG-
2 Interactive Development Language (IDL) pipeline MIDAS
(Romero et al. 2020). The raw TODs are read and interpo-
lated onto common timestamps and then calibrated. The cali-
bration is obtained from regular observations (every 20 min) of
strong point sources interspersed with observations of the clus-
ter. MIDAS then flags data from bad detectors as well as spikes
due to, for example, glitches and cosmic rays.

MUSTANG-2 spent 14 h (∼50.4 ksec) observing MS0735
for projects AGBT21A_123 and AGBT19A_092. The resulting
image is shown in the left panel of Fig. 1.

3. Analysis

To fit the data, we constructed a model comprising both the bulk
pressure distribution and the bubble regions, as well as the cen-
tral compact (point) source. We then fit this model directly to
the TODs using the Preconditioned conjugate Gradient Descent
(PGD) method as implemented in the Minkasi map-making
code1. The PGD method iteratively minimizes an objective func-
tion, in our case the likelihood of a model, by computing the
gradient of that function and then “stepping” in the opposite
direction of the gradient. The PGD method is computationally
very fast and allows complicated models such as ours to be fit
in a reasonable amount of time. In general, we followed A19,
both in our choice of model and in the specific model param-
eters, where applicable. The model parameters themselves are
generally derived from fitting to X-ray data as described in V14
(right panel of Fig. 1).

3.1. ICM model

The distortion to the cosmic microwave background (CMB)
intensity due to the thermal SZ effect is given in terms of the

1 https://github.com/sievers/minkasi
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Fig. 1. MS0735 in the SZ and X-ray. Left: MUSTANG-2 image of MS0735.6+7421 in units of µKcmb. The image is smoothed by a 1 pixel Gaussian
(6′′), yielding an effective resolution of 9.5′′. Right: exposure-corrected broadband (0.5–7.0 keV) Chandra X-ray image of MS0735.6+7421
using the same ∼500 ksec of data reported in V14. The image is binned 2 × 2 pixels from the native resolution of 0.496′′and smoothed by a
0.984′′Gaussian. Dashed white contours correspond to the signal to noise of the decrement seen in the MUSTANG-2 image (left), smoothed by
2 pixels, and are at a signal-to-noise ratio S/N = −(1, 2, 3). The green contours correspond to 338 MHz continuum radio emission as traced by
VLITE (resolution 21.5′′× 16.2′′) and trace the jets. At z = 0.216, the 1′ scale bar corresponds to 212 kpc.

reduced frequency x ≡ hν
kbTcmb

(Sunyaev & Zeldovich 1970) by

∆Iν ' I0 y
x4ex

(ex − 1)2

(
x

ex + 1
ex − 1

− 4
)

≡ I0 y g(x), (1)

where

I0 =
2(kbTcmb)3

(hc)2 (2)

and g(x) encapsulates the spectral distortion of the thermal SZ
effect, while y = (σT/mec2)

∫
Pe d` is called the Compton-y

parameter (see, e.g., Carlstrom et al. 2002; Mroczkowski et al.
2019 for reviews). Here, Pe is the electron pressure, and ` is the
path along the line of sight through the cluster. We note that at
the MUSTANG-2 observing frequency, 90 GHz, the thermal SZ
signal appears as a deficit in the CMB background.

Following A19, we modeled the global ICM pressure distri-
bution in MS0735 as an elliptical double beta model, where a
single beta model has the form

Pe = Pe,0

1 +
x2

1

r2
1

+
x2

2

r2
2

+
x2

3

r2
3

 −3β
2

, (3)

where Pe,0 is the pressure amplitude and ri are the core radii for
each spatial direction. The profile is also rotated with respect to
the standard right ascension (RA) and declination (Dec) coordi-
nate axes. The predicted Compton-y surface brightness is then
given by Eq. (1), where the integral is along the line-of-sight
axis, x3. The double beta model is then the sum of two beta mod-
els with different core radii, amplitudes, and betas. We assumed
that the profiles have the same center RA and Dec, have the same
ellipticity, and make the same angle with respect to the RA–Dec
coordinate axis. As for the particular values of the model param-
eters, we used the X-ray-identified RA and Dec, the ellipticity
and positional angle, and the X-ray profile exponents β1 and β2
from V14. Following A19, we derived r1 and r2 by requiring

that their geometric mean be equal to the corresponding core
radii from V14 and that their ratio equal the projected axis ratio
from the same. The line of sight radius r3 is not directly con-
strained by the available data. As such, we considered two sce-
narios, one where r3 = r1 and another where r3 = r2, which
form an exploratory range for r3. The amplitudes of the two beta
models are free parameters. The chosen beta model values are
summarized in Table 1.

3.2. Compact source

A radio-bright compact source lies at the center of MS0735, cor-
responding to the active galactic nucleus itself. At the 9′′ resolu-
tion of MUSTANG-2, the source is unresolved, and we modeled
it as a point source. We first fit the point source, treating the
position (RA and Dec), half width, and amplitude as free param-
eters. Then we performed the full joint fit of the ICM profile,
bubbles, and point source, fixing the RA and Dec and half width
of the point source to the values found previously, but keeping
the amplitude as a free parameter. The final, fixed values for the
RA and Dec were RA = 07h41m44.6s and Dec = +74◦14′39.3′′,
and the half width was 2′′.7.

3.3. Radio lobe emission

Contamination of the SZ signal by radio emission is a distinct
possibility, especially as cavities are frequently coincident with
the radio lobes. The radio emission associated with M0735 is
shown in the right panel of Fig. 1, where we overlay 338 MHz
radio contours from the VLA Low-band Ionosphere and Tran-
sient Experiment (VLITE; Clarke et al. 2016; Polisensky et al.
2016) on the X-ray data. The jets are seen to terminate at the
location of the cavities. To assess the potential risk of contam-
ination, we followed A19 in estimating the flux using a power-
law spectrum, S ∝ ν−α. The VLA-measured flux densities were
720 mJy at 327 MHz and 11.7 mJy at 1.4 GHz within the lobes
(Bîrzan et al. 2008); fitting these two points to a power law yields
a spectral index of ∼2.8 and an estimated flux at 90 GHz of

L6, page 3 of 9
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Table 1. Summary of the ICM model parameters and their sources.

Parameter Source Description Value

RA V14 RA of MS0735 07h41m44.5s

Dec V14 Dec of MS0735 +74◦14′38.7′′

r1
1 V14 Semimajor axis of outer profile 341 kpc

r1
2 V14 Semiminor axis of outer profile 249 kpc

r1
3 A19 Line-of-sight axis of outer profile 249 or 341 kpc
β1 V14 Slope of outer profile 0.98
A1 N/A Amplitude of outer profile Free parameter
r2

1 V14 Semimajor axis of inner profile 167 kpc
r2

2 V14 Semiminor axis of inner profile 122 kpc
r2

3 A19 Line-of-sight axis of inner profile 122 or 167 kpc
β2 V14 Slope of inner profile 0.98
A2 N/A Amplitude of inner profile Free parameter
θ V14 Angle of MS0735 97◦

Notes. The RA and Dec are the same for the two beta profiles. The superscript 1 denotes the outer beta profile, and the superscript 2 denotes the
inner. Note that we set r1

3 and r2
3 to either the respective major or minor axis simultaneously. In other words, we did not set, e.g., r1

3 = r1
2 , r

2
3 = r2

1 . θ
is measured counterclockwise from the RA axis.

0.08 µJy, far below our noise level (∼10 µK). From earlier obser-
vations, Cohen et al. (2005) found lobe emission that was about
twice as high but a similarly steep spectral index that also made
a negligible contribution. Consequently, we did not include radio
lobe emission in our model.

3.4. Shock

MS0735 is known to have an elliptical shock front. We modeled
the cocoon shock as an enhancement of the pressure within the
shock, including within the bubbles, by a uniform amount. This
amount is parameterized by the Mach number,M, which was a
fit parameter. We took the shock geometry from V14. To confirm
the SZ detection of the shock, we performed fits both with and
without the shock enhancement.

3.5. The bubbles

We treated the bubbles by taking the geometry from the X-ray
data. We assumed that the SZ signal within the bubbles is uni-
formly suppressed by some factor f ; that is, if the Compton-
y signal for the double beta profile is given by h(x, y, z), then
inside the bubble it is given by (1 − f )h(x, y, z). From the X-ray
data, we approximated the bubbles as spherical in shape with
radius 100 kpc ' 30′′ (V14). When calculating the model, we
multiplied the signal for all points within the bubbles by a sup-
pression factor 0 ≤ f ≤ 1, which is a free parameter of the
model and allowed us to differentiate between the bubbles. We
note that the positions of the bubbles along the line of sight are
unknown; we assumed them to be in the plane of the sky (see
Sect. 5 for a discussion of the effect of moving the cavities out
of the plane of the sky). The bubble parameters are summarized
in Table 2.

In order to interpret these suppression factors, we had to con-
vert them into electron temperatures. In both the thermal and
nonthermal scenarios discussed in Sect. 1, the electrons con-
tribute to the SZ signal. We therefore wanted to calculate the
expected SZ signal, g̃(T, x), in these two scenarios and compare
them to the expected signal in the bubble regime if the ICM were
unperturbed, g(T , x), where both spectra are functions of the

Table 2. Fixed coordinates and radii for the two bubbles.

Bubble ∆RA ∆Dec Radius
′′ ′′ ′′

Northeast −15 43 30
Southwest 21 −51 30

Notes. The values were taken from V14.

100 101 102 103

kTe (keV)

0.0

0.2

0.4

0.6

0.8

1.0

f

Thermal

Fig. 2. Suppression factor f vs. kT for the thermal support case. f = 1
means complete suppression, i.e., no SZ signal from the bubbles, while
f = 0 means no suppression, i.e., the signal within the bubble is identi-
cal to the global ICM signal. The blue band shows the best fit f with 1σ
uncertainties for the lowest f case considered in Sect. 4, correspond-
ing to thermal pressure support by electrons with temperatures of at
least 100 keV. The dashed line shows the lowest value consistent with
Abdulla et al. (2019) to 1σ.

electron temperature, T , and the reduced frequency, x ≡ hν
kbTcmb

.
The suppression factor is then f = 1 − g̃

g . The full derivation is
given in Appendix A. The results of this derivation, which is f as
a function of temperature in the thermal case and lower momen-
tum cutoff in the nonthermal case, are shown in Fig. 2.

If the suppression factor is near 0, then the signal from the
bubbles is consistent with the global ICM profile, that is to say,
the gas in the bubbles is in thermal pressure equilibrium. When
the suppression factor is near one, then there is no SZ signal
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Table 3. Summary of the results of the various fitting routines we completed.

TOD subtract β1 M r3 fNE fSW TNE (keV) TSW (keV) Significance

Yes 1.35 ± 0.05 0 r1 0.88 ± 0.09 0.66 ± 0.09 1300+3700
−650 325+200

−100 8.54
Yes 1.38 ± 0.05 0 r2 0.67 ± 0.06 0.51 ± 0.07 350+125

−75 175+75
−25 8.60

No 1.09 ± 0.03 0 r1 0.76 ± 0.06 0.49 ± 0.07 550+350
−250 175+50

−50 8.94
No 1.13 ± 0.03 0 r2 0.59 ± 0.05 0.38 ± 0.06 250+100

−50 100+35
−25 9.00

Yes 0.98 0 r1 0.73 ± 0.09 0.51 ± 0.09 475+325
−150 175+100

−50 6.89
Yes 0.98 0 r2 0.54 ± 0.07 0.38 ± 0.07 200+75

−50 105+35
−30 6.47

No 0.98 0 r1 0.70 ± 0.07 0.44 ± 0.07 400+200
−100 135+40

−25 8.42
No 0.98 0 r2 0.53 ± 0.05 0.33 ± 0.06 200+50

−40 85+25
−20 8.03

Yes 0.98 1.7 ± 0.1 r1 0.81 ± 0.08 0.59 ± 0.08 750+650
−275 250+100

−75 8.22
Yes 0.98 1.8 ± 0.1 r2 0.69 ± 0.06 0.51 ± 0.07 400+125

−100 175+75
−40 9.15

No 0.98 1.05 ± 0.04 r1 0.71 ± 0.07 0.45 ± 0.07 425+175
−125 140+50

−35 6.98
No 0.98 1.14 ± 0.04 r2 0.57 ± 0.05 0.37 ± 0.06 225+60

−35 100+30
−25 7.10

Notes. “TOD subtract” indicates whether the estimated elevation synchronous signal was subtracted from the data or not (see Sect. 4). β1 is the
power law for the outer beta profile: if no uncertainty is given, then it was fixed in that model; if an uncertainty is given, then it was a free parameter.
M is the Mach number; if it is 0, then the shock was not included in that fit. The column r3 indicates whether the line-of-sight core radius was set
to the semimajor (r1) or semiminor (r2) core radius. fNE and fSW are the suppression factors for the northeast and southwest bubbles, respectively.
TNE and TSW are the implied temperatures in the bubbles assuming full pressure support; it is the temperature implied by f as shown in Fig. 2. For
each model, an F-test was performed between that model and the same model without cavities. The significance of this test is reported in the last
column.

from the bubble, which in turn implies either that the support
is nonthermal or that the electrons in the bubbles are very hot
(&100 keV).

3.6. Bowling

Residual elevation-dependent noise has been observed in some
MUSTANG2 data, which we refer to as “bowling”. As an object
moves throughout the course of an observation, this noise is
essentially rotated about the center of the observation, convert-
ing the elevation-dependent noise into a radial gradient. This
leads to large-scale features on the order of the size of the maps
(>8′). This effect has been observed before in MUSTANG-2
data (Dicker et al. 2020). Similar to Dicker et al. (2020), we off-
set some pointings from the cluster center. In the case of the
AGBT19A_092 observations, some pointings were offset to the
south, while in AGBT21A_123 we followed Dicker et al. (2020)
in using a mix of central pointings as well as four pointings off-
set by 1.5◦. However, this was not able to completely remove
the bowling. To further mitigate it, we then fit a second-order
polynomial to the elevation versus the signal for each TOD and
estimated the elevation synchronous signal. We then subtracted
this polynomial from the data before estimating the noise. We fit
our model to the data both when this TOD subtraction was per-
formed and when it was not. This is similar to the method used in
Dicker et al. (2020) to remove residual bowling, the only differ-
ence being that we first subtracted the common mode from the
TODs before fitting the second-order polynomial. In general, the
results from the subtracted and un-subtracted TODs are in agree-
ment. The bowling should also be down-weighted as noise in the
fitting procedure via the noise estimation routines in Minkasi.
The bowl’s characteristic scale is the map scale, ∼6′, and so it
should not influence the parameter estimation for features near
the center of the map with relatively smaller angular scales, such
as the bubbles.

4. Results

Due to our inability to constrain the line-of-sight geometry of
MS0735, we had to consider a variety of scenarios for that geom-
etry. As discussed in Sect. 3.1, we set the line-of-sight core radii,
r3, to equal either the semimajor (r1) or semiminor (r2) core
radii. This provides an exploratory range for the suppression fac-
tors, bracketing the most extreme cases; in other words, both
inner and outer profiles have r3 = r1 or both have r3 = r2. Sim-
ilarly, we fit models both with and without enhancement of the
SZ signal from the cocoon shock. Finally, we also considered
both models where the outer profile slope, β1, was fixed to the
value from V14 (0.98) and ones where it was a free parameter of
the model. We considered every permutation of TOD subtraction
and r3 = r1 or r2. We could not fit for both β1 and M simulta-
neously as the two parameters are degenerate within the shock
envelope, and the observations lack the signal to noise outside
the envelope to break that degeneracy.

We also investigated the effect of moving the bubbles along
the line of sight. We took the permutations with shocks with the
highest and lowest suppression factors (see Table 3) and reran
them with the bubbles offset at 15, 30, 45, 60, and 75◦ from
the plane of the sky. The results are shown in Fig. 3. In gen-
eral, the suppression increases with increasing angle. This makes
sense, as moving the bubble along the line of sight moves it into
more tenuous areas of the ICM. As a result, the integrated pres-
sure of the bubble is lower, and thus the suppression within the
bubble must be higher to produce the same effect. The effect
ranges up to a 60% increase in f for the most extreme angles,
although a 20% increase is typical for more moderate angles.
While this does not completely degrade our ability to distinguish
between support scenarios (our lowest suppression factor is still
inconsistent with 1 at ∼4σ), it does reinforce the need for mul-
tiwavelength SZ observations to disentangle the effects of dif-
ferent pressure support scenarios from the effect of line-of-sight
geometries. Of note, for this plot we enforced f ≤ 1; we also ran
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Fig. 3. Suppression factor, f , as a function of the line-of-sight angle,
with θ = 0 being in the plane of the sky and θ = 90 lying along the
z-axis. Shown is the f for both the northeast and southwest cavities
for the scenarios in Table 3 that include shocks with the highest and
lowest suppression factors. Explicitly, they are: with shock, r3 = r1,
and with TOD subtraction; and with shock, r3 = r2, and without TOD
subtraction. In general, f increases with increasing θ, although we do
not completely lose our ability to distinguish between pressure support
scenarios, e.g., we can still rule out f = 1 for the southwest cavity in
the r3 = r2 without TOD subtraction.

fits without that enforcement. The suppression factor remained
consistent with f ≤ 1 within uncertainties. Had it not, it would
have indicated that some of our geometrical assumptions, either
about the bubbles or the ICM profile, were incorrect.

The results of these fits are given in a systematic way in
Table 3, and a plot of the data and the residuals of the data for
one of our models is shown in Fig. 4. The left plot shows the
MUSTANG-2 observations of MS0735. The right plot shows
the residuals of the data with the TOD subtracted, with shock,
r3 = r1 variation. Of all these permutations, the most directly
comparable to A19 are those with β1 = 0.98 and without TOD
subtraction or the shock enhancement. These should be consid-
ered the baseline, while the permutations serve as a consistency
check.

We consistently find higher suppression factors in the north-
east bubble as compared to the southwest bubble. The fNE values
range from 0.53−0.88, while fSW ranges from 0.33−0.66. For
both the northeast and southwest bubbles, the resulting suppres-
sion factors indicate that if the pressure support in the bubbles
is thermal, it must be coming from electrons with temperature
&100 keV. Including the shock raises the suppression factors by
about 1σ with respect to models without the shock.

To quantify the success of our model, for each variation pre-
sented in Table 3 we fit a model in the same way with the same
parameters, except with the bubble suppression fixed to f = 0.
For each variation, we then performed an F-test between the
variation and its corresponding no-bubble model. We list the sig-
nificances in Table 3. They should not be used to select between
the models; it is only to show that all variations significantly
improve the fit as compared to the same model without bubbles.

5. Discussion and conclusions

For all of the variations we considered, support by thermal elec-
trons with temperatures .10 keV ( f ' 0.06) is excluded by
at least 4.5σ. The lowest possible suppression factor at 2σ is
f = 0.33−2 × 0.06 = 0.21, roughly correlating to thermal sup-
port from electrons at ∼50 keV, and that is only for the southwest

bubble. For the northeast bubble, pressure support by thermal
electrons with a temperature of 100 keV ( f ' 0.37) is excluded
at 2.5σ, while the lowest temperature not excluded at 2σ is
∼125 keV.

While our best fit suppression factors were significantly
lower than those found in A19, our findings still support their
general conclusions that if the bubbles in MS0735 are sup-
ported by thermal pressure, the plasma in the northeast bubble
must be at least2 ≥205+60

−50 keV. Alternatively, the cavities may
be supported by particles with a nonthermal momentum dis-
tribution, or the support may be provided by magnetic fields
(Braithwaite 2010) or by turbulence or dynamical pressure (e.g.
Wittor & Gaspari 2020). A broad range of nonthermal pressure
support mechanisms have the potential to suppress the thermal
SZ signal, including up to complete suppression ( f = 1). Of
course, the work here cannot rule out a combination of thermal
pressure support with other sources of pressure support.

In general, when we fixed our outer beta to the value reported
in V14, we recovered lower suppression factors than when we
made β1 a fit parameter. When β1 was a free parameter, we
favored steeper values than V14, and, correspondingly, our fit
amplitude was higher. This leads to the outer beta profile being
∼20% larger in amplitude at the radius of the bubbles, and cor-
respondingly requires a higher suppression factor to fit the data.
Since the free β model is a strict superset of the fixed β model,
we could again apply an F-test to determine whether the fit
values of β are preferred over the V14 at a statistically signif-
icant level. These results can be found in Table 4. In all cases,
we find statistically significant support for the higher fit values
of β. The significance is stronger when the TODs have been
bowling-subtracted, which may indicate some degree of degen-
eracy between the outer profile β and the bowling effect. As such,
and to have a direct comparison to A19, we report fits with both
a fixed and fit β.

Similarly, we computed the significance of our shock detec-
tion via an F-test comparison with the corresponding no-shock
model. The results are given in Table 5. With the TOD subtrac-
tion, the shock detection is significant at the ∼13σ level, while
without the subtraction it is not significant. This may be because
the bowling is of comparable scale (∼3′) to the shock front.

While in general our models, due to the assumptions made
in our analysis, do not require complete suppression of the SZ
signal within the bubbles, we cannot rule it out. For example, if
the line-of-sight core radius were to be larger than the semimajor
axis of either of the axes in the plane of the sky, then the actual
suppression would be higher than the highest results presented
here. Similarly, our assumption that the bubbles are in the plane
of the sky places them at the maximum possible SZ signal given
their angular location. If they are not in the plane of the sky, then
the integrated SZ signal from the bubbles would be lower than
assumed by our model, and hence our fit suppression factor will
be biased low.

In this work we have demonstrated the capability of
MUSTANG-2 to constrain the thermal content of cavities in the
ICM of a cluster. While the typical cavity is significantly smaller
than those in MS0735 (∼2−10′′ in Hlavacek-Larrondo et al.
2015), other clusters with large cavities would likely also
prove to be good candidates for MUSTANG-2 observations.
Looking to the near future, the upcoming TolTEC experiment
(Wilson et al. 2020) will undertake observations of clusters with

2 Note the conversion from suppression factor to temperature is highly
nonlinear, so while, e.g., the 1σ constraint is 155 keV, the 2σ constraint
is not 105 keV but 115 keV.
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Fig. 4. Signal-to-noise ratio (S/N) map for MS0735 for the data (left) and residual of the data minus the TOD with shock r3 = r1 variation (right),
which is the ninth variation listed in Table 3. The contours are at steps of S/N = 1. The cross indicates the cluster center, and the circles show
the X-ray-identified bubble locations. The white circle in the bottom left shows the MUSTANG-2 beam. The noise at the center of the maps is
∼10 µK.

Table 4. Statistical significance of the improvement of fit as determined
by an F-test for freeing the outer slope, β1, for various combinations of
TOD subtraction and r3 values.

TOD subtract β1 r3 Significance

Yes 1.35 ± 0.05 r1 13.23
Yes 1.38 ± 0.05 r2 15.27
No 1.09 ± 0.03 r1 6.68
No 1.13 ± 0.03 r2 8.49

Notes. In general, the fit is improved at a statistically significant level;
however, there may be a degeneracy between the bowling of the maps
and β1. See the discussion in Sect. 5.

Table 5. Statistical significance of the improvement of fit as determined
by an F-test for adding the shock enhancement for various combina-
tions of TOD subtraction and r3 values.

TOD Subtract M r3 Significance

Yes 1.7 ± 0.1 r1 10.38
Yes 1.8 ± 0.1 r2 12.91
No 1.05 ± 0.04 r1 2.02
No 1.14 ± 0.04 r2 4.71

Notes. The inclusion is very statistically significant when TOD subtrac-
tion is performed, but marginal when it is not. This may be because the
bowling is of comparable scale to the shock, and hence without TOD
subtraction we have difficulty detecting the shock.

cavities with sufficient resolution (∼5′′) to resolve many cav-
ities. TolTEC will also provide a multi-chroic view of clus-
ters, which may prove useful for distinguishing between support
mechanisms (Colafrancesco et al. 2003; Colafrancesco 2005).
Farther south, Atacama Large Millimeter submillimeter Array
(ALMA) continues to provide the potential to observe cavi-
ties, with the caveat that they have (subarcminute) scales acces-
sible after interferometric filtering by ALMA; in the longer-
term, upcoming and proposed facilities such as Square Kilome-
tre Array (SKA) and the Atacama Large Aperture Submillimeter
Telescope (AtLAST; Klaassen et al. 2020) will provide a more
complete view. Specifically, future high-resolution observations
spanning ν ∼ 30−500 GHz will able to obviate the geometrical
effects discussed above by directly probing the full SZ spectrum
of the bubbles.

Acknowledgements. MUSTANG-2 is supported by the NSF award number
1615604 and by the Mt. Cuba Astronomical Foundation. This material is based
upon work supported by the Green Bank Observatory. GBT data were acquired
under the project IDs AGBT21A_123 and AGBT19A_092. The Green Bank
Observatory is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc. The National Radio
Astronomy Observatory is a facility of the National Science Foundation oper-
ated under cooperative agreement by Associated Universities, Inc. This research
was enabled in part by support provided by SciNet (https://www.scinethpc.
ca/) and Compute Canada (https://www.computecanada.ca). The scientific
results reported in this article are based on observations made by the Chandra
X-ray Observatory. Basic research in Radio Astronomy at the Naval Research
Laboratory is funded by 6.1 Base funding. Construction and installation of
VLITE was supported by the NRL Sustainment Restoration and Maintenance
fund. Massimo Gaspari acknowledges partial support by NASA Chandra GO9-
20114X and HST GO-15890.020/023-A, and the BlackHoleWeather program.
We thank the referee for comments that helped improve the work presented.

References
Abdulla, Z., Carlstrom, J. E., Mantz, A. B., et al. 2019, ApJ, 871, 195
Bégin, T., Hlavacek-Larrondo, J., Rhea, C. L., et al. 2022, MNRAS, submitted,

ArXiv e-prints [arXiv:2202.01235]
Biava, N., Brienza, M., Bonafede, A., et al. 2021, A&A, 650, A170
Bîrzan, L., McNamara, B. R., Nulsen, P. E. J., Carilli, C. L., & Wise, M. W. 2008,

ApJ, 686, 859
Braithwaite, J. 2010, MNRAS, 406, 705
Carlstrom, J. E., Holder, G. P., & Reese, E. D. 2002, ARA&A, 40, 643
Churazov, E., Forman, W., Jones, C., & Böhringer, H. 2000, A&A, 356, 788
Clarke, T. E., Kassim, N. E., Brisken, W., et al. 2016, in Ground-Based and

Airborne Telescopes VI, eds. H. J. Hall, R. Gilmozzi, & H. K. Marshall, SPIE
Conf. Ser., 9906, 99065B

Cohen, A. S., Clarke, T. E., Feretti, L., & Kassim, N. E. 2005, ApJ, 620, L5
Colafrancesco, S. 2005, A&A, 435, L9
Colafrancesco, S., Marchegiani, P., & Palladino, E. 2003, A&A, 397, 27
Dicker, S. R., Ade, P. A. R., Aguirre, J., et al. 2014, in Millimeter, Submillimeter,

and Far-Infrared Detectors and Instrumentation for Astronomy VII, eds.
W. S. Holland, & J. Zmuidzinas, SPIE Conf. Ser., 9153, 91530J

Dicker, S. R., Romero, C. E., Di Mascolo, L., et al. 2020, ApJ, 902, 144
Ehlert, K., Pfrommer, C., Weinberger, R., Pakmor, R., & Springel, V. 2019, ApJ,

872, L8
Enßlin, T. A., & Kaiser, C. R. 2000, A&A, 360, 417
Fabian, A. C. 1994, ARA&A, 32, 277
Fabian, A. C. 2012, ARA&A, 50, 455
Gaspari, M., Melioli, C., Brighenti, F., & D’Ercole, A. 2011, MNRAS, 411,

349
Gaspari, M., Tombesi, F., & Cappi, M. 2020, Nat. Astron., 4, 10
Hlavacek-Larrondo, J., McDonald, M., Benson, B. A., et al. 2015, ApJ, 805,

35
Hlavacek-Larrondo, J., Li, Y., & Churazov, E. 2022, ArXiv e-prints

[arXiv:2206.00098]
Klaassen, P. D., Mroczkowski, T. K., Cicone, C., et al. 2020, SPIE Conf. Ser.,

11445, 114452F
McNamara, B. R., & Nulsen, P. E. J. 2007, ARA&A, 45, 117

L6, page 7 of 9

https://www.scinethpc.ca/
https://www.scinethpc.ca/
https://www.computecanada.ca
http://linker.aanda.org/10.1051/0004-6361/202244547/1
https://arxiv.org/abs/2202.01235
http://linker.aanda.org/10.1051/0004-6361/202244547/3
http://linker.aanda.org/10.1051/0004-6361/202244547/4
http://linker.aanda.org/10.1051/0004-6361/202244547/5
http://linker.aanda.org/10.1051/0004-6361/202244547/6
http://linker.aanda.org/10.1051/0004-6361/202244547/7
http://linker.aanda.org/10.1051/0004-6361/202244547/8
http://linker.aanda.org/10.1051/0004-6361/202244547/8
http://linker.aanda.org/10.1051/0004-6361/202244547/9
http://linker.aanda.org/10.1051/0004-6361/202244547/10
http://linker.aanda.org/10.1051/0004-6361/202244547/11
http://linker.aanda.org/10.1051/0004-6361/202244547/12
http://linker.aanda.org/10.1051/0004-6361/202244547/13
http://linker.aanda.org/10.1051/0004-6361/202244547/14
http://linker.aanda.org/10.1051/0004-6361/202244547/14
http://linker.aanda.org/10.1051/0004-6361/202244547/15
http://linker.aanda.org/10.1051/0004-6361/202244547/16
http://linker.aanda.org/10.1051/0004-6361/202244547/17
http://linker.aanda.org/10.1051/0004-6361/202244547/18
http://linker.aanda.org/10.1051/0004-6361/202244547/18
http://linker.aanda.org/10.1051/0004-6361/202244547/19
http://linker.aanda.org/10.1051/0004-6361/202244547/20
http://linker.aanda.org/10.1051/0004-6361/202244547/20
https://arxiv.org/abs/2206.00098
http://linker.aanda.org/10.1051/0004-6361/202244547/22
http://linker.aanda.org/10.1051/0004-6361/202244547/22
http://linker.aanda.org/10.1051/0004-6361/202244547/23


A&A 667, L6 (2022)

McNamara, B. R., & Nulsen, P. E. J. 2012, New J. Phys., 14, 055023
McNamara, B. R., Nulsen, P. E. J., Wise, M. W., et al. 2005, Nature, 433, 45
Mroczkowski, T., Nagai, D., Basu, K., et al. 2019, Space Sci. Rev., 215,

17
Peterson, J. R., & Fabian, A. C. 2006, Phys. Rep., 427, 1
Pfrommer, C., Enßlin, T. A., & Sarazin, C. L. 2005, A&A, 430, 799
Polisensky, E., Lane, W. M., Hyman, S. D., et al. 2016, ApJ, 832, 60
Romero, C. E., Sievers, J., Ghirardini, V., et al. 2020, ApJ, 891, 90
Stanchfield, S., Ade, P., Aguirre, J., et al. 2018, in American Astronomical

Society Meeting Abstracts, 231, 322.05

Sternberg, A., & Soker, N. 2009, MNRAS, 398, 422
Sunyaev, R. A., & Zeldovich, Y. B. 1970, Comm. Astrophys. Space Phys., 2,

66
Sunyaev, R. A., & Zeldovich, Y. B. 1972, Comm. Astrophys. Space Phys., 4, 173
Vantyghem, A. N., McNamara, B. R., Russell, H. R., et al. 2014, MNRAS, 442,

3192
Wilson, G. W., Abi-Saad, S., Ade, P., et al. 2020, SPIE Conf. Ser., 11453,

1145302
Wittor, D., & Gaspari, M. 2020, MNRAS, 498, 4983
Yang, H. Y. K., Gaspari, M., & Marlow, C. 2019, ApJ, 871, 6

L6, page 8 of 9

http://linker.aanda.org/10.1051/0004-6361/202244547/24
http://linker.aanda.org/10.1051/0004-6361/202244547/25
http://linker.aanda.org/10.1051/0004-6361/202244547/26
http://linker.aanda.org/10.1051/0004-6361/202244547/26
http://linker.aanda.org/10.1051/0004-6361/202244547/27
http://linker.aanda.org/10.1051/0004-6361/202244547/28
http://linker.aanda.org/10.1051/0004-6361/202244547/29
http://linker.aanda.org/10.1051/0004-6361/202244547/30
http://linker.aanda.org/10.1051/0004-6361/202244547/31
http://linker.aanda.org/10.1051/0004-6361/202244547/31
http://linker.aanda.org/10.1051/0004-6361/202244547/32
http://linker.aanda.org/10.1051/0004-6361/202244547/33
http://linker.aanda.org/10.1051/0004-6361/202244547/33
http://linker.aanda.org/10.1051/0004-6361/202244547/34
http://linker.aanda.org/10.1051/0004-6361/202244547/35
http://linker.aanda.org/10.1051/0004-6361/202244547/35
http://linker.aanda.org/10.1051/0004-6361/202244547/36
http://linker.aanda.org/10.1051/0004-6361/202244547/36
http://linker.aanda.org/10.1051/0004-6361/202244547/37
http://linker.aanda.org/10.1051/0004-6361/202244547/38


J. Orlowski-Scherer et al.: MUSTANG-2 imaging of MS0735.6+7421

Appendix A: The suppression factor

The derivation of the suppression factor in the thermal case
follows closely from A19, Colafrancesco et al. (2003), and
Enßlin & Kaiser (2000). Given the number density of electrons,
ne, in the cavities, the optical depth of the cavities is

τcav = σT

∫
cav

ned`, (A.1)

where the subscript cav indicates that the integration is per-
formed over the cavity and d` indicates that it is along the line
of sight. We can then determine the change in SZ flux den-
sity by considering the difference δi(x) = j(x)τcav − i(x)τcav.
Here, i(x) is the Planck distribution, and its product with τ
determines the scattering of photons from x to other frequen-
cies, while j governs the scattering of photons to x from
other frequencies. From Enßlin & Kaiser (2000), j is given
by

j(x) =

∫ inf

0
dt

∫ inf

0
P(t; p)i(x/t) fe(p)dp, (A.2)

where P(t; p) is the photon redistribution function for a mono-
energetic electron distribution and fe(p) is the electron momen-
tum spectrum. We used the analytic form of P(t; p) derived in the
appendix of Enßlin & Kaiser (2000). We can now rewrite δi(x)
in terms of the the SZ spectral shape, g(x), and the spectrum for
the electron distribution within the cavity as

δi(x) = [ j(x) − i(x)]τcav = ycavg̃(x), (A.3)

where ycav is the amplitude of the Compton-y in the cavity, which
is given by Enßlin & Kaiser (2000):

ycav =
σ

mec2

∫
nekT̃ed` (A.4)

for kT̃e = Pe
ne

. We note that Pe is the electron pressure, not the
electron redistribution function. We can then further write an
expression for g̃(x):

g̃(x) = [ j(x) − i(x)]
mec2

〈kT̃e〉
, (A.5)

where kT̃e is the pseudo-temperature, which is equal to the tem-

perature in the thermal case and is defined by 〈kT̃e〉 =

∫
nekT̃ed`∫

ned`
.

Now we can write an equation for the suppression factor, f .
Following the assumptions established above – that the cavities
are spherical and centered on the plane of the sky, and that the
Compton-y profile in the bubbles is the same as outside modulo
the suppression factor – we have

δi(x) = [ycl − ycav]g(x) + ycavg̃(x). (A.6)

Factoring out g(x) and defining f ≡ 1 − g̃(x)
g(x) ,

δi(x) = (ycl − f ycav)g(x). (A.7)

We can now connect our observed suppression factor, f , to the
underlying electron temperature via the modified Compton-y
spectrum, g̃(x). In order to compute g̃, we need an expression
for fe, the electron momentum spectrum. Using a thermal distri-
bution,

fe,th(p) =
βth

K2(βth)
p2e−βth

√
1+p2

, (A.8)

yields the correct expression for the SZ effect. Here, Kx is the
modified Bessel function and βth = mec2

kTe
.

Putting this all together, we arrive at a full analytic expres-
sion for the suppression factor as a function of temperature in
the case of thermal pressure support: this is the curve shown in
Fig. 2.
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