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Abstract

We present the first results of a deep Chandra observation of the galaxy cluster RBS 797 whose previous X-ray
studies revealed two pronounced X-ray cavities in the east-west (E-W) direction. Follow-up VLA radio
observations of the central active galactic nucleus (AGN) uncovered different jet and lobe orientations, with radio
lobes filling the E-W cavities and perpendicular jets showing emission in the north—south (N=S) direction over the
same scale (=30 kpc). With the new ~427 ks total exposure, we report the detection of two additional, symmetric
X-ray cavities in the N-S direction at nearly the same radial distance as the E-W ones. The newly discovered N-S
cavities are associated with the radio emission detected at 1.4 and 4.8 GHz in archival VLA data, making RBS 797
the first galaxy cluster found to have four equidistant, centrally symmetric, radio-filled cavities. We derive the
dynamical and radiative ages of the four cavities from X-ray and radio data, respectively, finding that the two
outbursts are approximately coeval, with an age difference of $10 Myr between the E-W and N-S cavities. We
discuss two scenarios for the origin of the two perpendicular, equidistant cavity systems: either the presence of a
binary AGN that is excavating coeval pairs of cavities in perpendicular directions or a fast (<10 Myr) jet
reorientation event that produced subsequent, misaligned outbursts.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Intracluster medium (858); Radio continuum
emission (1340); Active galactic nuclei (16)

1. Introduction found in pairs, can observationally be associated with bright
rims of cold gas (e.g., Vantyghem et al. 2014). Moreover,
cocoon shocks driven by the outburst and encompassing the
cavities have been detected with deep observations in some
clusters (e.g., Vantyghem et al. 2014; Liu et al. 2019).
Images of radio-filled cavities not only provide instant
snapshots of the cluster conditions, but can also unveil the
history of the AGN—ICM interaction: the detection of multiple
pairs of X-ray cavities, each excavated every few tens of Myr,

The impact of supermassive black hole (SMBH) activity in
brightest cluster galaxies (BCGs) on the surrounding intraclus-
ter medium (ICM) is best traced by surface-brightness
depressions, ripples, and filaments in the X-ray images of
galaxy clusters. In particular, the discovery of X-ray cavities
thought to be excavated by radio lobes launched from the
central active galactic nucleus (AGN) has built momentum in
the study of AGN feeding and feedback me.chamsms in coot traces the radio—X-ray interplay and the AGN duty cycle over
core galaxy clusters and groups (e.g., Boehringer et al. 1993; . .

) > . time (e.g., Dunn et al. 2005; Fabian et al. 2005; Hlavacek-

Churazov et al. 2000; McNamara et al. 2000; Fabian et al. . .. . .
2000: Birzan et al. 2004: Nulsen et al. 2005: Wise et al. 2007: Larrondo et al. 2015). In this context, obtaining precise estimates
Gitti ,et al. 2010. 2011 ’Ran dall et al. 201 5’_ McDonald et al’ of the outburst ages is crucial to address how the activity cycles
’ ; ’ ) ’ ’ of the central engine are coupled with the ICM thermodynamic
state (e.g., for reviews McNamara & Nulsen 2007, 2012; Gitti
et al. 2012; Fabian 2012; Soker 2016; Gaspari et al. 2020; Eckert

Original content from this work may be used under the terms .. . ..
of the Creative Commons Attribution 4.0 licence. Any further et al. 2021). Exquisite examples of multiple X-ray cavities have

distribution of this work must maintain attribution to the author(s) and the title been found by Chandra, with the various pairs either aligned
of the work, journal citation and DOIL. along a common axis (e.g., NGC 5813, Randall et al. 2015; MS

2015). These nearly circular depressions, which are typically
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0735, Biava et al. 2021; Hydra A, Wise et al. 2007) or
misaligned, following either jet reorientation (e.g., Cygnus A,
Chon et al. 2012) or cavity sideways motion in the ICM (e.g.,
Perseus, Falceta-Gongalves et al. 2010).

In light of the link between cavities and radio lobes, the
relative position of multiple cavity pairs can trace the direction
of the jets that excavated each depression. It has been proposed
that radio galaxies experiencing changes in jet direction could
be harboring binary SMBHs (e.g., Merritt & Ekers 2002): the
companion of the primary, accreting AGN can either induce
precession of the jet axis (e.g., Rubinur et al. 2018) or, if an
active itself, produce a secondary pair of jets (e.g., 3C75
Hudson et al. 2006). Jet reorientation in radio-active BCGs is
expected to affect the ICM conditions: large reorientation
angles or rapid jet direction changes could prompt an isotropic
distribution of heating (Cielo et al. 2018; Lu & Ricker 2020).

The galaxy cluster RBS 797 (R.A. 09:47:12.76, decl.
+76:23:13.74, 7 =10.354) is a perfect case study for investigat-
ing the above topics: an early Chandra observation (Cycle 2,
13.3 ks, Schindler et al. 2001) unveiled two deep X-ray cavities
in the east-west (E-W) direction surrounded by bright rims,
clearly confirmed with a longer observation (Cycle 8, 38 ks,
Cavagnolo et al. 2011; Doria et al. 2012). Multi-frequency
radio observations with VLA-disclosed radio emission with
different orientations—at 1.4 and 4.8 GHz—radio lobes
originating from the central AGN fill the X-ray cavities (at
~30kpc from the center, Gitti et al. 2006, 2013), and two
additional lobe-like extensions up to ~27 kpc are present in the
north—south (N-S) direction (i.e., with a ~90° misalignment
with regard to the E-W cavities, Gitti et al. 2006, 2013).

At subarcsec resolution, two pairs of kpc-scale jets oriented
in the E-W and N-S direction have been discovered at 4.8 GHz
(Gitti et al. 2013). Moreover, a short observation of the radio
core with the European VLBI Network (EVN) at 5 GHz
uncovered two compact components separated by ~77 pc (Gitti
et al. 2013). Combining these findings, Gitti et al. (2013)
suggested that either the central SMBH has experienced
reorientation events, producing subsequent outbursts in
perpendicular directions, or the BCG hosts a dual AGN, with
the two SMBHs launching jets in perpendicular directions
(coeval outbursts).

While further radio analysis of the nuclear region is required
to confirm whether the BCG hosts a dual AGN (dedicated
multi-frequency VLBI observations—EVN, eMerlin, and
VLBA—are currently being analyzed; PI: M. Gitti), RBS 797
lacks measurements of the various outbursts’ ages, and a direct
assessment of the N-S outburst imprints on the surrounding
ICM, which are crucial to understanding how the nuclear
activity is coupling with the cluster environment. These key
questions have driven the request for deeper Chandra data to
understand if the N-S radio emission is associated with shallow
X-ray cavities (missed by the existing images) and to probe
whether the multiple, misaligned AGN outbursts are very
efficiently heating the cluster core.

In this article we present the first results of the analysis of the
new Chandra Large Program observation of RBS 797 (Cycle
21 LP proposal, 420 ks; PI: M. Gitti), focusing on the X-ray
cavities and the AGN outburst history. A thorough invest-
igation of the whole cool core region will be presented in a
forthcoming paper (F. Ubertosi et al., in preparation).

We assume a ACDM cosmology with Hy=70kms™
Mpc~!, Q,,=0.3 and Q, =0.7, which gives a 1”7 =4.9kpc

1
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conversion at z=0.354. Uncertainties are reported at 1o. The

radio spectral index « is defined as S, x v~ .

2. The Data
2.1. X-Ray—Chandra

The new Chandra data for RBS 797 have been acquired in
VFAINT mode during Cycle 21 (ObsIDs: 22636, 22637, 22638,
22931, 22932, 22933, 22934, 22935, 23332, 24631, 24632,
24852, 24865), for a total exposure time of 409 ks. Adding the
previous observations (ObsIDs 2202, 7902), the overall exposure
reaches ~458 ks. Data have been reprocessed using CIAO-4.13
and CALDB-4.9.0. The wavdetect tool was used to obtain a
list of point sources, which were masked during the analysis.
After excluding the time intervals during background flares, the
cleaned exposure is ~427 ks. Background files were obtained
from blanksky-event files, reprojected to match the ObsIDs, and
normalized to the 9—12keV count rate of the observations.

2.1.1. Morphological Analysis

Mosaicked, exposure-corrected, background-subtracted images
of RBS 797 have been built using two energy bands (see
Figures 1(a), (b) and (c)). A soft-band (0.5-1.2 keV) image of the
cluster core was used to accentuate the cavities and the surrounding
rims. A total-band (0.5-7 keV) image was used to derive unsharp
masked and residual images and to measure the significance of the
depressions discussed in Section 3 (see Figure 2).

To produce an unsharp, masked image, we tested several
smoothing-scale combinations (between 1” and 5”). The unsharp
masked image in Figure 1(d) has been obtained by subtracting
two images, smoothed with a Gaussian of 1” and 3" kernel size,
respectively; this choice best emphasizes structures in the cluster
core. In particular, we verified that the X-ray cavities discussed
in Section 3 are recovered regardless of the specific choice;
therefore, we are confident that they are not spurious features. As
an alternative and complementary method to accentuate
morphological features, we modeled the emission of the ICM
with two elliptical 3 models on SHERPA and then subtracted it
off the image (e.g., McDonald et al. 2015; Calzadilla et al.
2019). The orientation and eccentricity of the two models were
left free to vary, while the centers were fixed to the X-ray peak.
The resulting residual image is shown in Figure 1(e).

2.2. Radio—VILA

To investigate the radio-plasma—ICM interaction, we relied
on the VLA data at 1.4 GHz (configuration A, B, and C; see
Gitti et al. 2006; Doria et al. 2012), and at 4.8 GHz
(configuration A and B, see Gitti et al. 2013), which best trace
the radio emission from the BCG.

Our main aim was to measure for the first time the spectral
index and radiative age of each AGN outburst. To do so, we re-
analyzed the archival data (using standard reduction procedures
in AIPS-31DEC20). The total intensity maps we produced are
consistent with those already published; therefore, the radio
contours used in this work are from Gitti et al. (2006, 2013). To
compute the spectral index we produced maps at 1.4 GHz and
4.8 GHz with the IMAGR task setting uniform weighting
(ROBUST = —5), matching uv range (2.8-176 k), and clean
beam size (176 x 171). Such maps were used to measure
fluxes and compute spectral indices in different regions (see
Section 3.3 and Figure 3).
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Figure 1. Exposure-corrected, background-subtracted, mosaicked Chandra images of RBS 797. (a) 0.5-7 keV image, with a white dashed box indicating the region
covered by the zoom-ins. Black contours are spaced by a factor of 2, with the highest being 4 x 107 ® cts s~ ' em ™2 (b) 0.5-1.2 keV image of the core; white labels
indicate the position of the X-ray cavities. (¢) 0.5-7 keV image of the core, with ellipses showing the shape of the E-W-N (Nf)-S cavities, and white dashed arcs
encompassing the rims (see text for details). Cyan contours at 4.8 GHz (rms = 0.01 mJy beam ', ~1/3 resolution; Gitti et al. 2013) show the morphology of the radio
galaxy. (d) Unsharp, masked image of RBS 797, obtained by subtracting a 3” smoothed image from a 1”smoothed one, with white dashed arcs as in panel c. Green
contours at 3 GHz are from the VLASS (contours spaced by a factor of 2 starting from 3 x rms = 0.1 mJy beam ™', 25 resolution). (¢) Double S-model residual

image of RBS 797, with white dashed arcs as in panel c. Green contours at 1.4 GHz (rms = 0.02 mJy beam ™', ~1”5 resolution) are from Gitti et al. (2006).

RBS 797 was also observed during the VLASS survey'’
(Lacy et al. 2020) at 3 GHz. In order to characterize the radio
source at this frequency so far unobserved, we generated radio
contours from the survey maps (see Figure 1(d)).

17 https:/ /science.nrao.edu/vlass

3. Results
3.1. The Detection of Two Additional X-ray Cavities

The mosaicked 0.5-1.2keV Chandra image of Figure 1(b)
captures the details of the AGN—ICM interaction in RBS 797:
the already known E and W X-ray cavities are perfectly visible
as deep, elliptical depressions surrounded by bright rims and
located at ~5”5 (~27 kpc) from the BCG. As also noted by
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Figure 2. (a) 0.5-7 keV band Chandra image of the core: black sectors used for the azimuthal analysis and colored sectors along each cavity used for the radial
analysis are superimposed. (b) Azimuthal variation of surface brightness measured in 30 sectors extending 4”—-8" from the center. Light colored rectangles correspond
to each cavity, while darker strips indicate reference regions used to measure the significance. (¢) Background-subtracted 0.5-7 keV surface-brightness profile (black
line) of the cluster (cavities excluded) in 1” bins, compared to profiles along the E-W cavity regions (right zoom-in) and N-S cavity regions (left zoom-in).

Cavagnolo et al. (2011), the rims are not symmetric, being
brighter in an S-shaped region starting south of the E cavity and
ending north of the W cavity.

The E-W cavities in RBS 797 have previously been
associated with the radio lobes of the BCG (Gitti et al. 2006;
Cavagnolo et al. 2011; Doria et al. 2012). As mentioned in the
1, Gitti et al. (2013) discovered N-S extensions of the radio
galaxy. Therefore, to investigate the imprints of AGN activity
on the ICM in the orthogonal direction to the E-W cavities, we
searched for X-ray counterparts to the observed N-S radio
lobes. Interestingly, the deeper Chandra exposure unveils two
additional depressions north and south of the nucleus. The two
depressions are almost perpendicular to the larger E-W cavities
and nearly at the same projected distance from the AGN
(~5"5 ~ 27 kpc).

The unsharp and residual images (Figures 1(d) and (e))
emphasize the N-S holes, which appear to be surrounded by
faint rims: the northern rim is unambiguous in the residual and
unsharp images and can be identified in the 0.5-7 keV image as
a strip of brighter pixels above the N feature. The southern one
corresponds to a bright blob in the unsharp masked image
below the S depression.

We used ellipses to describe each cavity, the semi-axes of
which have been chosen by comparing the unsharp residual and
original images (see Table 1). For the N depression, we
considered an alternative configuration (Nf) whose size
represents the fraction of feature N filled by radio emission
both at 1.4 and 4.8 GHz (see Figure 1).

Putative depressions N and S of the nucleus were originally
identified by Cavagnolo et al. (2011) who also noted the
coincidence of radio emission with the X-ray structures.

However, a clear detection of these structures was lacking
due to the short exposure. Our deep Chandra observation
allows us to securely detect the new N-—S depressions, thus
identifying RBS 797 as the first galaxy cluster for which two
symmetric X-ray cavity pairs coincident with resolved radio
emission are found at the same projected distance from the
center. This peculiar geometry challenges classical methods to
estimate the cavity significance (i.e., surface-brightness deficits
with regard to the azimuthal mean; see, e.g., Hlavacek-
Larrondo et al. 2015). As the whole azimuth is disturbed
either by part of the rims or by the cavities themselves, it is
nontrivial to define a reference surface brightness. In particular,
the already known E-W depressions are deep, thus the
shallower N-S depressions would lie above the azimuthal
mean. In turn, the significance of the N-S cavities would be
based on a surrounding surface brightness that is influenced by
the presence of E-W depressions.

To circumvent this obstacle, we considered the annulus from
4" to 8", divided into 30 equal sectors (Figure 2(a)) and then
relied on the comparison between the surface brightness
measured in the sectors covering each cavity, S. (with
uncertainty E.), and that measured in the immediate surround-
ings, Sy (with uncertainty Eg). The results are shown in
Figure 2(b) where the lighter and darker strips correspond to S,
and S, respectively. The surface-brightness decrement of each
structure (D) and the significance at which the decrement is
recovered, D over the error in D, were computed as:

D=1 (1)
Ss
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Figure 3. Radio maps (panels a and b) used to compute the spectral index and radiative age (panel ¢). The radio maps are derived with uniform weighting, matching
uv range (2.8-176 k), and clean beam size 1”76 1”1. (a) 1.4 GHz VLA image, obtained from the combined A-B-C archival observations. The rms is
0.02 mJy beam ™. (b) 1.4 GHz VLA image, obtained from the combined A-B archival observations. The rms is 0.01 mJy beam'. Overlaid on the maps are the cavity
regions (green and white) and the beam-sized ellipses used to sample the spectral index and radiative ages (panel ¢) in the E-W (blue) and N-S (red) directions.

Table 1
Properties of the Four X-Ray Cavities in RBS 797

C'dVity DAGN a b Teff Ies Touo et texp,cs Irad

(kpe ['D) (kpe ["D (kpe ["D) (kpe ') (Myr) (Myr) (Myr) (Myr) (Myr)
E 279 (5.7) 15.7 (3.2) 12.7 (2.6) 14.1 (2.9) 265+ 1.7 26.8 £2.4 56.7 £ 4.2 134 £ 1.6 37 +21
w 255(5.2) 15.7 (3.2) 12.7 (2.6) 14.1 (2.9) 238+ 1.5 24.1+£22 56.7 £ 4.2 134+1.6 36 + 18
N 29.4 (6.0) 9.8 (2.0) 7.4 (1.5) 8.5 (1.7) 288+ 1.9 36.1 £3.2 439+33 8.1+1.0 <28
Nf 28.4 (5.8) 5.9 (1.2) 5.4 (1.1) 5.6 (1.15) 27.0 £ 1.7 462 +4.3 36.0 £2.7 54406 14+ 10
S 27.0 (5.5) 9.8 (2.0) 7.4 (1.5) 8.5 (1.7) 26.0 £ 1.7 32.6 34 439433 8.1+1.0 <38

Note. (1) Cavity name (Nf is the portion of cavity N filled with radio emission at 1.4 GHz and 4.8 GHz; see Figure 1); (2) projected distance from the center of the
radio galaxy; (3) semimajor axis; (4) semiminor axis; (5) effective radius (v ab ); (6) sound crossing time; (7) buoyancy time; (8) refill time; (9) expansion time; and

(10) radiative age, obtained from the spectral index within each cavity. See Section 3 for details.

significance =

D

R

The N-S cavities also represent radial deficits with regard to
the azimuthally averaged radial surface-brightness profile

2

(extracted after masking the cavities, e.g., Doria et al. 2012; see
Figure 2(c)). Overall, in the E-W cavities the net counts drop

by about D =30% with a significance ranging from ~6-100
depending on the method adopted, while in the N-S structures
the net counts drop by about D =10% at 3.5-4.2¢ (based on
the analysis shown in Figures 2(b), (c)). We made various tests
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by varying the choice for the sectors, also considering elliptical
annuli, and always found consistent results. Additionally, we
verified that N-S dips can be recovered by extracting a surface-
brightness profile from two linear projections (one to the north
and one to the south of the center, respectively) along a straight
cut parallel to the axis of the E-W cavities (a similar method
has been previously used to test the existence of small cavities
in MS 0735; see Vantyghem et al. 2014). These alternative
methods are shown in the Appendix. For comparison, the other
dark structures visible in the unsharp masked image have
typically 5% fewer counts at about lo confidence only.
Additionally, we followed the method outlined in Martz et al.
(2020) to measure cavity signal-to-noise ratios (SNRs) with
regard to the double S model. For each cavity region, the
counts in the image of Figure 1(c), N}, were compared with the
counts in the double §-model residual image of Figure 1(e),
Nu. The deficit of the structures is defined as:

Deficit =1 — ﬂ, 3)

Nwm

and the SNR for the deficit is (see Equation (9) in Martz et al.
2020):

|Nt — Nwl
\/lN] — Num| + 2Ny

SNR = “)

Using the above equations, the N—S cavities represent deficits
of about 10% at an SNR of 5, while the deeper E-W cavities
have deficits of about 25% at an SNR of 17. These estimates
are consistent with the deficits based on the observed surface
brightness, thus strengthening our results.

Such considerations suggest that the N-S depressions
represent an additional system of X-ray cavities, created by
the central AGN. The suggested presence of rims surrounding
the N-S cavities further strengthens this interpretation. The
new cavity detection is strongly supported by the morphology
of the central radio source: the 1.4 GHz contours overlaid on
Figure 1(e) show radio lobes coincident with the E-W cavities
and reveal significant extensions partly filling the N-S
depressions. The 4.8 GHz emission (Figure 1(c)) extends
toward the E-W cavities over the same scales as the 1.4 GHz
contours. Furthermore, a third structure extends northward,
terminating in a lobe coincident with the N cavity (partially
filling it within the Nf subregion). The 3 GHz VLASS contours
(2”5 resolution) overlaid on Figure 1(d) confirm the cross like
morphology of the AGN, with four radio extensions headed
toward the perpendicular cavity pairs. Thus, the co-spatiality of
significant radio emission with the four depressions is key to
demonstrating that the N-S holes are real X-ray cavities and
not artificial dips produced by the “oco-shaped” morphology of
the bright rims.

We note that RBS 797 might resemble, e.g., 2A0035+096
(Sanders et al. 2009) or 4C+00.58 (Hodges-Kluck et al. 2010),
in which multiple X-ray cavities have been found near the
cluster core; in these clusters, however, the association of radio
emission from the central AGN with the cavities is not
straightforward. Furthermore, we observe the similarity of RBS
797 to Cygnus A, in which additional cavities filled with radio
emission and perpendicular to the main cavity system have
been discovered (see Chon et al. 2012). The peculiarity of RBS
797 is that, for the first time, multiple, perpendicular systems of
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radio-filled X-ray cavities are found at the same projected
distance from the BCG.

3.2. Cavity Ages from X-ray Data

Measuring the age of the cavities is crucial to investigate the
activity cycle of the central AGN. Birzan et al. (2004)
originally discussed three methods to measure cavity ages
from X-ray data, typically in agreement within a factor of 2:

1. The sonic time f.; = Dagn/cs, Which is the time required
for the cavity to reach its distance from the BCG, Dagn,
by moving at the ICM sound speed ¢, = kT /um,;
here y=5/3 is the adiabatic index, kT is the ICM
temperature at Dagn, p= 0.61 is the molecular weight,
and my, is the proton mass.

2. The buoyancy time fy,, = DAGN/\/ZgV/OJSS, where g
is the gravitational acceleration at the cavity position,
while V and § are the cavity volume and cross section to
the flow, respectively.

3. The refill time tf = 24/fefr/g, Where 1o = Jab is the
effective radius of an ellipsoid of semi-axes a and b, and
g is the gravitational acceleration.

We derived the ages of the E, W, N (Nf), S cavities in RBS 797
following the above methods and assuming that the cavities all
lie in the plane of the sky. The cavities were treated as prolate
ellipsoids to compute the volume; a systematic uncertainty of
10% was included for distances and semi-axes (e.g., Sun et al.
2003). Since the sound speed depends on the ambient
temperature, and g can be derived from the ICM pressure
gradient and density by assuming hydrostatic equilibrium'®
(Voigt & Fabian 2006), we built radial profiles of thermo-
dynamic quantities by extracting spectra from concentric
circular annuli (cavities excluded).

The spacing of these annuli was chosen to reach an SNR > 70
for each spectrum (or about 10,000 counts in each region), that
resulted in 23 radial bins. Spectra were fitted with a
projctxtbabs*apec model in XSPEC-v.12.10. We defer
the complete presentation of the detailed spectral analysis of
RBS 797 to a forthcoming paper (F. Ubertosi et al., in
preparation); in this work, we employ the ICM temperature
kT = 4.047032 keV and electron density n. = 6.52703% x
1072cm > measured at the distance of the cavities from the
center (in the radial bin encompassing the cavities, between 5”
and 6”), which are key to derive the sound speed
c,=1008 +54kms™' and acceleration g=54+ 0.6x
10~®cms™2 The above temperature and electron density are
consistent with those reported in Cavagnolo et al. (2011) and
Doria et al. (2012). We note that measuring local values of ¢, in
four sectors (one for each cavity) produced negligible differences
(=6%) with regard to the azimuthally averaged value reported
above.

Additionally, we propose a further method to constrain the
ages: we computed the time required for each cavity to reach its
observed size by expanding at the sound speed, foxp = 7efr /Cs.
This method assumes either that the cavity has been excavated
directly at the position where it is observed or that it has

18 Hydrostatic equilibrium is uncertain in systems with strong AGN feedback
signatures (e.g., Gaspari et al. 2011); however, since the cavities are found at
the same projected distance from the center, even a difference in g of a factor
of, e.g., 2 would make the buoyancy and refill ages of the two cavity pairs scale
by the same factor (\/jg~ 1.4). As we are interested in relative ages (see
Section 4); deviations from hydrostatic equilibrium are not very important.
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expanded and risen at the same speed (c), reaching a distance
from the center comparable to its radius.

For the E-W cavities, both 7. and #,,, suggest an average
outburst age of 25 £ 2 Myr (consistent with Doria et al. 2012).
The refill time and the sound expansion time are a factor of ~2
higher and lower, respectively. The N-Nf-S cavities have a 7
comparable to that of the E-W cavities (which is expected
considering the dependencies on Dagn and c¢g). However, the
buoyancy and refill time suggest average ages of ~40 Myr.
The sound expansion times set the lowest age estimates of
~5-8 Myr. The complete results of the four methods are
reported in Table 1.

We caution that the uncertainties on ages reported above and
in Table 1 include only statistical uncertainties (which are small
given the depth of the Chandra exposure), since systematic
uncertainties related to the assumptions of each method are not
known. Projection effects represent an additional source of
uncertainty for the position and 3D structure of the cavities, as
we do not know the inclination of either the E-W or N-S
cavities with respect to the plane of the sky. For instance, if the
four cavities were buoyantly rising in the cluster atmosphere,
from the definition of #,,, we should expect coeval outbursts to
be found at the same distance from the center and to have
similar sizes. In this context, we note that the moderate
discrepancy of buoyancy ages between the two cavity pairs (a
factor of ~1.5) is mostly related to the different ratio between
the observed size and distance from the center. On the one
hand, the difference in ratio is likely to be affected by
projection effects, so that the observed distance and size of the
cavities might be underestimated. On the other hand, the
different Dagn/Ferr could hint at AGNs of different jet kinetic
power (see, e.g., Diehl et al. 2008) which have inflated
equidistant holes of varying sizes.

The above considerations suggest that it is not straightfor-
ward to draw conclusions about the cavity dynamics based on
the age computed with a single method. Therefore, we decided
not to prefer any method over the others, and to interpret the
range in ages returned by the four estimates as an indication of
our uncertainty for the true outburst ages (see also Section 4).

3.3. Radiative Ages from VLA Data

Since the radio lobes are thought to have excavated the
cavities, a comparison between the dynamical ages derived
from the X-ray analysis and the radiative age of the
synchrotron-emitting plasma should return consistent results
(see, e.g., Kolokythas et al. 2020; Biava et al. 2021). By
considering only the synchrotron and inverse Compton losses
of relativistic electrons, the shape of the radio spectrum can be
analyzed to derive radiative ages once the magnetic field
strength is known. Unfortunately, the available radio data of
RBS 797 do not allow detailed spectral fitting of a sychrotron
aging model (KP, JP, or Tribble; Kardashev 1962; Pacholc-
zyk 1970; Jaffe & Perola 1973; Tribble 1993; for recent
applications, see, e.g., Harwood et al. 2013), which would
require flux measurements at three different frequencies at
least, while maintaining the resolution required to image the
four lobes (<2").

As an approximation, it is possible to measure spectral
indices « between v; = 1.4 GHz and v, = 4.8 GHz, and obtain
radiative ages using the following equation (e.g., Eilek 2014;
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Bruno et al. 2019):

(a . F)ln(%)

vy =

1590VB
(B2 + Bowp) V1 + 2

where B and Bewp = 3.25(1 +2)* are the source and the
equivalent cosmic microwave background magnetic fields,
respectively (14G), and I is the injection index. We checked
that this method, while approximate (it assumes v 2 v, where
vy, 1s the break frequency of the synchrotron spectrum, which is
a reasonable assumption) provides consistent results with those
of spectral modeling (see also Bruno et al. 2019). We used the
minimum energy loss field B = Bevp/ J3 = 3.4uG (see de
Gasperin et al. 2017), which maximizes the radiative lifetime of
the emitting particles (we also verified that assuming
equipartition returns consistent results). The injection index I'
was set to 0.7 (typical values can range from 0.5 to 0.9; see
Biava et al. 2021 and references therein). Since, with the
available uv sampling at 4.8 GHz, we recover flux from the
extended lobes only at the ~2¢ level, our results suffer from
relatively large uncertainties (up to a factor of 2).

As a note of caution, we observe that using B = 3.4uG and
neglecting adiabatic expansion losses of the relativistic
electrons results in possibly overestimated radiative ages;
adopting steeper values of I" would result in even lower ages.
However, the spectrum of the integrated flux from the cavity
regions could also be described with a continuous injection
model (Pacholczyk 1970), which would result in higher
radiative ages than those predicted using Equation (5). These
arguments are particularly important for the Nf cavity:
assuming ' ~ 0.8-0.9 (close to the observed spectral index)
would result in its radiative age being close to zero. However, a
detailed comparison between different models and injection
indices goes beyond the accuracy that can be reached with the
available radio data, which only provide approximate radia-
tive ages.

Figure 3 shows a sampling of the spectral indices with beam-
sized ellipses (176 x 1”71) in the E-W (blue ellipses in panel a)
and N-S (red ellipses) directions. The spectral index profiles
(panel c¢) show no strong steepening toward the outer regions:
the innermost region has a spectral index of ~1 (consistent with
Gitti et al. 2006), which is steeper than typical core emission;
however, this may be explained by the relatively large beam
(176 x 1”71), which does not resolve the core-jet components.
The t.,q profiles show that from the center to the outer regions,
the E-W radiative ages range between 15 and 35 Myr, while
the N-S ones range between 15 and 25 Myr.

Additionally, we computed the integrated flux from the
cavity regions to obtain the radiative ages within each feature
(last column in Table 1). The E-W ages are consistent with
both buoyancy, sound speed, and refill times. For the N-S
cavities, we only have upper limits; the Nf cavity has
traa &~ 14 Myr, which is lower than the timescales suggested
by buoyancy and refill ages, and is closer to the sound-
speed age.

Trad [Myf] = )

4. Discussion

In this section we discuss the implications of our results on
the estimated ages of the two outbursts. As mentioned in the
introduction, Gitti et al. (2006, 2013) discovered four
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Figure 4. (a) 0.5-1.2 keV image of the core of RBS 797. Black contours at 4.8 GHz (rms = 0.01 mJy beam ', ~0”5 resolution, Gitti et al. 2013) show the
morphology of the four perpendicular, inner jets of the radio galaxy. The filled white contour at 4.8 GHz is the largest contour (at 3 x rms) shown in Figure 1(c).
Green labels indicate the four X-ray cavities. (b) The age difference of the E-W and N-S cavities for the different methods is shown and compared to the theoretical

reorientation timescale (1 Myr, orange area; see Section 4).

perpendicular jets in the innermost ~15 kpc of the radio galaxy
(see Figure 4(a)), and tentatively identified two compact radio
core components. To explain this peculiar radio morphology,
Gitti et al. (2013) originally proposed that the perpendicular
outbursts were produced either following a reorientation event
of the AGN jets (subsequent scenario), or by the contempora-
neous activity of two SMBHs in the BCG of RBS 797 (coeval
scenario). In the following, we focus on whether the four X-ray
cavities we discovered in the follow-up Chandra observation
can help in discriminating between the subsequent and coeval
scenarios.

Overall, our joint X-ray—radio analysis has unveiled that the
two perpendicular outbursts have comparable ages: the 7.y, and
t.aq» considered as lower and upper limits for the true age,
respectively, constrain the four cavities to be ~10-50 Myr old.
Specifically, Figure 4(b) shows the age difference between the
two outbursts, computed as Af.,, = AV — N5 Here £V and
NS represent, for each method, the average age of each cavity
pair. It is interesting to note that the X-ray methods do not
agree on which cavity system is older: the suggested time
interval is at most £10 Myr, with the average of the X-ray
methods lying approximately at zero (1 & 7 Myr, green area in
Figure 4(b)).

Similarly, the radio analysis returns a slightly different
age between the E-W and N-S outbursts: from the #,4 of the
cavities (Table 1), we obtain % <36 Myr and £ 5 28—
38 Myr; consistently, the beam-sampled ages in Figure 3(c)
between E-W and N-S are similar, indicating a difference of
~10Myr, at most.

Altogether, if the four cavities are the consequence of a
reorientation event, the above timescales suggest that the AGN
axis changed rather quickly, specifically in <10 Myr. It is
noteworthy that the range of ages in RBS 797 is short when
compared to the mean outburst interval of known galaxy
clusters with multiple generations of cavities (~100 Myr in the
sample of Birzan et al. 2004; ~20 Myr for Perseus and Virgo,
Babul et al. 2013; ~50-60 Myr for MS0735, Vantyghem et al.
2014; Biava et al. 2021). Additionally, a radio spectral index

study for the X-shaped radio galaxy A3670 (X-shaped radio
galaxies are believed to have experienced reorientation events,
see, e.g., Liu 2004) found a difference of ~20 Myr between the
lobes and the wings (Bruno et al. 2019), which is larger than
our estimate of <10 Myr. Therefore, considering the above
timescales on which misaligned outbursts are typically
observed, it is possible that the two outbursts in RBS 797
might have been inflated during the nearly contemporaneous
activity of two SMBHs.

We note that with the available data we cannot definitely
exclude that the two outbursts are not coeval on timescales
shorter than our uncertainties. In RBS 797, the mean age
difference between the E-W and N-S cavities is
Aty =11+7Myr (from the average of the X-ray methods,
whereas the radiative ages provide only an upper limit of <10
Myr). The timescales for jet reorientation are uncertain, but
theoretical works suggest that the reorientation could typically
happen in At,, ~ 1 Myr (orange area in Figure 4(b)), or longer
if the jets are switched off during the event (see, e.g., Dennett-
Thorpe et al. 2002; Liu 2004; Lal & Rao 2007). A rapid change
in the AGN feeding can also cause such a fast jet reorientation;
e.g., chaotic cold accretion has been shown to flicker very
rapidly in less than a Myr, with a sudden change in angular
momentum (Gaspari et al. 2017). While it is possible that
reorientation happened on timescales shorter than ~1 Myr, the
reoriented jets would take ~10 Myr to propagate in the ICM
(assuming a jet advance speed of 0.01c, e.g., Matthews &
Taylor 2021) and inflate radio lobes. The derived AGN
outburst timescales in RBS 797 thus seem at the boundary
between a fast jet reorientation and coeval, binary SMBH
activity; our analysis indicates that the latter might be possible,
given the At.,, < 10 Myr being sensibly smaller than literature
values for misaligned cavity systems.

Therefore, our results are still consistent with a coeval
scenario, which is the presence of a binary system of two active
SMBHs in the core of RBS 797, possibly coincident with the
two compact components discovered by Gitti et al. (2013). In
particular, the detection in the Chandra images of RBS 797 of
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four perpendicular, equidistant X-ray cavities with similar ages
is a tantalizing indication for the presence of two AGNs.

5. Conclusion

Overall, the new, deep Chandra data revealed that RBS 797
is a beautiful example of how strongly the AGN activity can
impact the ICM conditions. Our results can be summarized as
follows:

1. With the deepest to date Chandra observation of RBS 797
(427 ks) we unveiled the existence of two additional
X-ray cavities (in the N-S direction) at the same distance
from the center as the previously known E-W cavities
(~27kpc). Using archival, multi-frequency VLA data,
we highlighted the co-spatiality of the four cavities with
the radio lobes of the central radio galaxy. Thus, we find
RBS 797 to be the first system in which four equidistant,
radio-filled X-ray cavities are symmetrically found in
perpendicular directions.

2. We computed the ages of the cavities by means of both
the X-ray and radio data: the four cavities have similar
ages, being approximately 10-50 Myr old, and with an
age difference between the two outbursts of at most
~10 Myr.

3. Considering the properties of the four symmetrical X-ray
cavities and the inferred timescales, we argue that the
scenario in which a binary AGN is powering the two
perpendicular outbursts might be preferred, although a
rapid jet reorientation of a single AGN cannot be
excluded. With the upcoming deep VLBI study of the
radio core, it may be possible to provide a final answer to
the origin of the two perpendicular outbursts discovered
with Chandra.
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Appendix
Alternative Methods for Detecting the N-S Cavities

This Appendix shows alternative methods used to confirm
the presence of N-S cavities in the ICM.

Elliptical sector—Figure 5(a) shows a different choice for
the sector used to study azimuthal variations of surface
brightness. We used an elliptical region that encompasses the
centers of the N-S cavities, crosses the terminal part of the E—
W cavities, and avoids the bright rims of the E-W cavities. The
ellipticity and orientations were chosen to follow the elliptical
structure of the cavity region, while the center matches that of
Figure 2(a). Our starting hypothesis was that the elliptical
symmetry could allow us to define a proper reference surface
brightness, in order to check whether the N-S depressions lie
below an azimuthally symmetric mean surface brightness.
Figure 5(b) shows the resulting azimuthal study, with the cavity
regions and reference regions colored as in Figure 2. We note
that by using the same method defined in Section 3 to measure
significance, thus selecting the immediate surroundings of each
cavity as references, we obtain similar results to those that rely
on circular symmetry. Moreover, we note that the elliptical
sector does not provide azimuthal symmetry for the surface
brightness. The surface-brightness distribution is asymmetric:
the whole N-W side of the cluster is brighter than the S—E side.
This supports our hypothesis that the mean, being influenced
by the large amount of structures in the ICM around the center
(as discussed in Section 3), would not be a good choice of
reference surface brightness.

Projection regions—Following the method outlined in
Vantyghem et al. (2014), we selected linear projections (one
to the north and one to the south of the center, respectively)
along a straight cut parallel to the axis of the E-W cavities (see
Figure 5(a)). The N-S cavities correspond to 10%—15% deficits
with regard to the surrounding small rims (see Figure 5(c)). For
comparison, Figure 5(d) shows the same method applied to the
deeper E-W cavities (20%-30% deficits with regard to the
surrounding bright rims). These results are consistent with
those presented in Figure 2.
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Figure 5. (a) 0.5-7 keV band Chandra image of the core: white sectors used for the azimuthal analysis of panel b and projection regions used for the profiles of panels
¢ and d are superimposed. (b) Azimuthal variation of surface brightness measured in the sectors of panel a. (c) Plot of surface brightness along the linear projections
shown in panel a for the N-S cavities. (d) Plot of surface brightness along the linear projections shown in panel a for the E-W cavities.
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