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The Case for Electron Re-Acceleration at Galaxy Cluster Shocks
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On the largest scales, the Universe consists of voids and filaments making up the cosmic web. Galaxy
clusters are located at the knots in this web, at the intersection of filaments. Clusters grow through
accretion from these large-scale filaments and by mergers with other clusters and groups. In a growing
number of galaxy clusters, elongated Mpc-size radio sources have been found, so-called radio relics
[1,2]. These relics are thought to trace relativistic electrons in the intracluster plasma accelerated
by low-Mach number collisionless shocks generated by cluster-cluster merger events [3]. A long-
standing problem is how low-Mach number shocks can accelerate electrons so efficiently to explain
the observed radio relics. Here we report on the discovery of a direct connection between a radio relic
and a radio galaxy in the merging galaxy cluster Abell 3411-3412. This discovery indicates that fossil
relativistic electrons from active galactic nuclei are re-accelerated at cluster shocks. It also implies
that radio galaxies play an important role in governing the non-thermal component of the intracluster
medium in merging clusters.



Cluster mergers are the most energetic events in the Universe after the Big Bang, releasing energies up
to ~ 105% ergs on Gyr timescales. Most of the gravitational energy released during cluster merger events
is converted into thermal energy via low-Mach number shocks (M < 3) and turbulence in the intracluster
medium (ICM) [4]. A small fraction (S 1%) of the energy dissipated at shocks could be channeled into
the acceleration of cosmic rays (CR). In the presence of magnetic fields, CR electrons would then emit
synchrotron radiation which can be observed with radio telescopes. The origin of the large-scale magnetic
fields, and the nature of particle acceleration processes that operate in these dilute cosmic plasmas, are still
open questions.

The ICM has a high thermal-to-magnetic pressure ratio, or /3, and electron acceleration by low-Mach
number collisionless shocks in such high-5 plasmas is poorly understood, as analytical calculations cannot
properly capture the non-linear behavior of this process [3]]. Radio relics, elongated sources that trace the CR
at ICM shocks, provide us with rare opportunities to probe this process. While there is substantial evidence
that relics trace CR electrons at shocks [|6,7]], previous work has found that the acceleration efficiency should
be very low at these shocks, if these synchrotron emitting electrons are accelerated from the thermal pool of
the ICM via the diffusive shock acceleration (DSA) mechanism [5]]. This low efficiency is hard to reconcile
with the observed brightness of some radio relics, suggesting a high acceleration efficiency [8510]. In
addition, some relics have regions with rather flat radio spectra (o« ~ —0.7; F,, < v“, where « is the spectral
index), but the corresponding shock Mach numbers measured via X-ray observations are low [[11}|12]. This
contradicts with the prediction from DSA [13]]. This long-standing problem has so far remained unsolved.
Furthermore, large merger shocks have also been found without corresponding radio relics [[14], indicating
that our understanding of particle acceleration by low-Mach number shocks is still incomplete.

Recently, new insights into the acceleration by low-Mach number shocks have been obtained by particle-
in-cell (PIC) simulations [15]]. These PIC simulations show that acceleration from the thermal pool could be
possible. However, for some relics an unrealistic fraction of the shock energy needs to be transferred into the
non-thermal electron population to explain their radio brightness [|12}{16L{17] and the PIC simulations do not
solve this problem. A solution to explain the apparent very efficient acceleration, is to invoke the presence
of a population of fossil relativistic electrons [18]], with Lorentz factors v > 102. The synchrotron lifetime
of relativistic electrons in the ICM is relatively short (~ 10% yrs). Once these electrons have lost most of
their energy, they do not radiate within the observable radio band and they thus become invisible to radio
telescopes. It has been suggested that these fossil electrons, which have Gyr lifetimes, can be efficiently
re-accelerated at shocks and are therefore able to create bright radio relics [9,|19]. Obvious candidates for
these fossil electrons are the (old) lobes and tails of radio galaxies [7,/20,[21]]. This fossil radio plasma can
occupy a significant volume of the ICM due to turbulent diffusion, aided by the random galaxy motions
throughout the ICM and the ICM motion itself. Indeed, observational evidence has been found that provides
support for this model. The complex morphologies of some radio relics resemble those of disturbed tailed
radio galaxies that are often found in merging galaxy clusters [7,20]. The relics in the Bullet Cluster and
PLCKG287.0+32.9 are two prime examples [[7,22]. However, for the cluster PLCKG287.0+32.9, no redshift
for the putative radio galaxy connected to the relic could be obtained, since the proposed core of the radio
galaxy did not have an optical counterpart [20]. Similarly, no direct link between the relic in the Bullet
cluster and a tailed radio galaxy could be established [7]. The relic in the Coma cluster provides another
interesting case. Here a confirmed cluster radio galaxy seems to be connected to a relic [21]]. Adiabatic
compression of fossil plasma by a shock was proposed as a model for its origin [23L[24]]. While the electrons
do gain energy by the adiabatic compression, this model does not invoke any Fermi-type re-acceleration
processes.



Here we present optical, radio, and X-ray observations of the merging galaxy cluster Abell 3411-3412
located at z = 0.162. This cluster contains a Mpc-size radio relic with an irregular shape [25,[26]]. Chandra
observations, totaling 211 ks, reveal a cluster with a cometary morphology undergoing a major merger event,
with the compact core of one of the subclusters being the “head” of the comet (Fig.[I). A dynamical analysis
based on Keck spectra of 174 cluster members and Subaru imaging, indicates that this is an approximately
1:1 mass ratio merger viewed ~ 1 Gyr after core passage, with the merger axis being located close to the
plane of the sky. The two subclusters are both very massive, with individual masses of ~ 10'® M. The
core of the cluster coming in from the south (and currently observed in the north) was compact enough to
survive the collision with the other cluster up to the present time, while the gas core of the subcluster that
came in from the north was largely disrupted during the core passage.

The Giant Metrewave Radio Telescope (GMRT) radio images at 610 and 325 MHz show the complex,
large radio relic located in the southern outskirts of the merging cluster (Fig. [2). Most interestingly, a close
inspection of the northeastern component of the radio relic reveals an elongated narrow extension that leads
from the relic towards a galaxy (source A, Figs. 2] and [3). This galaxy is a spectroscopically confirmed
cluster member (¢ = 0.164). A high-resolution 3 GHz Very Large Array (VLA) image shows an active
galactic nucleus (AGN; radio core) at the galaxy’s center. From the core, a narrow tail “feeds” into the radio
relic located =~ 90 kpc to its south. This reveals a direct connection between the relativistic plasma of an
AGN and that of a radio relic. The probability of a chance projection of a tailed radio galaxy with this relic
is 0.004.

Our radio spectral index measurements, between 0.325 and 3.0 GHz show that the radio spectrum steepens
away with distance from the compact nucleus from o = —0.5 £ 0.1 to « = —1.3 & 0.1 (1o errors), as is
expected for synchrotron and Inverse Compton losses (Fig. [3b). Remarkably, where the radio plasma from
the AGN connects to the radio relic, the spectrum flattens back to o = —0.9 £ 0.1. This flattening is strong
evidence for the re-acceleration of electrons from the radio tail at a shock. Moreover, we find evidence for
spectral steepening across the relic in the direction towards the cluster center. These gradients have routinely
been found for other relics and they are explained by electron energy losses in the downstream region of
an outwards traveling shock [27]. We also find the outer edge of the relic is polarized, with a maximum
polarization fraction of 40%. The emission weighted average polarization fraction is 13% (Fig. [3c). The
relatively modest spectral flattening at the shock suggests that the shock cannot be very strong. Furthermore,
the existence of a downstream spectral index gradient (see Fig. [3p) suggests that the relic cannot be solely
caused by the adiabatic compression of a lobe of fossil radio plasma.

To search for the shock, we extracted a 0.5-2 keV Chandra surface brightness profile in a sector containing
the relic and fitted the profile by assuming an underlying broken power-law density model. At large radii, the
density profiles of galaxy clusters are typically described by single power-laws. However, the profile across
the NE part of the relic steepens swiftly near the relic’s outer edge and shows a significant departure from a
single power-law, indicating a deviation from hydrostatic equilibrium as expected for a shock (Fig. ). From
the profile we find that the shock must be rather weak, with M < 1.7. This upper limit should be considered
an approximate estimate due to the idealized assumptions about the shock geometry and projection effects.

Our observations of (1) a direct connection between a radio galaxy and the relic, (2) spectral flattening at
the location where the radio tail meets the relic, (3) the presence of an X-ray surface brightness discontinuity
at the relic’s outer edge, and (4) a high polarization fraction at the location of flattest spectral indices provide
the best evidence to date that radio galaxies in clusters provide seed electrons that can be re-accelerated and



revived by merger shocks. Re-acceleration (and also adiabatic compression) alleviates the problem of the
low-acceleration efficiency from the thermal pool. In addition, it provides a natural explanation why some
cluster merger shocks have no corresponding radio relics. Those cases may lack a sufficient supply of
fossil radio plasma. Finally, re-acceleration also solves the problem of the relatively flat spectral indices
observed from relics, which for DSA, requires shocks that have higher Mach numbers than observed in
X-rays [[11L]12].

Different re-acceleration models have been proposed. In one of these models, fossil relativistic electrons
are re-accelerated by a DSA-like process [[18,28]] in combination with adiabatic compression. In another
model, the re-acceleration happens in the shock downstream region by magneto-hydrodynamical turbulence
[28]]. Future work is needed to determine which of these re-acceleration mechanisms operates at radio
relics [29]], and determine whether re-acceleration is required to explain all relics. We evaluate one of these
re-acceleration models in the Supplementary Information to investigate what Mach number is required to
flatten the spectral index by the observed amount and examine the relatively uniform spectral index along
the length of the shock front.

The Abell 3411-3412 cluster contains at least two additional radio galaxies about 2’ to the south and 2’ to
southwest of the one described above (sources B and C; Fig.[2)). One of the radio galaxies is embedded within
the relic emission, for the other, a tail of steep spectrum radio emission extends towards the relic. We argue
that it is therefore likely that the other components of the complex relic in Abell 3411-3412 also trace revived
fossil plasma, either by the process of adiabatic compression or by re-acceleration. Re-acceleration should
also operate in other clusters because more examples of radio galaxies near relics have been found (i.e., in
the Coma Cluster [[21]]). Our findings imply that PIC simulations and laboratory laser experiments [30] for
collisionless shocks should include a relativistic fossil electron distribution in the upstream plasma. This
study also indicates that to understand the non-thermal component of the ICM, the presence and distribution
of radio galaxies needs to be taken into account, in addition to particle acceleration at shocks. Observations
at low radio frequencies, in particular with LOFAR, will be key to unveiling the connections between relics
and AGN, because low-frequency observations are sensitive to older, fossil radio plasma.
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Figure 1 Subaru gri color image of the merging cluster Abell 3411-3412. Radio emission at 610 MHz from
the GMRT is shown in red. The 0.5-2.0 keV Chandra X-ray image is shown in blue. The galaxy distribution
is shown with white contours. Contour levels are drawn at 3,4, 5, . . .] galaxies arcmin—2. The dashed box

indicates the region shown in Fig.
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Figure 2 GMRT radio images. () GMRT 610 MHz image. Contours are drawn at levels of 1/[1,2,4,...] X
4015, With oy the map noise. The beam size is indicated in the bottom left corner. The dashed box
indicates the region shown in Fig.[3] Cluster radio galaxies are labeled A, B, and C. (b) GMRT 325 MHz
image. Contour levels are drawn as in the left panel. Dotted contours are drawn at —30 ;.
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Figure 3 Subaru optical, radio spectral index, and polarization maps of the of the northeast component of
the radio relic in Abell 3411-3412. The beam sizes are indicated in the bottom left corner of the images.
(a) Subaru gri color image. GMRT 610 MHz contours are overlaid in yellow. Contours are drawn at levels
of \/[1,2,4,...] X 5oyms. (b) A spectral index map. The spectral index was determined using matched
observations at frequencies of 0.325, 0.61, 1.5 and 3.0 GHz. Contours are from the GMRT 325 MHz image
and are drawn at levels of [1,2,4,...] X 60yms. The dashed line indicates the best-fitting position of the X-
ray surface brightness edge. (c¢) Polarization map at 3.0 GHz. Vectors display the electric field angles. The
length of the vectors is proportional to the polarization fraction. A reference vector for 100% polarization is
shown in the bottom left corner. The greyscale image shows the linear polarized intensity. Black contours

trace the Stokes I continuum image and are drawn at [0.03,0.12] mJy beam 1.
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Figure 4 Chandra 0.5-2.0 keV surface brightness profile across the radio relic in an elliptical sector (see the
SI). Uncertainties on the data points are plotted at the 1o level. The blue line corresponds to the best-fitting
density model. This double power-law model fits a jump (at a distance of = 4’) with a density compression
factor (C) of 1.31J_r8:[1)8. The position of this jump is indicated on the spectral index image (Fig. .



Methods

Radio observations, data reduction, and spectral indices

Abell 3411-3412 was observed with the GMRT on 21 Oct and 19 Nov, 2012, at 610 and 325 MHz, re-
spectively. A total bandwidth of 32 MHz was recorded. The on source time was 4.5 hrs at 325 MHz and
3.6 hrs at 610 MHz. The initial calibration and visual removal of radio frequency interference (RFI) were
carried out with AIPS (http://www.aips.nrao.edu/). The initial calibration consisted of bandpass
calibration, bootstrapping of the flux-density scale, and the transfer of gains from the calibrator sources to
the target field. The calibration solutions were further refined via the process of self-calibration using the
CASA package [32]. For the imaging, W-projection was employed to account for the non-coplanar nature
of the array [33,/34]]. For the weighting, we employed the Briggs scheme with a robust parameter of 0.0,
unless mentioned. The 610 MHz image has a rms noise (0ys) of 35 1Jy beam ™! and a resolution of 6.1” x
5.1”. The 325 MHz image has a resolution of 10.5” x 8.3” and o,;ms = 87 pJy beam™!.

The cluster was also observed with the Karl G. Jansky VLA, covering the 2—4 GHz S-band in B-array on
26 Feb, 2015 and in DnC-array on 7 Jan, 2016 (project SG0455). The time on source was 1.2 hr for both
observing runs. In addition, 1-2 GHz L-band observations (project 15A-270) were obtained in BnA-array
on 18 May, 2015 with a total time on source of 0.5 hr. These observations were reduced and calibrated with
CASA following the process outlined in [31]. RFI was automatically removed with the AOFlagger [35].
The calibration consisted of delay, bandpass, and gain corrections. The channel dependent polarization
leakage and angles were calibrated using the calibrators 3C147 and 3C138. The solutions were transferred
to the target field and the solutions were further refined via the process of self-calibration. The imaging was
carried out in the same way as the GMRT data. For imaging of the L-band data, we also used 1.4 GHz VLA
D-array observations (project AC0696) to include emission on larger scales that are missed by the B-array
observations. The reduction and calibration of the D-array observations have been described in [25[]. All
images were corrected for the primary beam attenuation.

For making spectral index maps, we created images at 0.325 and 3.0 GHz. To correct for the different
sampling densities in the uv-plane, uniform weighting was employed. We also placed inner uv-range cuts
to image only common uv-ranges. The images were then convolved to the lowest resolution, given by
the 325 MHz GMRT observations (9.1” x 6.5”). The spectral index map for the area around A (for the
labeling see Fig.|2)) is shown in the Supplementary Information (SI). We also computed a higher signal-to-
noise spectral index map, including the 0.61 and 1.5 GHz observations. As before, the 0.61 and 1.5 GHz
observations were imaged with uniform weighing and inner uv-range cuts. To compute the spectral index,
we fitted power-law spectra through the four data points, ignoring any possible curvature. Pixels with
values below 40,5 were “blanked”. The use of four frequencies decreases the noise on the derived spectral
indices compared to only using the 0.325 and 3.0 GHz images. The spectral index map and corresponding
uncertainties, under the assumption that the spectra can be described by power-laws, are shown in the SI (a
cutout around source A is shown in Fig. [3p).

The S-band polarization image is shown in Fig 3. This images has a resolution of 10” x 8”. No vectors
are plotted for pixels where the signal-to-noise ratio of the polarized intensity is < 4. Given the low Galactic
Faraday Rotation Measure of ~ —7 rad m~!, we did not correct the polarization angles for Faraday Rotation
[36]. The high-resolution S-band continuum map, showing the radio core associated with the AGN of
source A, is shown in the SI.


http://www.aips.nrao.edu/

We computed the probability of a chance projection of the tailed radio galaxy with the relic attached to it.
This was done by taking the ratio of the area covered by the relic and the cluster, with the cluster area given
by 7 * R%y, and Rs0p ~ 1.4 Mpc. This results in p = 0.002. Taking the conservative approach, considering
that the cluster contains two disturbed radio galaxies, the probability of a chance projection increases to
p = 0.004.

The cluster contains at least two more radio galaxies (B and C, see Fig. [2)) to the south and southwest of the
one described above. One of the radio galaxies (source B) is embedded within the relic emission. Source C
is a distorted FR-I [[37]] source. The spectral index map and the 325 MHz image (SI and Fig.[2) reveal a hint
of a connection between source’s C southern lobe/tail and the southernmost part of the relic. The spectral
index steepens along the lobes of source C, as expected due to synchrotron and Inverse Compton losses.
Given that the relic emission around sources B and C is located further to south than the relic near source A,
it is seems unlikely that the same shock is responsible for reviving the fossil plasma in all these regions. This
would suggest that the ICM in the extreme southern outskirts of the cluster is disturbed by other shocks. Our
Chandra observations do show the presence of additional substructure in the general area around sources B
and C. However, given the low counts rates it is not possible to extract detailed information on the thermal
properties of the ICM in this region.

Chandra observations and data reduction.

The cluster was observed with ACIS-I on the Chandra X-ray Observatory for a total of 8 times between
2012 and 2015. This resulted in a total exposure time of 211 ks . The data were reduced with the chav
package, following the processing described in [38]] and applying the CALDB 4.6.7 calibration files. This
processing includes filtering of bad events by checking for periods of high background, corrections for the
time dependence of the charge transfer inefficiency and gain, removal of readout artifacts, background sub-
traction, and exposure correction. For the background subtraction, we used standard blank sky background
files. The images of the separate exposures were then combined into a single image, binning with a factor
of 4 (i.e., 2" pixel ™ 1).

Surface brightness profile fitting.

We fit the X-ray surface brightness profile with an updated version of Proffit [39,40]. We model the profile
using an underlying broken power-law density model
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The subscripts 1 and 2 refer to the up and downstream regions, respectively. The parameter reqg. denotes
the location of the jump, ng is the normalization constant, C' the shock compression factor, a; and ay are
the slopes of the power-laws. This density model is then projected along the line of sight to obtain an X-ray
surface brightness profile, assuming prolate spheroidal geometry within the sector. The emissivity is taken
to be proportional to the density squared.



In the case of a shock, the compression factor can be related to the shock Mach number

1/2
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where + is the adiabatic index of the gas. We assume v = 5/3 for the thermal plasma.

2

We fit the surface brightness profile in an elliptical sector that crosses the radio relic (see the SI), using the
model given in Eq.|l} The opening angles (210° — 250°) were chosen after visual inspection of the Chandra
image (see the SI), which indicates a possible surface brightness edge at the relic location and extending
~ 10° further to the west. For the radial binning of photons, we require a SNR of 5 per bin. We exclude
the regions affected by point sources during the fitting. The observed profile and most best fitting model is
shown in Fig.[dl We find a break in the X-ray surface brightness profile at the location of the radio relic. The
resulting density jump is small C' = 1.31J_r8:(1)8 (M = 1.2), with a 90% confidence upper limit of C' < 1.56,
indicating that the Mach number is low M < 1.4. The 90% lower confidence limit is C' > 1.16. The
location of the jump is indicated in Fig. [3p.

We also extracted a profile in a spherical sector (see the SI). The resulting fitted compression factor is
slightly lower with C' ~ 1.2, but consistent with the previous results. In addition, we checked whether
the results changed for a smaller opening angle, corresponding to the relic’s visible extent in the 610 and
325 MHz images (i.e., an opening angle of 210° — 240°). This did not result in significant changes for
the values of the compression factor or discontinuity location. We also slightly varied the placement of
the sector, again obtaining consistent results. Therefore we conclude that the presence of a jump does not
depend on the precise sector placement and shape. For comparison, in the SI we show a model with a density
jump of C' = 2.3 (M = 2.0) in the elliptical sector, which does not provide a good match to the data.

A small “bump” is visible in the X-ray surface brightness profile at a radial distance of 4.5’- 5.0’ (Fig. .
The nature of this bump is unclear. Ignoring this bump increases the best-fitting compression factor and the
90% confidence upper limit to C' < 2.0 (M < 1.7).

From the X-ray surface brightness profile we conclude that there is evidence for a deviation from hydro-
static equilibrium as expected if a shock were present. The location of the discontinuity coincides with the
location of the relic, and also agrees with the location found by visual inspection of the Chandra image. The
modeling suggests that the underlying density jump must be rather low (C' < 2.0, M < 1.7). Some caution
is required in interpreting the derived Mach number and upper limits, since it depends on the assumptions
made in the modeling. Given the extra substructure in this region, as seen in the Chandra image, some of
the assumptions might be incorrect. The unknown projection effects and shock geometry typically result in
underestimation of the Mach number and our derived values should therefore be considered as lower limits.

Another way to constrain the Mach number, and rule out the presence of a cold front, is to determine
the temperatures on both sides of the discontinuity (in a small enough region not be affected by other
cluster substructure). An advantage of this method is that temperature measurements are less affected by
the unknown geometry. However, the count rate in the region south of the discontinuity is very low, and
therefore we are not able to obtain useful constraints on the pre-shock X-ray gas temperature.

SOAR spectroscopy and data reduction.

The optical spectrum of the AGN host galaxy that “fuels” the relic (RA 08"42™13%.73; DEC —17°31'12".1)
was acquired using the Goodman Spectrograph on the Southern Astrophysical Research Telescope (SOAR)

10



telescope. The observations were conducted on November 19, 2015, as part of program SO2015B-020. The
basic setup included the 600 1 mm~! grating (blue setting), and a 1”703 slit. The wavelength range of the
observed spectrum was 3500-5500 A, with a resolving power of R ~ 1500 and S/N~ 10 pixel~! at 4500 A.
Calibration frames included Cu and HgAr arc-lamp exposures, quartz-lamp flat-fields, and bias frames. The
data reduction, including spectral extraction and wavelength calibration, were performed using standard
IRAF routines (http://iraf.noao.edu).

A SOAR optical spectrum of the AGN host galaxy is shown in the SI. From the spectrum we determine a
redshift of z = 0.164 £ 0.001, consistent with the galaxy being a cluster member.

Subaru and Keck observations.

We carried out deep imaging observations of the Abell 3411-3412 system with Subaru SuprimeCam [41]] on
2014 February 24 in g, r and i with integrations of 720s, 2880 s, and 720 s, respectively (P.I. D. Wittman).
We took 4 exposures for g and 4, and 8 exposures for . We rotated the field between each exposure (30° for
g and ¢, and 15° for r) in order to distribute the bleeding trails and diffraction spikes from bright stars
azimuthally and later removed them by median-stacking exposures. This scheme enables us to maximize
the number of detected galaxies, especially considering the number of stars at A3411-3412’s low galactic
latitude (+15°). The average seeing for the images was ~ 0.”85. The details of the Subaru data reduction
are similar to those presented in [42].

The primary objective for the spectroscopic survey was to maximize the number of cluster member spec-
troscopic redshifts. Since the SuprimeCam imaging was unavailable at the time of the spectroscopic survey
planning, we took images with the Isaac Newton Telescope Wide Field Camera (INT/WFC), on 2013 Octo-
ber 31 in g and ¢ bands, to determine the approximate red sequence of the cluster and preferentially selected
those galaxies followed by potential blue cloud galaxies. These INT/WFC data were reduced with our in-
house PYTHON-based pipeline [43}44] Briefly, the sky flats for each filter were median-combined to obtain
a ‘master-flat’. A ‘master-bias’ was obtained by median-combining biases. The individual exposures were
then bias-subtracted and sky-flattened. Astrometric solutions were obtained by using SCAMP [45]], and im-
ages were zero-point calibrated with the fourth United States Naval Observatory (USNO) CCD Astrograph
Catalog (UCACH4) [46], before being stacked/combined using SWARP [47]]. The difficulty of star-galaxy
separation is compounded by the 1.5”-2" seeing of the INT/WFC imaging, which results in many blended
pairs of stars passing morphological cuts designed to eliminate point sources.

We observed the Abell 3411-3412 system with the DEIMOS [48]] instrument on the Keck IT 10 m telescope
on 2013, December 3 and 4. Observations were taken using 1” wide slits with the 1200 line mm ™! grating,
resulting in a pixel scale of 0.33 A pixel ! and a resolution of ~ 1A (50kms™!). The grating was tilted
to a central wavelength of 6650 A, resulting in a typical wavelength coverage of 5350 A to 7950 A, which
encompasses the spectral features HG, [O 1II] 4960 & 5008, Mg I (b), Fe I, Na I (D), [O I], Ha, and the
[N II] doublet for galaxies near the cluster redshift. The actual wavelength coverage may be shifted by
~ 4410 A depending on where the slit is located along the width of the slitmask. We observed a total of
four slit masks with approximately 120 slits per mask. For each mask we took three 900 s exposures. The
data reduction followed the same procedure outlined in detail in [44,/49].

We obtained 484 spectra with DEIMOS. Of these, we obtained reliable redshifts for 447 objects (92%),
leaving 37 spectra that were either too noisy, had ambiguous redshift solutions (e.g., those with a single
emission line), or failed to reduce properly. Of the 447 reliable redshifts, 221 (49%) are stars, indicating
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the difficulty of star/galaxy discrimination with low-resolution imaging at low Galactic latitude. Adopting
the quality rating system of [50], in which only galaxies with secure redshifts (() > 3) are considered high-
quality, the removal of the stars results in 226 high quality DEIMOS galaxy spectra. Of these, 174 (77%)
fall within 0.148 < z < 0.176 (see the SI, which is z.yster == 3 X 0, Where Zgjuster = 0.162 and o is
the approximate velocity dispersion (1000 kms~!). The remaining 52 high-quality spectra consist of one
foreground and 51 background galaxies, comprising 0.4% and 23% of the high-quality spectra respectively.
The subcluster identification and the dynamical modeling are described in the SI.
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1 Supplementary Information

1.1 Additional radio images.
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Figure 5 Left: Spectral index map at a resolution of 9.1” x 6.5” between 0.325 and 3.0 GHz. The contours
are from the 325 MHz image and are drawn at levels of [1, 2,4, . ..] X 60yms. Pixels with values below 507yms
were blanked. The beam size is indicated in the bottom left corner. Right: Spectral index uncertainty map
(10) corresponding to the figure shown in the left panel.
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Figure 6 Spectral index map using observations at 0.325, 0.61, 1.5, and 3.0 GHz fitting a single power-law
through the flux density measurements. The spectral index image has a resolution of 9.1” x 6.5”. Pixels
with values below 30,5 were blanked. Contour levels are from the 325 MHz image and are drawn at levels
of [1,2,4,...] X 60yms. The beam size is indicated in the bottom left corner.
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Figure 7 Spectral index uncertainty (1) map corresponding to Supplementary Fig. [6]
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Figure 8 Subaru gri color image with 3 GHz VLA contours overlaid showing the radio tail originating from
the host galaxy located at the upper part of the image. The bright saturated object close to the center of the
image is a foreground star. Radio contours are drawn at [1,2,4,...]X 2.50yys, With oy = 6 uly beam™!.
The resolution of the radio image is 3.9” x 2.9”. The beam size is indicated in the bottom left corner.
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Images for the X-ray surface brightness profile modeling.

Figure 9 Left: Chandra 0.5-2.0 keV image, smoothed with a Gaussian of 8”, indicating the position of the
elliptical sector (blue) in which we modeled the X-ray surface brightness profile. Radio contours from the
GMRT 610 MHz image are shown in red. Contour levels are drawn at [1,2,4,...] x 200 pJy beam™1.
The alternative sector for modeling and extracting the X-ray surface brightness profile is shown with dashed
lines. Right: Chandra 0.5-2.0 keV image indicating the location of the surface brightness edge with arrows.
In right sub-panel the same image is shown with contours from the GMRT 325 MHz image overlaid.
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Figure 10 Left: Chandra 0.5-2.0 keV surface brightness profile across the radio relic in the spherical sector
shown in Supplementary Fig. [9](left panel). Uncertainties on the data points are plotted at the 1o level. The
blue line corresponds to the best-fitting double power-law model which has C' = 1.2. Right: The same
figure as in main article (Fig. 4), but where we fixed the density jump to C' = 2.3 (M = 2.0) during the fit.
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2.1 SOAR optical spectrum
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Figure 11 SOAR spectrum of the AGN host galaxy (¢ = 0.164 £ 0.001). The positions of some spectral
features are indicated.

2.2 Radio spectral re-acceleration modeling.

We this section we evaluate one possible re-acceleration model to investigate the spectral index distribution
across the relic. We first created a radio profile across the width of the relic, using the regions indicated in
Supplementary Fig.[12] The resulting radio profiles are displayed in Supplementary Fig.[13]

For modeling the spectral change during re-acceleration and the radio profiles in the shock downstream
region, we follow the method outlined by [19] for re-acceleration. We assume that a spherical shock sweeps
through a magnetized gas cloud containing fossil relativistic electrons, while propagating through a density
gradient of 72 in the cluster outskirts. The simulated profiles are convolved to a spatial resolution of 20 kpc.
The post-shock temperature is set to 6.41“8:2 keV, which was determined from the Chandra data in the region
north of the relic. The radius of the shock is assumed to be 1.0 Mpc. The geometry of the cloud is the same
as described in [[19]. The pre-shock magnetic field is 1.5 pGauss, and the magnetic field strength across the
shock transition is assumed to increase due to the compression of two perpendicular components. Note that
the shock speed and the post-shock magnetic field strength vary in time as the shock slows in the cluster
outskirts.

The fossil electrons are assumed to have the energy spectrum, N (7.) oc 7. 2P exp[—(Ye/7Ye,c)?], where
the cutoff Lorentz factor is 7, . = 1.8 X 10*. The slope of s = 2.5 is a typical injection index for AGN [51],
which corresponds to a radio spectral index of @ = —0.75 (o = (s — 1)/2). The cutoff (v, = 1.8 x 10%)
at the end of the tail, just before re-acceleration, is set to match the o = —1.3 between 0.325 and 3.0 GHz.

The “extension angle” is ¥ ~ 120 [19].

The best matching model has a sonic Mach number of My = 1.9 at the time shown in Supplementary
Fig.[T3] where we can reproduce the spectral change from o = —1.3 just before re-acceleration to o« = —0.9
at the relic. The post-shock magnetic field has a value of 2.9 Gauss. We note that the observed profiles are
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Figure 12 Regions where the radio profiles across the relic were extracted displayed on the GMRT 325 MHz
(left) and VLA 3.0 GHz image (right). The width of each rectangular box is 20 kpc. The profiles are shown
in Supplementary Fig. [I3]

wider than the simulated ones and that the Mach number is somewhat higher than the upper limit determined
from the X-ray observations. In our modeling, we assumed the relic is seen edge-on with respect to the
shock normal. If this is not the case, the observed profiles would widen. Our Mach number estimates are
also somewhat uncertain due to the assumptions that were made when fitting the X-ray surface brightness
profile. We also evaluated a model with a flatter injection index of s = 2.2 (o« = —0.6). In that case, we
find a best matching sonic Mach number of M = 1.7. Given the uncertainties in the geometry, simplifying
assumptions made in the modeling, and unknown distribution of fossil plasma before re-acceleration, we
consider the match with the data reasonable.

It is expected that for a tailed radio galaxy, the shape of the energy spectrum of the fossil electrons changes
with distance from the nucleus. Thus the spectral index along the shock front, towards the west, is expected
to steepen. However, the observed spectral index along the relic’s extent is rather uniform. We therefore ex-
tended our model to investigate what spectral index trend is to be expected, taking into account the predicted
spectral steepening along the original tail of fossil plasma.

We first estimate the amount of spectral steepening that is expected along the 150 kpc extent of the relic
in the spectral index map. Assuming that the distance between the core and the end of the tail (where
a = —1.3) is about 90 kpc, the mean jet velocity is estimated to be 1.2 x 10% km s~! (for s = 2.5,
Yee = 1.8 x 10%, and a cooling time of 7.3 x 107 yr). The distance from the NE corner to the SW
corner of the relic is about 150 kpc. The cooling or advection time of the jet is estimated to be 1.2 x 108
yr over this 150 kpc. In that case, the cutoff Lorentz factor should decrease from .. = 1.8 x 10* to
VYe,e = 1.2 X 10*. This leads to spectral ageing from o = —1.3 to & = —1.6 along the relic’s length. When
then rerun our model, changing the input . .. The resulting spectral profiles after re-acceleration are shown
in Supplementary Fig. At the relic’s NE corner with @ = —1.3, re-acceleration changes the spectral
index to —0.9, the result we obtained before. At the SW corner with « = —1.6, re-acceleration changes the
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spectral index back to o = —1.0. So we can see that the re-acceleration leads to a relatively uniform spectral
index along the relic’s extent, even though the original fossil distribution shows considerable change. While
this model does explain the relatively uniform spectral index along this particular relic, it is worth noting that
it might have trouble explaining the constant spectral indices for Mpc-size relics along their lengths (unless
the shock Mach number is higher or the spectral index distribution of the fossil plasma does not show
extremely large variations). In addition, there could be other challenges for the “DSA-type” re-acceleration
model described in this section, see [[10,[29].
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Figure 13 Measured radio flux density profiles (red: 325 MHz, green: 610 MHz, blue: 1.5 GHz, and purple:
3.0 GHz) across the width of the relic (see Supplementary Fig. . The spectral index (ag?g é/IH};Z) profile
is shown in black. The data points are connected by solid lines. Uncertainties are plotted at the 1o level.
Modeled profiles from re-accelerated fossil plasma are overlaid with dashed lines with corresponding colors.
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Figure 14 Simulated radio spectral index profiles across the relic radio for different values of ~, ., to rep-
resent the continued steepening of the fossil plasma along the radio tail. In black, the profile at the relic’s
eastern end with 7, . = 1.8 x 10%. The magenta (long dashed) line represents the radio spectral index on the
relic’s western end (¢, = 1.2 X 10%). Intermediate values of Ye,c are shown in red (dotted; ye . = 1.6 X 10%)
and blue (dashed; 7. = 1.4 x 10%). It can be seen that the re-acceleration process at the shock partly
“erases” the spectra index gradient (A« = 0.3) and reduces it to (A« = 0.1) after re-acceleration, creating
a relatively uniform spectral index along the relic’s length.
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2.3 Subaru and Keck observations.
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Figure 15 Redshift distribution of the Keck DEIMOS high quality (Q > 3) galaxy spectroscopic redshifts
within the cluster redshift range. The north (A3411) brightest-cluster-galaxy (BCG) redshift is indicated by
the red arrow, and the southern (A3412) BCG redshift is indicated by the blue arrow.

2.3.1 Subcluster identification

To determine which galaxies are members of the Abell 3411 and 3412 subclusters, we utilize both spectro-
scopic and red sequence cluster member selection methods. The spectroscopic sample has the advantage of
being a purer sample and the precise redshifts are a necessity for many of the following analyses. While the
red sequence sample is not as pure, it is more complete and it is not subject to the under sampling bias that
affects the spectroscopic sample; thus it is advantageous for some analyses.

For the red sequence sample, we selected cluster members by first separating galaxies from stars using a
size-magnitude relation based on the Subaru imaging (note that this separation is much more effective for
the Subaru imaging than for the INT/WFC imaging described in the Methods section of the main article).
We identified the red sequence in a color-magnitude diagram with g — r as the color and r as the magnitude.
We used the spectroscopic survey to inform the red sequence selection (see Supplementary Fig. [I6) and
estimate the purity of the red sequence selection. For the spectroscopic objects, we find that 196 lie within
the red sequence selection bounds. Of these 78% are cluster galaxies, O are foreground galaxies, 13% are
background galaxies, and 9% are stars.

No one subcluster identification method is optimal for all types of subcluster configurations [|52}/53], so
we employ three separate complementary methods of subcluster identification. The first is a projected
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Figure 16 Color-magnitude diagram of galaxies within a 15’ radius of the system center, based on Subaru ¢
and r magnitudes. Spectroscopic cluster (red), foreground (light blue), and background (dark blue) galaxies
are overlaid. The red sequence selection region is outlined in orange.

galaxy number/luminosity over-density analysis, the second is an Expectation-Maximization Gaussian Mix-
ture Model (EM-GMM) clustering analysis, and the third is a Markov Chain Monte Carlo Gaussian Mixture
Model MCMC-GMM) clustering analysis.

We generated red sequence galaxy number density and luminosity density maps and bootstrapped to es-
timate the projected separation between the peaks of the two subclusters. From Fig. 1 (main article), it is
clear that there are two dominant subclusters in projected space (corresponding to A3411 and A3412), but
there are also small substructures to the north of A3411 and one northeast of A3412. We find that the cor-
responding spectroscopic cluster galaxy density maps agree well (see Supplementary Fig. [T7), except that
they do not show the smaller substructures since these lie outside the DEIMOS spectroscopic survey area.

For the EM-GMM, we use scikit-learn’s GMM package and apply it to the three-dimensional galaxy
distribution (right ascension, declination, and redshift) of the spectroscopic sample of cluster members. We
consider mixtures of 1 to 7 multivariate Gaussian components with a diagonal (diag) covariance structure,
where each Gaussian component has an uncorrelated covariance structure. While this covariance structure
prevents angled elliptical halos, we find that the other covariance structures in scikit-learn’s GMM package
offer too much flexibility (e.g., the full, where each Gaussian component can have a different unstructured
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Figure 17 The spectroscopic galaxy density maps discussed in Left: The cluster spectro-
scopic sample number density map. The cluster spectroscopic number density contours (black) begin at
20 galaxies Mpc~?2 and increase linearly with increments of 20 galaxies Mpc 2. Right: The cluster spectro-
scopic luminosity density map. Each map has a linear scaling with black being fewer and white being more
galaxies Mpc~2. Each map has been convolved with a 60" Gaussian smoothing kernel.

covariance, results in unphysical solutions where some subclusters have substantial coherent rotations). For
each number of components (n), we calculate the BIC (Bayesian information criterion) and use this to infer
the optimal number of subclusters. We plot these results as,

ABIC,, = BIC,, — min (BIC,|n € Z1..7) 3)

where Z; 7 is the set of integers from 1 to 7. For convenience of interpretation, we color-code regions of
the ABIC plot according to the broad model comparison categories suggested by [54].

We find that, of the models considered, the two-component Gaussian model is the most favored one (see
Supplementary Fig. [T§). In Supplementary Fig.[T9] we plot the three-dimensional distribution of the spec-
troscopic cluster members and their most likely subcluster membership assignment for this lowest-BIC
model. For the projected one-dimensional distributions, we plot the marginalized Gaussian components for
the lowest-BIC model (dashed lines). For the projected two-dimensional distributions we plot marginal-
ized 68% confidence ellipses of the lowest-BIC model Gaussian components. The EM-GMM identifies two
subclusters that correspond to A3411 and A3412. We also employed a more sophisticated MCMC-GMM
analysis which is similar to the EM-GMM, but facilitates the implementation of informative priors on the
model parameters (e.g., location of the halos, typical cluster scales, and typical cluster ellipticities). For this
system, the results of the two GMM analyses produce nearly identical results.
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Figure 18 A ABIC plot comparing GMM fits to the three-dimensional (right ascension, declination, and
redshift) distribution of all the cluster member spectroscopic galaxies, with varying number of Gaussian
components and a diagonal covariance type. The purple shaded regions roughly denote how a given model
compares with the model that has the lowest BIC score. The most favored is a 2 component model with diag
covariance structure. The two components closely correspond to A3411 and A3412.

2.3.2 Dynamical analysis and masses.

To investigate the redshift and velocity dispersion of each subcluster, we subdivide the cluster spectroscopic
sample (§2.3) according to MCMC-GMM analysis (§2.3.1)) maximum likelihood membership probabilities.
The redshift distributions of each of these selections are shown in Supplementary Fig. 20

We estimate each subcluster’s redshift and velocity dispersion using the biweight-statistic and bias-corrected
68% confidence limit [[55]] applied to 100,000 bootstrap samples of each subcluster’s spectroscopic redshifts.
We find very similar redshifts for the A3411 and A3412 subclusters, 0.16194J_r8:88832 and 0.16226J_r8:888g,
respectively. These translate to a relative line-of-sight (LOS) velocity difference in the frame of the cluster
of Va3411 — VAs412 = —80 £ 170kms~'. This suggests that either they are both nearly in the plane of
the sky, have slowed as they near the apocenter of the merger, or a combination of the two. Comparing the
relative redshift of each subcluster’s BCG with respect to the median subcluster redshift, we find relative
line-of-sight velocity differences of va3411 —va3411 Bcg = —270+120km s™hand vas4192 — VAS412BCG =
+40 £ 120 km s~ .

We find similar velocity dispersions for the northern (A3411) and southern (A3412) subclusters, 11 10fé80 kms~!
and 1190:1)80 kms~!, respectively. Converting these velocity dispersions into Magg mass estimates using
the [56] scaling relation, we estimate masses of 14f§ x 10" M, and 183 x 10'* M, for the A3411 and
A3412 subclusters, respectively. Velocity dispersion mass estimates can be biased high in disturbed systems,
however this bias primarily exists when the merging halos are separated by < Raqg in the ~ 1 Gyr pre/post
collision, and is approximately a factor of three worse for mergers occurring along the line-of-sight [52].
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encompass ~ 68% of the corresponding members in the lowest-BIC model Gaussian components.

We expect that the velocity dispersion mass estimates of A3411 and A3412 are not significantly biased
because they have a projected separation of 1.4 & 0.2 Mpc, the dynamics analysis suggests (see the next
paragraph) that the time-since-collision (TSC) is > 0.9 Gyr, and the angle of the merger axis with respect to

the plane-of-the-sky («) is 23‘%3. Note that « is largely insensitive to the mass of the subclusters .
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For the subcluster two-body dynamical analyses, we use the MCMAC Monte Carlo merging cluster dy-
namics analysis method [58]. The MCMAC program takes PDF’s (probability density functions) for the
mass, redshift, and projected separation of two subclusters as input. We use the aforementioned redshifts,
velocity dispersion based mass estimates, and red sequence luminosity density based projected separa-
tion estimate. Additionally, we incorporate a 20% radio polarization fraction of the relic as a prior that
a < 48° [3,59]. We summarize the geometric and dynamic parameter constraints in Supplementary Ta-
ble[I] While there is some ambiguity in whether the two subclusters are on an outbound trajectory or if
they have reached their apocenter and are on a return trajectory, we find that the system is near apocenter
and the time-since-collision for the outbound case (1T'SCy) is close to that of the return case (I'SC}), see
Supplementary Table[I] Supplementary Fig. 20| (right panel) provides an example of the marginal posterior
parameter constraints from the dynamics analysis and the impact of the polarization prior.

We thus conclude that core passage for the A3411-A3412 merger event occurred about ~ 1 Gyr ago and
the merger event is seen relatively close (9°—41°) to edge on.
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Figure 20 Left: Redshift distributions for the two subclusters, following the label and color scheme of Sup-
plementary Fig.[T9] Redshift locations and velocity dispersions are listed in the upper left of each subpanel.
The galaxy membership of each subcluster is based on the MCMC-GMM analysis (see §2.3.I). Right:
Marginal posterior of the relative three-dimensional subcluster velocity at the time of collision vsp (teol)
and the time since collision given their observed state, inferred from the Dawson (2013) dynamics analysis.
Dark and light blue contours represent the 68 and 95% confidence regions, respectively, for the case with the
radio relic polarization prior based on a polarization fraction of 20%. The gray dashed contours represent

the 68 and 95% confidence regions, respectively, for the case of no prior.

27



Table 1 A3411-3412 dynamic analysis parameter estimates including the radio relic polarization prior

Parameter®  Units Location® 68% LCL-UCL® 95% LCL-UCLP

Moo, 10" Mg 14 11-19 7-22
Mago, 101 Mg 18 13-22 9-27

21 0.1620  0.1615-0.1624 0.1612-0.1628
29 0.1622  0.1619-0.1627 0.1614 —0.1632
dproj Mpc 1.4 12-16 09-1.9

« degree 23 9-41 247

dsp Mpc 15 12-19 09-23
dmax Mpc 1.6 13-19 0.9-25
v3p(tops)  kms™! 330 50 — 760 50 — 1880
v3p(teol)  kms™! 2600 2400 — 3000 2000 — 3400
TSCy Gyr 0.9 09-1.3 0.7-1.7
TSC, Gyr 1.2 1.0-1.6 0.9-2.5

T Gyr 2.2 1.9-26 1.6-33

@ Masoo mass; z redshift; dpr.; projected subcluster separation; ov merger axis’ angle with respect to the plane-
of-the-sky; dsp 3-D subcluster separation; dpax 3-D maximum subcluster separation after core passage;
v3p (tobs) current 3-D velocity difference between the subclusters; vsp(tco1) subcluster velocity difference
at the time of core passage; T'SCj time-since-collision (time after core passage) for the outbound case;
T'SC) time-since-collision for the return case; 1" time between collisions. See [58]] for more details on the
these quantities.

bBiweight-statistic location [55].

“Bias-corrected lower and upper confidence limits, LCL and UCL respectively [55].
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