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Abstract

Jets launched by supermassive black holes transport relativistic leptons, magnetic fields, and atomic
nuclei from the centres of galaxies to their outskirts and beyond. These outflows embody the most
energetic pathway by which galaxies respond to their Cosmic Web environment. Studying black hole
feedback is an astrophysical frontier, providing insights on star formation, galaxy cluster stability, and
the origin of cosmic rays, magnetism, and heavy elements throughout the Universe. This feedback’s
cosmological importance is ultimately bounded by the reach of black hole jets, and could be sweep-
ing if jets travel far at early epochs. Here we present the joint LOFAR—uGMRT-Keck discovery of
a black hole jet pair extending over 7 megaparsecs — the largest galaxy-made structure ever found.
The outflow, seen 7.5 gigayears into the past, spans two-thirds of a typical cosmic void radius, thus
penetrating voids at ~95% probability. This system demonstrates that jets can avoid destruction by
magnetohydrodynamical instabilities over cosmological distances, even at epochs when the Universe
was 15—7 times denser than it is today. Whereas previous record-breaking outflows were powered by
radiatively inefficient active galactic nuclei, this outflow is powered by a radiatively efficient active
galactic nucleus, a type common at early epochs. If, as implied, a population of early void-penetrating
outflows existed, then black hole jets could have overwritten the fields from primordial magnetogene-
sis. This outflow shows that energy transport from supermassive black holes operates on scales of the
Cosmic Web and raises the possibility that cosmic rays and magnetism in the intergalactic medium
have a non-local, cross-void origin.
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1 Main text

Nearly every galaxy harbours a spinning supermassive black hole (SMBH) in its centre. The episodic infall
of dust, gas, and stars is believed to activate the Blandford—Znajek mechanism [5], in which electric and
magnetic fields convert black hole spin to kinetic energy carried by electrons and positrons. These leptons
form a pair of jets: collimated, relativistic flows along the spin axis that point away from the galactic
centre. Supported by helical magnetic fields [e.g. 58], the most powerful jets avoid disruption by stellar
winds [e.g. 54] and entrain wind-borne atomic nuclei [e.g. 77], while blasting off towards intergalactic
space. These jet-driven outflows comprise the majority of bright sources in the known radio sky.

To clarify the impact of black hole energy transport on the intergalactic medium (IGM), recent
studies [e.g. 14, 45, 47, 48] searched for Mpc-scale outflows: Nature’s largest, and often most powerful,
jet systems. The International LOFAR Telescope [ILT; 70] has emerged as the prime instrument for
their discovery and characterisation. Our team systematically scanned the ILT’s ongoing northern sky
survey at wavelength A = 2.08 m both with machine learning and by eye — the latter with significant
contributions from citizen scientists [26]. This endeavour has increased the number of known Mpc-scale
outflows from a few hundred to over eleven thousand [45].

Our largest find is the outflow shown in Fig. 1, which we name Porphyrion. The source, of angular
length ¢ = 13.4’ +0.1’, is unusually thin. It consists of a northern lobe, a northern jet, a core, a southern
jet with an inner hotspot, and a southern outer hotspot with a backflow. To investigate from which of
two radio-emitting galaxies halfway along the jet axis the outflow originates, we processed ILT very-long-
baseline interferometry (VLBI) data of the central 4’ x 4’. At a spatial resolution of 3 kpc, the image
(Fig. 1’s top panel inset) shows lone, unresolved radio sources in these galaxies, in both cases implying
active accretion onto an SMBH. Because the detection of jets near either black hole (and along the
overarching NNE-SSW axis) would clarify Porphyrion’s origin, we performed deep follow-up observations
with the Upgraded Giant Metrewave Radio Telescope (uGMRT) at A = 0.46 m. The resulting image and
ancillary optical-infrared data (Fig. 1’s bottom panel) reveal that the outflow protrudes from a massive
(M, = 6.7714-10"" M) galaxy. We observed this galaxy with the Low Resolution Imaging Spectrometer
[LRIS; 41, 51, 61, 64] on the W.M. Keck Observatory’s Keck I Telescope, measuring a spectroscopic
redshift z = 0.896 + 0.001 (Fig. 2). We witness Porphyrion at tgg = 6.3 Gyr after the Big Bang.

The outflow’s angular length and redshift entail a sky-projected length [, = 6.43 £ 0.05 Mpc. This
makes Porphyrion the projectively longest known structure generated by an astrophysical body. The
outflow’s total length exceeds this projected length, but by how much depends on the unknown inclination
of the jets with respect to the sky plane. Deprojection formulae [48] predict a total length [ = 6.8}-2 Mpc,
with expectation E[L | L, = I,] = 7.28 £ 0.05 Mpc (Methods). We thus estimate Porphyrion to be
~T7 Mpc long in total. Spanning ~66% of the radius of a typical cosmic void at its redshift, the outflow
is truly cosmological. The fact that outflows exceeding 4 Mpc have been known since the 1970s [76],
whilst those exceeding 5 Mpc remained undiscovered half a century of technological progress later,
hitherto suggested a physical limit to outflow growth near 5 Mpc. Our finding proves this suggestion
false. Surprisingly, SMBH jets can remain collimated over several megaparsecs, despite the growth of
(magneto)hydrodynamical (MHD) instabilities — chiefly Kelvin—Helmholtz instabilities — predicted
theoretically and seen in simulations of shorter jets [e.g. 53]. No MHD simulations of Mpc-scale jets yet
exist: the spatio-temporal grids required imply a numerical cost ~10? times higher than that of state-
of-the-art runs. Outflows like Porphyrion thus offer a window into a jet physics regime that, at present,
cannot be explored numerically.

Active galactic nuclei (AGN) with accretion disks extending to the innermost stable circular orbits
of their SMBHs efficiently convert the gravitational potential energy of infalling matter into radiation,
and are thus called radiatively efficient (RE); all others are called radiatively inefficient (RI) [23, 27].
In RE AGN, the luminous accretion disk photo-ionises a circumnuclear region emitting narrow, and
often forbidden, spectral lines. The Keck-observed prominence of forbidden ultraviolet—optical lines from
oxygen and neon (chiefly that of the [OIIIJA5007 line, which is 10.3 & 0.2 times brighter than the Hj
line) therefore reveals the presence of an RE AGN [7].

By contrast, all previous record-length outflows, such as 3C 236 (I, = 4.6 Mpc; [76]), J1420-0545
(I, = 4.9 Mpc; [39]), and Alcyoneus (I, = 5.0 Mpc; [47]), are fuelled by RI AGN in recent history
(tgg = 10.2-12.4 Gyr). Whereas RI AGN occur primarily in evolved, ‘red and dead’ ellipticals [27], RE
AGN feature vigorous gas inflows and are thus generally found in star-forming galaxies. Indeed, in the
first billions of years of cosmic time, RE AGN dominated the radio-bright AGN population [75]. The
potential of Mpc-scale outflows to spread cosmic rays (CRs), heat, heavy atoms, and magnetic fields
through the IGM is particularly high if large specimina could emerge from the type of AGN abundant at
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Fig. 1: Deep radio images of a 7 Mpc—long, black hole—driven outflow at central wavelengths
A =208 m (top) and A = 0.46 m (bottom). These images were taken with the ILT and uGMRT,
respectively, and have resolutions of 6.2” and 4.3”. The top panel’s inset shows ILT VLBI imagery at
A = 2.08 m and a resolution of 0.4”. The bottom panel’s inset shows Legacy Survey DR10 optical-
infrared imagery. The larger images cover 15’ x 15’ of sky area, whilst the insets cover 1’ x 1’. For scale,
we show the stellar Milky Way disk (diameter: 50 kpc) and a ten times inflated version.

early epochs, when the Universe’s volume was smaller. The discovery of a 7 Mpc—long, RE AGN—fuelled
outflow before cosmic half-time therefore highlights the hitherto understudied cosmological transport
capabilities of Mpc-scale outflows.
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Fig. 2: Both rest-frame ultraviolet—optical spectroscopy (top) and radio—ultraviolet pho-
tometry (bottom) demonstrate that the outflow’s host galaxy harbours an RE AGN. Top:
LRIS spectrum exhibiting hydrogen, carbon, oxygen, and neon emission. The forbidden lines from mul-
tiply ionised oxygen and neon (dark red) could not be generated by even the hottest stars, and instead
stem from the narrow-line region of an RE AGN at a redshift z = 0.896 £0.001. Bottom: Bayesian infer-
ence of the galaxy’s SED (Methods) favours the presence of an AGN accretion disk (dark blue) with an
obscuring torus (purple), again indicating radiative efficiency.

The host galaxy likely inhabits a Cosmic Web filament. Vast voids, which make up the bulk (~80%)
of the Universe’s volume [20], surround such massive structures in most directions. Jets as long as
Porphyrion’s encounter void-like densities and temperatures with high probability (~95%; Methods).
Indeed, the collimated nature of the jets favours scenarios in which they descend into voids, as jets gain
resilience against Kelvin—-Helmholtz instabilities when the ambient density declines [e.g. 53]. Dynamical
modelling suggests a two-sided jet power Q = 1.3 £0.1-10%° W and an age T = 1.9J_r8:§ Gyr (Fig. 3;
Methods). The outflow’s average expansion speed v = 0.012 ¢, comparable to Alcyoneus’ [47]. In voids
and the warm-hot IGM, the speed of sound c¢; ~ 10°-10' km s~!: the jets grow hypersonically at
Mach numbers M ~ 102-10% and drive strong shocks into voids. Porphyrion’s jets have carried an
energy F = QT = 872.10° J into the IGM — an amount comparable to the energy released during
galaxy cluster mergers [e.g. 71]. This suggests that the outflow is among the most energetic post—Big
Bang events to have occurred in its Cosmic Web region. Even though the SMBH might have gained a
significant fraction of its mass while powering the jets (AM, > 20% =972.10% M), it appears to have
maintained a constant spin axis throughout gigayears of activity. Shocks running perpendicular to the
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Fig. 3: By superimposing Porphyrion’s total length and radio luminosity (green dot) on
evolutionary tracks from dynamical modelling (red—white—blue curves), we infer the out-
flow’s two-sided jet power and age. We assume the host galaxy to reside in a galaxy group bordering
voids, through which the jets eventually travel.

jets dissipate enough heat into the filament to increase its temperature by AT ~ 107 K and its radius
by Ar ~ 1071-10° Mpc (Methods). Outflows like Porphyrion thus locally alter the Cosmic Web’s shape.

Figure 3 illustrates that the radio luminosity — and, consequently, the radio surface brightness — of
constant—jet power, Mpc-long outflows decreases over time. As Fig. 1 evinces, Porphyrion borders on the
noise of leading current-day telescopes; all outflows further progressed on the same evolutionary track
hitherto evade detection. Similar outflows at higher redshifts or at lower jet powers, and similar but less
slenderly shaped outflows, are likewise undetectable. More generally, statistical modelling [48] suggests
that the detectable population is just the tip of the iceberg: owing to their low radio surface brightnesses,
most Mpc-scale outflows are still concealed by noise. These arguments imply the existence of a hidden
population of outflows with sizes comparable to, and possibly larger than, Porphyrion’s.

Mpec-scale outflows long enough to breach filaments, such as Porphyrion, transport large quantities
of heavy atoms and CRs into voids [4]. In particular, Mpc-scale jets endow Mpec?-scale volumes in voids
with metallicities Z ~ 1073-1072 Z; (Methods). Furthermore, we predict that — in voids — the jet- and
buoyancy-dominated phases of outflow dynamics are followed by a diffusion phase. Figure 4 shows the
time evolution of the volume-filling fraction of CRs escaping from a void-penetrating lobe. Many particles
undergo this fate: the lobe leaks CR energy at a rate P ~ 1030 W ~ 10® L (Methods), equivalent to
a flux of ~103° 1 GeV-particles per second.! The weaker the magnetic fields in voids initially are (see
annotations), the greater the mean free path of the diffusing CRs is, and thus the more rapidly they
disperse. If these CRs spread an amount of magnetic energy comparable to their own energy, as suggested
by equipartition at source, then a single void-penetrating lobe could fill its void with a magnetic field
of strength B ~ 1071-107!% G within a Hubble time (Methods). Diffusion-driven magnetisation is
self-regulating: as the magnetic field strength rises, the mean free path falls, slowing further diffusion.
This mechanism for astrophysical magnetogenesis generates fields consistent with constraints from GeV
gamma-ray searches around TeV blazars [e.g. 10, 46].

Porphyrion indicates that RE AGN may be at least as effective at generating Mpc-scale outflows
as RI AGN are in the Local Universe. If the comoving number density of actively powered Mpc-scale
outflows has remained roughly constant over time at ~10* (100 Mpc)~3 [45, 48], and a comoving volume
of (100 Mpc)? contains ~10! voids [13], then there would exist ~1 actively powered Mpc-scale outflow
near every void at every instant. As Mpc-scale outflows are powered for ~1072-10° Gyr [e.g. 25, 47],
~10% Mpc-scale outflows may have been generated near every void throughout cosmic history. Only few

1However, in the context of lobe energetics, this loss channel is negligible. For example, as P ~ 10?2 Q, jet power fluctuations
have a far greater effect [e.g. 74].
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Fig. 4: Leptons escaping from the lobes of void-penetrating Mpc-scale outflows diffuse
rapidly in weakly magnetised voids. For a single void, and through cosmic time, we show the
volumetric fraction filled by electrons and positrons (with 1 GeV of initial energy) originating from
Porphyrion. Equally energetic protons diffuse faster, given their minimal inverse Compton losses to the
CMB. We consider diffusion through turbulent magnetic fields with strengths B and coherence lengths
Ac ~ 1 Mpc (spanning a factor two; see translucent bands). The hatched strip marks the time prior to
Porphyrion’s observed state during which its lobes likely (with probability >80%) penetrated voids.

(~0.5%)? would need to extend into voids to make CR diffusion from leaky lobes common enough to
magnetise the Universe to the observed levels. Our work suggests that void magnetic fields only trace
primordial fields if the latter were strong; otherwise, primordial signals are readily overwritten by void-
penetrating Mpc-scale outflows. Rather than stemming from the Early Universe, magnetism in voids
could thus trace the history of black hole energy transport on the scale of the Cosmic Web.

2A single Mpc-scale outflow may penetrate two or more voids.



2 Methods

Throughout this work, we assume a flat, inflationary ACDM cosmological model with parameters from
Planck Collaboration et al. [56]: h = 0.6766, Qgmo = 0.0490, Qn o = 0.3111, and Q0 = 0.6889. We
define Qpmo = Q0 — Pemo = 0.2621 and Hp := h - 100 km s=! Mpc~!. Furthermore, we define the
spectral index « so that it relates to flux density F), at frequency v as F,, « v®. Under this convention,
synchrotron spectral indices are positive (i.e. o = g) for the lowest frequencies and negative for higher
frequencies. As the restoring PSFs may not be perfectly circular, all reported resolutions are effective
resolutions.

ILT observations and data reduction

The International LOFAR Telescope [ILT; 70] is exquisitely sensitive to the metre-wavelength synchrotron
radiation generated by electrons and positrons in the first tens to hundreds of megayears after their
acceleration to relativistic energies. Consequently, the second data release [DR2; 63] of the LOFAR Two-
metre Sky Survey [LoTSS; 62], the ILT’s ongoing northern sky survey in the 120-168 MHz frequency
band, has revealed millions of galaxies boasting supermassive black hole (SMBH) jets.

After discovering Porphyrion, the outflow presented in this work, we extracted a total of 16 hours of
DDFacet-calibrated visibilities [67] from LoTSS pointings P228+60 and P233460 (Project ID: LT5.007).
Following van Weeren et al. [72], we subtracted all sources far away from the target, performed phase
shifting and averaging, and self-calibrated the resulting data. This removed residual ionospheric artefacts
around ILTJ153004.28+602423.2, the brightest source in the arcminute-scale vicinity of the northern lobe.
We subsequently performed joint multi-scale deconvolution with WSClean [50] on the recalibrated target
visibilities, yielding the 6.2"-resolution image of Fig. 1’s top panel. The noise level is o = 25 Jy deg™?
at its lowest. The outflow appears thin: its width is nowhere more than a few percent of its length.
We defined Porphyrion’s angular length as the largest possible great-circle distance between a point
in the southern hotspot and a point in the northern lobe. The arc connecting these points defines the
overarching jet axis, and we measured its position angle to be 27 4 1°.

To obtain a higher resolution image of Porphyrion, we reprocessed the P233+60 data, including
LOFAR’s international stations, from scratch using the LOFAR-VLBI pipeline [44]. This pipeline builds
upon the calibration pipeline for the Dutch part of the array to calibrate the international stations. We
derived the dispersive phase corrections and gain corrections for the international stations by calibrating
against a bright and compact radio source near the target. In this case, we used the aforementioned
ILTJ153004.28+602423.2, a known source from the Long-Baseline Calibrator Survey [LBCS; 32, 33]. To
reduce interference from unrelated radio sources in Porphyrion’s angular vicinity, we phased up LOFAR’s
core stations to narrow down the field of view and only considered data from long baselines to calculate
the calibration solutions. With the calibration solutions applied in the direction of the target, we again
performed deconvolution with WSClean to obtain a 0.4”-resolution image, which we show partially in
Fig. 1’s top panel inset and fully in Fig. 2.1. The noise level is o = 2.7 - 10% Jy deg™2 at its lowest. This
image, which covers the central one-third of the total jet system, reveals synchrotron emission at 420
significance from active galactic nuclei (AGN) in only two galaxies, 19” apart. Both lie along the outflow’s
jet axis nearly halfway between its endpoints. We considered these galaxies, J152933.03+601552.5 and
J152932.164+-601534.4, to be Porphyrion’s host candidates. In contrast to other radio-emitting structures
along Porphyrion’s axis, such as the southern complex interpreted as an inner hotspot, these candidates
have optical counterparts in Legacy Surveys DR10 imagery (see Fig. 1’s bottom panel inset).

uGMRT observations and data reduction

On 13 May 2023, we observed the outflow with the uGMRT in Band 4 (550-750 MHz) for a total of 10
hours. On 23 September 2023, we extended these observations with another 5 hours. These observations
are part of GMRT Observing Cycle 44 and have project code 44_.101. We requested to record both
narrow-band (GSB) and wide-band (GWB) data. Adverse ionospheric conditions during the September
run prohibited us from improving upon the images produced with the May run data only. In what follows,
we therefore exclusively discuss May run data reduction and results. We performed calibration with
Source Peeling and Atmospheric Modeling [SPAM; 31], starting out with the GSB data. After direction-
dependent calibration, we used Python Blob Detection and Source Finder [PyBDSF; 43] to derive a
sky model from the final GSB image, which subsequently served to initialise the direction-dependent
calibration of the GWB data. As SPAM was designed with narrow-band data in mind, following standard
practice, we first split the GWB data along the frequency axis, yielding four subbands of 50 MHz width
each. We then calibrated each subband independently. A joint image of four calibrated subbands revealed
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Fig. 2.1: Our ILT VLBI image of Porphyrion’s central 3.84’ x 3.84" at A = 2.08 m and 0.4" res-
olution covers a third of the total jet system and reveals two radio-luminous AGN. We show
the overarching jet axis (translucent white), determined from the northern lobe and southern hotspot
(not shown), to scale for a jet radius of 1 kpc. The jet axis appears to pass through J152932.16+601534.4.

residual ionospheric artefacts from ILTJ153004.284-602423.2, the same bright source in the vicinity of
the northern lobe mentioned earlier. To mitigate these artefacts, we subtracted (on a subband basis) all
sources outside of a spherical cap with a 9’ radius centred around J2000 right ascension ¢ = 15h29m32.0s
and declination § = 60d15m33.0s. We then jointly reimaged the four source-subtracted subbands with
WSClean, using Briggs weighting 0. This resulted in the 4.3”-resolution image of Fig. 1’s bottom panel.
The noise level is 0 = 3 Jy deg™2 at its lowest.

In the Legacy Survey DR10 optical imagery shown in Fig. 1’s bottom panel inset, we identified two
faint galaxies in the arcsecond-scale vicinity of the southern host galaxy candidate. Of these, the galaxy
at (p,0) = (232.37969°,60.26029°) emits low-frequency radio emission at 60 significance. At the 4.3”
resolution of our fiducial uGMRT image, this radio emission is only narrowly separable from the host
galaxy candidate’s, thus interfering with establishing the radio morphology of the candidate. Trading
depth for resolution, we reimaged the uGMRT data with WSClean using Briggs weighting —0.5, yielding
a 3.6” resolution. Subsequently, to isolate the radio morphology of J152932.16+601534.4, we fit a circular
Gaussian fixed at the sky coordinates of its radio-emitting neighbour. Naturally, we set this Gaussian’s
full width at half maximum to 3.6”. Upon subtracting the Gaussian, we obtained our final image; Fig. 2.2
shows its central region, where the noise level is 0 = 6 Jy deg™2 at its lowest. Only the southern (and
most radio-luminous) host galaxy candidate features an extension along the overarching jet axis seen in
Fig. 1. In our data, this extension — indicative of a pair of relativistically beamed jets — occurs at 5o
significance. We conclude that J152932.16+601534.4 is Porphyrion’s host galaxy.
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Fig. 2.2: In our imagery, only the southern host galaxy candidate features a radio extension
along Porphyrion’s overarching jet axis. For the central 3’ x 3’ sky area, we show a uGMRT image
at A = 0.46 m and 3.6” resolution. We detect the southern galaxy’s radio extension, directed towards
the north-northeast, at 5o significance. The contours denote 3o, 50, 100, and 1000.

Keck I observations and data reduction

The literature offers only photometric redshift estimates of the host galaxy. The SDSS DR12 [1] reports
zp = 0.68 £ 0.06, the Legacy Surveys DR9 [16] reports z, = 0.93 £ 0.08, and Duncan [18] reports
zp = 0.92 £ 0.08. For radio-emitting galaxies like J152932.16+601534.4, we consider the latter estimate
to be most reliable.

To establish the redshift of Porphyrion’s host galaxy with certainty, we measured its (rest-frame)
ultraviolet—optical spectrum with the Low Resolution Imaging Spectrometer [LRIS; 41, 51, 61, 64] on
the W.M. Keck Observatory’s Keck I Telescope. Adequate slit placement requires accurate knowl-
edge of the galaxy’s coordinates. From the Legacy Surveys DR10 best-fit model, we found that
J152932.16+-601534.4’s centre lies at (p,6) = (232.38410°,60.25960°). The galaxy’s half-light radius is
10.1£0.3 kpe. On 23 June 2023, we observed the galaxy for a total of 900 seconds. We used the 600,/4000
grism on LRIS’ blue side, with 1 x 2 binning (spatial and spectral, respectively), and the 400/8500 grat-
ing on the red side, again with 1 x 2 binning. During the observations, the seeing was approximately
0.8"”; as we used a 1.5” slit, minimal slit losses occurred. Using a slit position angle of —70°, we could
simultaneously obtain a spectrum for J152933.03+601552.5, the quasar-hosting galaxy which we ini-
tially considered (and then discarded) as a host candidate. We reduced the data with Pypelt [57], a
Python-based pipeline with features tailored to reducing LRIS long-slit spectroscopy. We flat-fielded and
sky-subtracted the data using standard techniques. We used internal arc lamps for wavelength calibration
and a standard star for overall flux calibration.

The final LRIS-derived spectra of J152932.164+-601534.4 and J152933.03+601552.5 are shown in
Figs. 2 and 2.3, respectively. The corresponding spectroscopic redshifts are z; = 0.896 + 0.001 and
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Fig. 2.3: Ultraviolet—optical rest-frame spectrum of J152933.03+601552.5, the quasar-

hosting galaxy 19" north-northeast of J152932.16+601534.4, Porphyrion’s host galaxy.

We identify redshifted hydrogen, carbon, oxygen, neon, and magnesium lines, jointly implying zs =

0.799 4+ 0.001. Forbidden lines from the quasar’s narrow-line region are shown in red. The spectrum has

been measured with the LRIS on the W. M. Keck Observatory’s Keck I Telescope.

zs = 0.799 &+ 0.001. The uncertainties reflect LRIS’ limited spectral resolution as well as systematic
errors in wavelength calibration. The latter spectroscopic redshift can be compared to the value derived
for J152933.03+601552.5 by the SDSS BOSS [15] on 5 July 2013. Visual inspection of the SDSS BOSS
spectrum and its best fit indicates a robust spectroscopic redshift z; = 0.79836 £ 5 - 10~°. The two
measurements are in agreement.

Spectral energy distribution

To further assess the accretion mode of Porphyrion’s AGN, and to estimate its host’s stellar mass and
possibly star formation rate (SFR), we performed spectral energy distribution (SED) inference. Through
VizieR, we collected catalogued total (rather than fixed-aperture) flux densities, relative flux densities,
and magnitudes from rest-frame ultraviolet to radio wavelengths. Just ~3" northeast from Porphyrion’s
host galaxy lies another source, which could be either a Milky Way star or a galaxy. Mindful of the
possibility of spuriously high flux density measurements as a result of target—neighbour blending, we
assessed all images underlying the catalogued estimates by eye. The neighbouring source only appears
to be a point of attention for flux density measurements at small wavelengths, such as in the Legacy g-
and r-band, where it has flux densities ~100% and ~60% those of the target, respectively. At the Legacy
z-band’s larger wavelengths, the neighbour’s flux density is small (~20%) relative to the target’s. The
error induced by blending, which will add only a fraction of the neighbour’s flux density, should thus
be negligible. Accordingly, the Pan-STARRS and WISE measurements at even larger wavelengths are
not compromised by this neighbour. We converted the Legacy relative flux densities to flux densities by
multiplying with the reference flux density F), = 3631 Jy. We converted the Pan-STARRS AB magnitudes
to flux densities using the standard relation (e.g. Eq. 1 of Chambers et al. [9]). We converted the WISE
relative flux densities to flux densities by multiplying with the reference flux densities of Jarrett et al. [34]’s
Table 1. Table 1 provides all retained flux densities F), and the central wavelengths A they correspond to.

Next, using AGNfitter [8, Martinez-Ramirez et al. in prep.], we determined the SED posterior shown
in the bottom panel of Fig. 2. The posterior indicates the presence of a luminous SMBH accretion disk
with an obscuring torus, confirming the radiatively efficient nature of Porphyrion’s AGN. Our model
requires the disk and torus to explain the observed infrared (WISE) and near-ultraviolet (Legacy) flux
levels, which exceed those possible with cold dust and stars alone.

The SED posterior further implies that the stellar mass of Porphyrion’s host is M, = 6.7 £ 1.4 -
10 Mg . To gauge the sensitivity of stellar mass estimates for this galaxy to methodological variation, we
compare our result to the corresponding stellar mass estimate in the LoTSS DR2 value-added catalogue
[26]. This catalogue’s authors derive a stellar mass M, = 5.575-7- 1011 M, from SED fits to Legacy g, 7,
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z and WISE W1 and W2 flux densities.® The two stellar mass measurements are in agreement. Due to
the lack of rest-frame far-infrared photometry, the SFR of Porphyrion’s host is virtually unconstrained
by the SED posterior.

Radio luminosities and spectral indices

To determine metre-wavelength radio luminosities and a metre-wavelength spectral index for Porphyrion,
we first measured its flux densities in the 6.2” ILT and 4.3” uGMRT images. We assumed flux scale
uncertainties of 10% and 5%, respectively. Summing over all structural components, the outflow’s total
flux density at A = 2.08 m is F, = 63 £ 6 mJy; its total radio luminosity at rest-frame wavelength
Ar = 1.10 m therefore is L, = 1.4 £ 0.1 - 10?6 W Hz~'. The outflow’s total flux density at A = 0.46 m is
F, =12.0 £ 0.6 mJy; its total radio luminosity at rest-frame wavelength A\, = 0.24 m therefore is L, =
2.740.1-10%® W Hz'. These data imply a metre-wavelength spectral index o = —1.0940.08. Through
spectral index—based interpolation, we estimated the total radio luminosity at rest-frame wavelength
A =2mtobe L, =2840.3-10% W Hz'. This latter total radio luminosity is an important input
for our dynamical modelling.

We calculated directionally resolved metre-wavelength spectral indices by combining the ILT and
uGMRT images. Before doing so, we convolved the latter image to the former’s resolution. In Fig. 2.4, we
show two regions of interest from the resulting spectral index map, which consequently has a resolution
of 6.2”. To highlight the directions in which our spectral index measurements are informative, we blanked
all directions in which the thermal noise-induced spectral index uncertainty exceeds 0.3. The top panel
of Fig. 2.4 shows that J152932.164-601534.4, Porphyrion’s host galaxy, has a significantly higher spectral
index than J152933.034-601552.5, the aforementioned quasar-hosting galaxy. The former spectral index
is consistent with zero, indicating that the onset of synchrotron self-absorption (SSA) in Porphyrion’s
host galaxy occurs at metre wavelengths. By contrast, the onset of SSA in the quasar-hosting galaxy
must occur at longer wavelengths, suggesting a lower lepton energy density and weaker magnetic fields
in its synchrotron-radiating region. The bottom panel of Fig. 2.4 shows that Porphyrion’s southern tip
features much lower spectral indices, with a gradient along the jet axis. This gradient is consistent with
a scenario of a hotspot with backflow in which spectral ageing occurs. Whereas o« = —1.0 £ 0.2 at the
hotspot’s southwestern side, the radio spectra gradually steepen to @ = —1.6 £ 0.2 at the hotspot’s
northeastern side. No spectral trend appears present further downstream.

Dynamical modelling: jet power and age

We derived Porphyrion’s jet power and age from its length, radio luminosity, cosmological redshift,
and likely environment by fitting evolutionary tracks. We generated these evolutionary tracks with the
simulation-based analytic outflow model of Hardcastle [24]. This model requires assumptions on the
large-scale environment in which the dynamics take place. The Legacy Survey DR10 optical imagery

3This stellar mass estimate is not based on the spectroscopic redshift we have obtained through LRIS, but utilises a photometry-
based redshift posterior with mean and standard deviation z, = 0.92 £ 0.08 [18].

Table 1: Porphyrion’s host galaxy flux densities F;, throughout the electromagnetic spectrum. Entries
are sorted by the central wavelengths A of the observing bands.!

Band A (pm) F, (Jy)

Legacy g 4.8.1071 2.6+0.2-10°6
Legacy r 6.3-10"1 84+0.4-10"6
Legacy z 9.1-1071 4.3140.08-107°
Pan-STARRS i 7.5-10"1 1.14+0.1-107°
Pan-STARRS y 9.6-10"1 33+0.3-1075
WISE W1 3.4-100 2.41+0.02-10~*
WISE W2 4.6 - 109 2.534+0.05-10"4
WISE W3 1.2-10! 81+0.5-10"%
WISE W4 2.2-101 36+04-1073
VLASS 1.0 - 10° 1.4402-10°3
FIRST 2.1-10° 1.6+£0.1-1073
uGMRT Band 4 4.6 -10° 2.14+0.1-103
LoTSS 2.1-109 24+02-1073

1 When multiple flux densities or magnitudes from the same band were available in literature catalogues, we picked the highest
signal-to-noise ratio measurement. Legacy data come from Dey et al. [16], Pan-STARRS data from Chambers et al. [9], WISE data
from Lang et al. [37], VLASS data from Gordon et al. [22], FIRST data from Helfand et al. [28], uGMRT data from the present
work, and LoTSS data from Shimwell et al. [63].
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Fig. 2.4: Metre-wavelength spectral indices around Porphyrion’s centre and southern tip.
The top panel, which covers 3’ x 3/, reveals synchrotron self-absorption at metre wavelengths in the host
galaxy, consistent with the fuelling of powerful jets. The bottom panel, which covers 2’ x 2/, reveals a
hotspot with backflow. We show the mean spectral index a between 0.46-2.08 m, at a resolution of 6.2”.

From light to dark, the contours denote thermal noise-induced spectral index uncertainties of 0.05, 0.1,
0.2, and 0.3.

in the inset of Fig. 1’s bottom panel suggests that the host galaxy does not reside in a galaxy cluster,
which would be visible at this redshift as a galaxy overdensity on the sky. Concordantly, studies have
found that jet-fuelling RE AGN avoid rich environments [29, 30]. Nevertheless, the straightness of the
outflow implies a low peculiar speed (v, < 10?2 km s7'), and consequently that the host galaxy is at the
bottom of a local gravitational potential well. We thus instead suppose that the host galaxy resides in
the centre of a galaxy group of mass Msgo = 103 M (which comprises contributions from both dark
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and baryonic matter) [49, 52]. We assigned the group a universal pressure profile [UPP; 2] pg(r),* which
can be parametrised just by Mszg. To obtain the group’s baryon density profile from its pressure profile,

we invoked the ideal gas law: pg(r) = %7 where (m) is the average plasma particle mass and T,

the group temperature. We assumed a pure 'H-*He plasma with a *He mass fraction Y = 25% [e.g. 12],
so that (m) ~ g=tym;, = 0.6 m;,, where m,, is the proton mass. We estimated T}, which we assumed
constant in space and time, using the mass—temperature relation specified by Eq. 9 and Tables 3 and 4
of Lovisari et al. [38]:

Fly _ 7. (M5°° )0'61 (1)
2keV 51013 hzy Mg '

The aforementioned mass implies Ty = 7 - 10° K. As Mpc-scale outflows reach beyond the edges of
groups, it was also necessary to estimate the pressure and baryon density in the AGN’s more distant
surroundings. Following the bottom-right panel of Ricciardelli et al. [60]’s Fig. 6, we set the baryon
overdensity within voids at Porphyrion’s redshift to 6 = —0.7.> We obtained a void baryon density
pv = peofBro(l+2)3(1+6) =9-10731 g em ™3, where p. o is today’s critical density. Following Upton
Sanderbeck et al. [69]’s detailed study of IGM temperatures through cosmic time, which suggests a void
temperature T, ~ 103-10* K at Porphyrion’s redshift, we set T, = 1 - 10* K. This choice reflects the
fact that we are interested in void temperatures near the galaxy group. Again applying the ideal gas
law, and taking (m) as before, we obtained a void pressure p, = 1-107!° Pa. Finally, we defined the
external pressure pe(r) = pg(r) + pv, baryon density pe(r) = pg(r) + pv, and baryon density—weighted
temperature T (r) = pg(r)p?%m. Figure 2.5 shows these profiles.

We explored whether the addition of a filament component would significantly change Fig. 2.5’s pro-
files. We assumed a baryon overdensity 6 = 10 at the filament spine, and baryon density and temperature
profiles following Tuominen et al. [68]’s results for massive filaments in the EAGLE simulation. We found
pressure and baryon density contributions of an importance similar to or lesser than that of the group,
even at Mpc-scale distances. We thus considered the addition of the filament unnecessary, especially in
light of model uncertainties such as the group’s mass and the surmised validity of extrapolating the
group’s UPP to Mpc-scale distances.

We generated 21 evolutionary tracks of 200 time steps each, spanning a range jet powers Q = 10388
103°2 W. Propagating total length and radio luminosity uncertainties, we obtained @ = 1.340.1-10%° W
and T' = 1.970-7 Gyr. The outflow’s jet power uncertainty is set by radio luminosity uncertainty while its

age uncertainty is set by total length uncertainty. Each jet’s average speed (§) = @ = ﬁ = 0.5810:94%,
where ¢ is the speed of light. The energy transported by the jets £ = QT = 7. 6"'2 1.10°° J. As a black
hole can redirect at most half of the rest energy of infalling matter to electromagnetlc radiation and jet
fuelling, and the energy an RE AGN spends on electromagnetic radiation must at least equal the energy
spent on jet fuelling, the black hole must have gained a mass AM, > 2E = 8.5%2:4.10% M, while
powering the jets.

Data availability. The LoTSS DR2 is publicly available at https://lofar-surveys.org/dr2_release.html.
The authors will share the particular LOFAR, uGMRT, and Keck I Telescope data used in this work
upon request.

Code availability. The dynamical model used to interpret the outflow is described by Hardcastle [24]
and available for download at https://github.com/mhardcastle/analytic.
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Appendix A Supplementary Methods

Total outflow length

To estimate Porphyrion’s total length from its projected length, we perform statistical deprojection.
Equation 9 of Oei et al. [48] stipulates the probability density function (PDF) of an outflow’s total length
random variable (RV) L in case its projected length RV L, is known to equal some value [,. This PDF
is parametrised by the tail index £ of the Pareto distribution assumed to describe L. We calculate the
median and expectation value of L | L, = [, for tail indices £ = —3 and & = —4, the integer values
closest to the observationally favoured £ = —3.5 £ 0.5 [48].

First, we determine the cumulative distribution function (CDF) of L | L, = I, through integration:

FL\LI,:lp(l) = fL\Lp: p(l’) dl/ (Al)
75 ]_'\2 (_%) max {z,1} ’I/.Efl 4 ,
91+er T(—¢) /1 o o
where x = ﬁ and z’ == %
For ¢ = —3, the CDF concretises to
3 [max {z,1} dz’
Frip,=i,() = 5/1 iy 1 (A2)

0 ifrx<1
% Vil of g > 1.
The median conditional total length, In, is defined by Frp —; (Im) = % Numerically, we obtain x,, =
l‘“ ~ 1.0664, or I, ~ 1.0664 l,. As I, = 6.43 £ 0.05 Mpc, we find l;;, = 6.86 + 0.05 Mpc. An analogous

numerical determination of the 16-th and 84-th percentiles then yields [ = 6.9f(1)3461 Mpc.
For £ = —4, the CDF concretises to

16 max {z,1} da’
Frip,=1,(1) = .=

T A
3T 1 x/54 /$’2 -1 ( 3)

0 ifx<1
B 32ﬂ ((3:1: +2) +3arccosl) if x > 1.
Numerically, we obtain x,, ~ 1.0515, or I, ~ 1.0515 [, and thus I, = 6.76 =0.05 Mpc. In the same way
as before, we find | = 6.8733 Mpe.

Equation 10 of Oei et al. [48] gives a closed-form expression for E [L | L, = 1,] (§). Table 1 of the same
work lists E[L | Ly, = [,](€£ = =3) = 2%, and E[L | L, = [,](§ = —4) = 321,. In the case of Porphyrion,
these expressions concretise to E[L | L, = [,](§{ = —3) = 7.58 £0.06 Mpc and E[L | L, = [,]({ = —4) =
7.28 £ 0.05 Mpec.

By conditioning L on more knowledge than a value for L, alone, statistical deprojection could be made
more precise. For example, one could additionally condition on the fact that Porphyrion is generated
by a Type 2 radiatively efficient (RE) AGN. If Type 1 RE AGN are seen mostly face-on and Type 2
RE AGN are seen mostly edge-on, as proposed by the unification model [e.g. 27], then the detection of
a Type 2 RE AGN would imply that the jets make a small angle with the sky plane. Extending the
formulae to include this knowledge is beyond the scope of this work; however, mindful of the associated
deprojection factor-reducing effect, we choose & = —4 as our fiducial tail index.

To assess Porphyrion’s transport capabilities in a cosmological context, it is instructive to calculate
its length relative to Cosmic Web length scales. In particular, the outflow’s total length relative to the
typical cosmic void radius at its epoch is f, = I(1 + 2)R,!, where R, is the typical comoving cosmic
void radius. For | = 6.87}2 Mpc, z = 0.896 & 0.001, and R, = 20 Mpc [13], we find f, = 6477 %. For
our fiducial total length { = 7 Mpc, we find f, = 66%.
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Void penetration probability

Porphyrion’s orientation relative to its native Cosmic Web filament is currently unknown. We calculate
the probability that an outflow breaches its filament, thus penetrating the surrounding voids, by assuming
that jet orientations are independent from filament orientations. We furthermore assume that the jets
are straight and of equal length, that the filament is of cylindrical shape, and that the host galaxy resides
at the filament’s spine, where the gravitational potential is lowest. The RV ©¢ denotes the angle between
the jet axis and the filament axis, whilst the constants R¢ and D¢ := 2Ry denote the filament radius and
diameter, respectively. An outflow of total length [ penetrates voids with probability

D
P(Lsin®; > Dy |L=1)=P <Sin@f > lf>

D
=1- Fyneo, (zf) . (A4)

The RV ©¢ has support on the interval 0 < § < 7. On this interval, the CDF is

1 0 27
Fo,(0) =P(0; <) = %/0 /0 sin @ dp d¢’
=1—cosé. (A5)

The RV sin O has support on the interval 0 < y < 1. On this interval, the CDF is

Fine,(y) =P (sinO < y) =P (Of < arcsiny)
=1—cosarcsiny =1 — /1 — 42, (A6)
where we use the fact that the arcsine function is monotonically increasing. By combining Eqs. A4 and
A6, we obtain
if I < Dy;

AT
1-(B)* if1> Dy (A7)

0
P(Lsin@f>Df | LZI)Z{

Typically, however, we only know an outflow’s projected length — not its total length. The quantity of
highest practical interest therefore is

py =P (Lsin®; > Dy | L, =1,)

sin O¢
=P|(L,——>Ds| L,=1
( PSno, > Dy | Ly p)

:p(smf >Df) 1Py (Df) (A8)

sin®, = I lp

where the RV O, is the angle between the jet axis and the line of sight, and the RV X is the ratio of the RVs
sin O¢ and sin ©,. These latter RVs are independent and identically distributed: Fyino,(y) = Fsino, (Y)-
We derive the PDF fx by using the standard formula for the ratio distribution PDF (for independent
RVs). This formula demands the determination of fune,(y) = fsineo, (¥). From Eq. A6, we find that on
the interval 0 < y < 1, the PDF is

d Yy
7Fsin O¢ (y) =

fsin O¢ (y) = dy 17—3/2 (Ag)

To find the distribution of X, it is helpful to distinguish three intervals. For < 0, fx(xz) = 0, because
X is the ratio of two positive RVs. Then, for 0 < x < 1,

fx(@) == 1 v dy, (A10)
0 \/1 —x2y2\/1 — 2
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Fig. Al: From its projected length and an estimated radius for its native filament, one can
calculate the probability that an outflow penetrates the surrounding voids. Outflows with
projected lengths equalling the diameters of their filaments penetrate voids with 50% probability (as the
dots exemplify).

o
[\

while for x > 1,

= 3
¥ Y
T)=2x All
R = (A1)
Solving the integrals leads to
0 if z <0;
T n iz _og
(o) = WD IR g oy o, (A12)
22 nZtl_on
EADn 4oy —2e H);m;*l 2 x> 1.
At x =1, fx is undefined. We calculate F'x through integration, yielding
0 if ¢ <0;
Fx(z)=4 3+ igx—i—l i+ m G2 if0<a<; (A13)
% % lln’”"'1 ifx > 1.
Fx is continuously extendable at x = 1 by defining Fx(1) := %. Finally, we define z = l%f, so that
pyv(z) =1— Fx(x):
i (@r1-miE sm =) ifo<a <y
py(z) =41 if 2 = 1; (Al4)
1 1lz"-1 21 z+1 :
5 —3E—"InZts if x> 1.

The median of X equals unity. Therefore, half of the outflows with projected lengths I, = D¢ penetrate
voids. For outflows with larger projected lengths, void penetration is more likely than not. Figure Al
shows void penetration probabilities for physically relevant parameter ranges.

For Porphyrion, we take [, as before and adopt a filament (core) radius Ry = 1.2 Mpc [68]; this yields
2 = 0.373 £ 0.003 and therefore p, = 95.2 £ 0.1%.
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Filament shape modification

We predict that powerful, long-lived outflows like Porphyrion cause their host galaxies’ filaments to
expand thermally. Through lateral shocks, the jets distribute an amount of heat @ over the warm-hot
IGM. This medium is sufficiently dilute that plasma interactions can be neglected; as a result, the ideal
gas law, pV = NkgT, may be adopted as the equation of state. Here, p, V', N, and T are the filament’s
pressure, volume, plasma particle number, and temperature, respectively; kg is Boltzmann’s constant.
Assuming a thermodynamic process at constant pressure and particle number, the work W is

W = pAV = NkgAT. (A15)

Before the outflow’s emergence, the filament’s equation of state is pV; = NkgT;, where V; and T} are
its initial volume and temperature, respectively. Upon dividing Eq. A15 by this equation of state, one
obtains

AV AT
Vi T

(A16)

Assuming that the filament retains a cylindrical shape, initially with radius r; and finally with radius ¢,
and using that AV := V; — Vj, one obtains

(A17)

The radius ratio, 7*, depends only on the ratio between the temperature increase AT = Tt — T and the

)
i

initial temperature. The temperature increase is

Q

AT =
NCym’

(A18)

where C, i, is the molar heat capacity at constant pressure. For a monatomic gas or a hydrogen plasma,
Cp,m = 2R, where R is the molar gas constant. The number of filamentary electrons and atomic nuclei
affected by the outflow is

2
210,
N = TP (A19)
Hmyp

where L is the length of the cylindrical segment affected, p; is the initial baryonic mass density, p is
the average mass of a plasma particle relative to the proton mass, and my is the proton mass. We
estimate % by multiplying the typical speed of lateral shocks with the outflow’s lifetime. We decompose
pi = peof2Bmo(l + 2)3(1 + §), where z and § are the filament’s cosmological redshift and baryonic
overdensity, respectively.

We assess the outflow-induced morphological change to Porphyrion’s filament by evaluating Eq. A17,
taking @ = 10%® J, 7y = 1.2 Mpc, L = 7 Mpc, z = 0.9, 1 + 6 = 10, . = 0.5, and T} = 107 K; we find
AT = 9-10° K and 7 = 1.7 Mpc (an increase of ~40%). Porphyrion’s heat dissipation renders the
outflow’s native filament much hotter and thicker than it would have otherwise been.

Transport of heavy elements to voids

Outflows from RE AGN could contain more heavy atoms than outflows from RI AGN: RE AGN tend
to reside in galaxies with higher star formation rates and thus more vigorous stellar winds, suggesting
increased entrainment of wind-borne atomic nuclei into jets [77]. The order-of-magnitude calculations
presented here, to be verified by future simulations, indicate that Mpc-scale outflows could supply Mpc?-
scale volumes in cosmic voids with significant heavy atoms, though consistent with upper limits [65].

We calculated the heavy element enrichment of the IGM in voids due to the deposition of atomic
nuclei initially entrained in the jets of Mpc-scale outflows. In particular, we estimated the final metallicity
in the deposition region considering both internal and external entrainment. Internal entrainment refers
to the entrainment into jets of atomic nuclei from stellar winds, internal to the host galaxy. External
entrainment refers to the entrainment into jets of atomic nuclei dwelling in the IGM, external to the
host galaxy.
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Denoting the (two-sided) internal mass entrainment rate by M;, which we assumed constant through
time, the total internally entrained mass by an outflow of age T is

M, = M;T. (A20)

The internal mass entrainment rates of Centaurus A and 3C 31, both Fanaroff-Riley I (FR I) outflows
in the Local Universe, are estimated to be M; = 2-107% Mg yr~! [77] and M; = 8- 1072 Mg, yr—*
[35], respectively. At M, = 6.3 - 10 Mg, 3C 31’s host stellar mass is similar to Porphyrion’s. However,
Porphyrion is a Fanaroff-Riley II (FR II) outflow, suggesting a smaller jet opening angle w and thus a
smaller M. If w is a factor of order unity smaller for FR II outflows than for FR I outflows [e.g. 36, 59,
and Mi o w?, then MFRH ~ 10_1MFR1. On the other hand, Porphyrion’s host is seen much closer
to the cosmic heyday of star formation, suggesting a larger SFR and thus a larger M. After z = 1.9,
SFRs S typically decayed exponentially with an e-folding time of 3.9 Gyr [e.g. 40]. If M; x S, then
Mi(z = zp) ~ €2Mi(z = 0) ~ 10'M;(z = 0), where zp is Porphyrion’s redshift. Assuming that both
effects are indeed of comparable importance, we provisionally adopted 3C 31’s M, =8-10"3 Mg yr—t
as our fiducial value. Taking T as before, we obtained M; = 2 - 107 M. The total externally entrained
mass is

1

2

M, = 2/0 Pe(r)Ae(r) dr, (A21)

where A (r) is the entrainment cross-section at a distance r from the AGN. Perhaps the simplest approach
is to parametrise A, = mR2, where R, is a (constant) effective radius defined such that all baryons closer
to the jet axis than R, are entrained. Taking I and p. as before, and R, = 1 kpc [e.g. 55], we obtained
M, = 4-107 M. Although highly uncertain, these estimates suggest that M; and M, can be of the same
order of magnitude.

The total internally entrained mass in heavy elements is Z; M;, where Z; is the mass-weighted mean
metallicity of the galaxy’s stellar winds. The total externally entrained mass in heavy elements is Z,M,,
where Z, is the mass-weighted metallicity of the IGM along the jet. Assuming that the IGM in the voids
is initially pristine, its final metallicity is

ZiM; + Zo M,
Zy = 1T ZeTe A22
Mi + Me + va ( )

where p, is the baryon mass density within a deposition region of volume V. Taking a spherical deposition
region with a diameter of 1 Mpc, and p, as before, we obtained p,V = 7-10° Mg. Assuming Z; = Zg
[e.g. 77] and Z, = 107 Z; [e.g. 42], we found Z, = 3 - 1073 Zg. In conclusion, order-of-magnitude
arguments suggest that void-penetrating Mpc-scale outflows can endow the local IGM with metallicities
Z, ~1073-1072 Zg,.

Quasar mass—based host galaxy candidate elimination

SDSS J152933.03+601552.5 is the quasar-hosting galaxy 19” north-northeast of J152932.16-+601534.4,
the galaxy we have identified as Porphyrion’s host. We initially also considered SDSS
J152933.034+-601552.5 as a host galaxy candidate. However, aforementioned arguments involving the pres-
ence of jets and their orientation and, to a lesser degree, arguments involving core radio luminosity and
core synchrotron self-absorption all favour J152932.164+-601534.4. We now discuss how our results would
change if, instead, SDSS J152933.03+601552.5 were Porphyrion’s host galaxy. Doing so will lead to a
contradiction that disproves this alternative hypothesis.

First, we discuss results that do not require dynamical modelling. To start with, Porphyrion would
remain generated by an RE AGN. The host galaxy redshift would decrease from z = 0.896 £0.001 to z =
0.799+0.001, decreasing Porphyrion’s projected length from I, = 6.43+0.05 Mpc to I, = 6.21+0.05 Mpc.
Again using ¢ = —4, the total length would decrease from [ = 6.87}2 Mpc to | = 6.57}2 Mpc and its
conditional expectation from E[L | L, = {,] = 7.28 £ 0.05 Mpc to E[L | L, = I,] = 7.03 £ 0.06 Mpc. If
orientation distinguishes Type 1 from Type 2 RE AGN, as the unification model supposes, then these
statistical deprojection results may underestimate Porphyrion’s total length. Porphyrion would remain
the projectively largest galaxy-made structure identified so far. Porphyrion’s total radio luminosity at
rest-frame wavelength A\, = 2 m would decrease from L, =2.84+0.3 -1026 WHz ! to L, =2.24+0.2 -
1026 W Hz 1.
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Next, we discuss results that come from dynamical modelling. The jet power would decrease from @ =
1.3+£0.1-10% W to @ = 1.0+0.1-10% W, while the age would slightly increase from 7' = 1.970-7 Gyr to
T = 19737 Gyr.% The transported energy would decrease from E = 7.673:1-10° J to E = 6.47}-5-10%° J,
and the black hole mass gain from AM, > 8.5722- 108 Mg to AM, > 7.2129.10% M.

Finally, we arrive at a contradiction, as the quasar’s SMBH mass (measured from its SDSS BOSS
spectrum) M, = 2.5+ 0.3 - 108 Mg, [11]. This mass is lower than the minimum mass gain associated to
the fuelling of Porphyrion’s jets. Thus, assuming that SDSS J152933.03+601552.5 is the outflow’s host
galaxy leads to a contradiction. This argument reaffirms that J152932.16+601534.4 is Porphyrion’s host.

Diffusion of lobe plasma through voids

When cosmic rays move through the jumbled magnetic fields of galaxy clusters and filaments of the
Cosmic Web, the Lorentz force scatters them repeatedly. The mean free path of the ensuing random
walk is so short that the CRs radiate away their energy before they are able to travel a cosmologically
significant distance [e.g. 6]. Clusters and filaments thus effectively lock into place the CRs that are
injected into them. By contrast, magnetic fields with Mpc-scale coherence lengths in voids are orders of
magnitude weaker than those in clusters and filaments [e.g. 10], and as a result, CRs that are released
into voids might diffuse through their entirety within a few gigayears. Void-filling diffusion of CRs might
be especially rapid at early epochs: during Porphyrion’s lifetime, for instance, the proper volumes of
voids were on average an order of magnitude smaller than they are today.
Consider a void region filled with relativistic particles, so that their velocity components obey

v+ ’U; + 02 ~ 2. (A23)

We treat v;, vy, and v, as random variables subject to the above constraint. If the particles have no bulk
motion, and move in all directions with equal probability density,

Elvy] =E[v)] = E[v)] (A24)

for any N € R. In particular, given the absence of bulk motion, Efv,] = E[v,] = E[v,] = 0. By taking
expectations on both sides of Eq. A23, using the linearity of expectation, and invoking Eq. A24, we find

E[v?] = E[v?] = E[v?] = <. (A25)

Without loss of generality, we assume the region’s magnetic field B to be oriented along the z-axis. The

speed perpendicular to B is v, = ,/v2 + v2, so that, upon invoking Eq. A25, we find E[v}] = 2¢2%. A

typical speed for relativistic particles perpendicular to a magnetic field thus is

VER?] = \/gc ~ 0.8165 c. (A26)

Starting from Fick’s first law of diffusion, and solving the case of Brownian motion in three dimensions,
one obtains

r=V6Dt, (A27)

where 7 is the typical proper distance to the particles’ origin after a time ¢. To find the diffusion coefficient
D, we consider Bohm diffusion, in which charged particles diffuse through a turbulent magnetic field as
a result of the Lorentz force. Whereas predicting the trajectory of any single charged particle requires
knowledge of the specific magnetic field structure in its surroundings, the statistical properties of Bohm
diffusion are determined solely by the statistical properties of the magnetic field and the charge and
energy of the diffusing particles. The Larmor radius for a particle with Lorentz factor ~, total velocity
v, rest mass m, and charge ¢, is

+(v)mo.
ry = ———. A28
L= B (A28)

SSignificant jet-mediated transport of heavy elements to the IGM would remain plausible. The host’s stellar mass would decrease
from M, = 6.7+ 1.4- 10" Mg to M, = 4.0705 . 10" Mg, while the SFR would become S = 4.970:% . 10" Mg yr= " [3].
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For a relativistic particle whose v is given by Eq. A26, we obtain a Larmor radius

2 FE E 10715 @
E)=/2—— =88-102% pc- . A29
ru(E) \/;c|q|B PTGV — B (A29)

where E is the total (i.e. rest plus kinetic) energy of the particle. The diffusion coefficient for charged
particles in a magnetic field with a Kolmogorov turbulence spectrum is well approximated [21] by

D(E) = Dohm(Eo) (go)é + DBohm (E1) ()2 (A30)

Here, Ej is the energy for which the circumference of gyration equals the magnetic field coherence length
Aot

27T’I“L(E()) = )\C. (A31)

For g = +e, where e is the elementary charge, this equation implies that

3 Acclq|B 9 Ac B
Ep =/ 229 _ 18,102 GeV - : . A32
0 \/g o Y T Mpe 10-5 G (A32)

Furthermore, F; = %Eo. The Bohm diffusion coefficient [e.g. 21] Dpohm is

C

DBohm(E) = gTL(E) (A33)
L, Mp2  E 100G
—90-10"2 . . A34
9.0-10 Gyr 1 GeV B (A34)
We note that
¢ Mpc?  Ae
D m(Ep) = — =16-1 1 . A
Bohm (Eo) 61 Ac 6-10 Gyr 1 Mpc (A35)

is independent of the void’s magnetic field strength. Because Dpopm 71, & E, we have Dponm(E1) =
2 DBohm (Eo).

For E =1 GeV, A\, = 1 Mpc, and B = 107! G, we find D(E) = 2.9 hél;c:. After t = 1 Gyr, the
typical displacement of cosmic rays that escaped from the outflow’s lobes is r = 4.2 Mpc. We note that r
scales slowly with particle energy, magnetic field strength, and (to a lesser degree) with coherence length:

roc ESB 813, (A36)

For short time intervals ¢, we can ignore the expansion of the Universe; defining r. := (1 + 2), the void
volume-filling fraction V of a single lobe becomes

2re \°
V= <) . A37
(%) (an
For sufficiently short time intervals ¢, particles move in rectilinear fashion, and the typical proper
displacement of a relativistic particle within ¢ is r = ct, not r = v/6Dt. Diffusion can only possibly provide

an accurate description of the typical displacement for sufficiently large t. As superluminal motion is
impossible,

6D
V6Dt <ct, or t > — =t 74, (A38)
c

where 74 is the diffusion timescale (as in Globus et al. [21], but with a factor 6 instead of 4). Diffusion
only has a role to play in the description of particle movement through voids when 74 < 7,, the ballistic
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timescale for particle movement through voids. We define

R
o= (1+2)c’ (439)

where R, is the comoving void radius. As 7q o D, there is a maximum diffusion coefficient, Dy, .y, above
which the diffusive description is invalid. Solving 74(Dmax) = Tb for Diax, we obtain

R.c

Dpax = .
6(1+ 2)

(A40)

This maximum diffusion coefficient corresponds to a minimum magnetic field strength, By,;,. Approxi-
mating Dimax = Dohm (E, Bmin), we find

2(1+2)E
Bupin =24/ - ——F— A41
\/g clq|R. (Ad1)
_ E 20 Mpec 142z e
=88-107 G- : : S A42
88-107G 1 GeV R, 1 lq] (A42)

We should only apply diffusion theory to the problem of particle movement through voids for void
magnetic field strengths B > By,;,. For particle energies of 1 GeV, we therefore only consider diffusion
for B> 107 G.

The diffusing cosmic rays lose energy over time. In voids, losses by inverse Compton scattering to
CMB photons are by far more important than losses by synchrotron radiation, because

Prc,cvB B%MB(z)
: = A4
P, B2 (Ad3)

and B2\ () > B? in voids. (Here, Pic and Ps are, respectively, the inverse Compton and synchrotron
powers of a single cosmic ray.) The inverse Compton loss timescale for an electron or positron of total
energy E at cosmological redshift z is

E
2.3
- Omectio (A45)
o1 By 0)(1 + )1
1 1 1
12 Gyr. & LGV (A46)

2 T E (1+2)¥

where o is the Thomson cross-section for electrons and positrons. For protons, the inverse Compton loss

4
timescale equals the above multiplied by a factor (%) ~ 1.1-10'3. Therefore, for non—ultra-high-energy

cosmic ray protons, both synchrotron and inverse Compton losses are negligible.

Because % > 0, diffusion slows down as particles lose energy; in other words, a particle’s highest
diffusion coefficient is its initial diffusion coefficient.

Let X, be the comoving displacement along the z-direction. We consider N time steps, each of length
T = % Let X, ; be the comoving displacement along the z-direction achieved in the i-th time step, and
let X; be the corresponding proper displacement.

X, = ZXc,i (A47)

E[Xg] = V[Xc] = ZV[XC,i] = ZE[XE,J (A48)
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Because X ; = (14 2;)X;, E[XZ,] = (1 + 2)?E[X}]. Therefore

N

E[XZ] =) (1+2)°

i=1

E[X?]

K3

- 21, (A49)

T

Following Einstein’s definition of the diffusion coefficient, the proper diffusion coefficient in the z-direction
for the i-th time step, Dy, is

Dy = —2id (A50)

We can then write

E[X2] =2r> (14 2)*Da.. (A51)

=1

Proceeding analogously for the y- and z-directions, and defining R? := X2 + Y2 + Z2, we find

E[R]] = E[X] + E[Y?] + E[Z] (A52)
N
=27 > (14 2)°(Dai+ Dy + Dzs). (A53)

In the isotropic case, D, ; = Dy ; = D, ; = D;, so that

N N
E[R2] = 67> (14 2)?D;=6t-—> (1+2)*D;. (A54)
i=1 i=1

2|~

Denoting the (time) average of a function f(t) by (f), we have

re = /E[R2] = \/6{(1 + 2)2D)t. (A55)

Let E be an RV denoting particle energy, and let fr be its PDF. Let n; be the lobe particle number
density, and let R) be the lobe radius. The number of particles in an outer shell with thickness AR with
energies between F and E + dF is

dAN(E) = 47 R?AR - ni fr(E)dE. (A56)
These particles escape from the shell over a timescale

AR?

T )

(A57)
where D . is the compound cross-field diffusion coefficient [19]. The number of particles with energies

between F and E + dFE escaping from the shell per unit of time thus is

AN(E) _ 87R2-D, (E)-mfe(E)dE
(E) AR ’

(A58)

The particulate energy escaping from the shell per unit of time and unit of energy, which we shall call
the power density Pg, is

AN(E)  87R? D, (E) -nfr(E)E
To(EYAE AR '

Pp(E) =E- (A59)
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Finally, the total power P is

. _ 8TR*ny
P= /E Pp(B) dE = =L [E Dy (E)Efs(E) dE (AGO)
T 2
= gD, (B)E) (A61)

The compound cross-field diffusion coefficient is [17]

2
D, (E)~ D.(E) (1 + 12/\(2)) : (A62)

where D is the cross-field diffusion coefficient, given by

C

DL(E) ~ ETL(E)(SB(TL(E))~ (A63)

Here

5Ba>mfa-(i)§7 (A64)

where [; is the turbulence injection scale and f; is the total turbulence energy density up to this scale,
relative to the energy density of the thermal medium surrounding the lobe [19]. Additionally,

1 d(Ay) 1 [ A 5
Awﬁ@mm>wxmm)’ (A65)

where A is the lobe’s magnetic field correlation length. We assume that E has a Pareto distribution
[e.g. 73], so that its PDF, fg, (for p # —1) is given by

— L BP if Bpin < E < Frax;
Ju(B) = { PP (A66)
0 otherwise;
and Funin = Yminmc® and Fax = Ymaxmc?. We calculated the total power assuming R, = 100 kpc,

AR = X.; =10 kpe, l; =10 kpe, fi =1072, B= B =107 G, |q| = ¢, m = me, p = —2.4, Yinin = 10,
Vmax = 10°, and n; = 1070 cm™3. We find P = 1030 W.

To estimate the final void magnetic field strength B;,, we followed an argument akin to that in Beck
et al. [4]. If the lobe would expand to fill the entire void, then magnetic flux conservation yields

Ry

B, = B (RV)Q. (A67)

By squaring and dividing both sides of this equation by 2u, one recasts it in terms of magnetic energy
densities and obtains

R 4
up, = up, <]%l> . (A68)

However, only a fraction of the lobe’s magnetic energy can escape, and it is only this fraction that we
should consider in our calculation. If we assume that the magnetic energy that is carried out of the lobe
is comparable to the energy of the escaped particles, which equals Pt, then

Pt R, 4
up, = EUBI (Rv> ) (A69)
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where F is the total magnetic energy of the lobe. Recasting this equation back to magnetic field strengths,

we obtain
Pt [ R, 2
B, =/ — Bj. AT70
\VE < Rv> 1 (A70)

The energy ratio in Beck et al. [4]’s analogous Eq. 4 should likewise appear under a square root. This
is a matter of typography only: the authors did take the square root to obtain their results (private
communication with M. Hanasz). For ¢t = 10° Gyr, E} = 10°° J, R, = 10! Mpc, and P, R}, and B, as
before, we obtained B, = 6- 10716 G.
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