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Abstract: Jets powered by AGN in the early Universe (z 2 6) have the potential to not only define the
evolutionary trajectories of the first-forming massive galaxies but to enable the accelerated growth
of their associated SMBHs. Under typical assumptions, jets could even rectify observed quasars
with light seed formation scenarios; however, not only are constraints on the parameters of the first
jets lacking, observations of these objects are scarce. Owing to the significant energy density of the
CMB at these epochs capable of quenching radio emission, observations will require powerful, high
angular resolution X-ray imaging to map and characterize these jets. As such, AXIS will be necessary
to understand early SMBH growth and feedback. This White Paper is part of a series commissioned for the
AXIS Probe Concept Mission; additional AXIS White Papers can be found at the AXIS website .

Keywords: active galaxies; X-ray astronomy; supermassive black holes; Advanced X-ray Imaging
Satellite

1. Introduction

After decades of steady but limited progress, the lights of the dark ages of the early
Universe are finally being seen. The brightest and most accessible of these objects are
Active Galactic Nuclei (AGN), the extremely-luminous inner accretion regions surrounding
the first-formed supermassive black holes (SMBHs). Early results from JWST have already
started a torrent of new discoveries [1-3], and the promises of future missions—of Euclid
and Roman, of the 30-meter telescopes, of the ngVLA and the SKA—position the 2030’s to
be a decade in which we can answer some of the fundamental questions of the first black
holes, chief among which is “how were such massive objects able to form so quickly?”

Hand in glove with the evolution of these systems is the role of jets, beams of relativistic
particles powered by the black hole and its accretion region. The energy liberated by jets
can be extreme, dominating over radiative emission and physically shaping not just the
AGN host galaxies themselves (e.g., [4]) but even the environments in which they reside,
to the scale of galaxy clusters. Even small effects in the beginning of the Cosmos can lead
to significant changes 13 billion years later, and so no picture of galaxy formation and
evolution or of SMBH growth and seeding can be complete without the details of how jets
are at work.

In the following, we discuss how early jets can significantly impact the growth of
early SMBHs and the observational challenges that have kept high-redshift jets from being
well-studied. High angular resolution X-ray imaging with a low-background instrument
will be necessary to address these issues, motivating the need for AXIS [5].

2. Jet-Assisted Black Hole Growth

The problem of growing the first SMBHs is simple. We have observed hundreds of
AGN at z > 6, with measured black hole masses of 10° to 10! M, [6-9]; however, even
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if we assume that they have been growing at the Eddington limit since a scant 100 Myr
after the Big Bang, these black holes would have had to form from seeds with masses
of order ~10°-10° M, [10]. Producing seed black holes with such mass is a significant
challenge for theoretical and computational models. Conversely, lower-mass seeds are
more easily generated (remnants of massive stars are the only well-established black hole
formation mechanism), but they would require sustained super-Eddington growth to
produce observed quasars, itself a separate significant challenge.

At the core of this conundrum is the Eddington limit. For a black hole to grow, it
requires more material to be funneled through its accretion disk. Yet, further infall will
increase the luminosity of the disk, thereby increasing the outward radiation pressure
pushing against that same infall. This is characterized through the equation

In[(M(£) /M(to)] o (t — to) x (1~ €) /e, M

where € is the accretion efficiency—that is, the fraction of infalling mass energy that does
not end up inside the black hole. € manifests as two separate hits to mass growth, owing to
the loss of infalling mass (the 1 — € term) and the energy released to resist infall (the € of
the denominator). For an accretion efficiency of € = 0.1, Eddington-limited growth will
require approximately 115 Myr to increase a decade in mass.

As to what could potentially form the observed SMBHs, there are, in general, three
dominant theoretical models. The first is the simplest, in which a massive Population III
star ends its life and leaves a massive remnant. Such seeds could, at their most optimistic
extent, reach masses of order ~103 M, [11-13]. For more massive remnants, one possible
mechanism would involve mergers in a dense star cluster, whereby the hypermassive star
could leave a remnant with a mass up to ~10* Mg, [14,15]. The third mechanism would be
the collapse of atomic Hydrogen—potentially through a brief superstellar phase—directly
into a black hole [16-18]. For this direct collapse mechanism to work, however, it would
require a plentiful source of Lyman-Werner photons to dissociate any latent H, before it
can lead to fragmentation (e.g., [19]).

With observational constraints and theoretical seed models in tension, the only plau-
sible alternative is to relax the assumptions on growth rate. Therefore, following [20], we
reformulate Equation (1) by replacing a generic € with more specific values: €4, €g, and
€j. The first term (e 4) is the overall accretion efficiency and is simply the sum of the latter
two—e = € + €j—which correspond to the radiative accretion efficiency (eg) and the jet
accretion efficiency (ej), respectively. Although all energy lost to either jets or radiation is
mass-energy that does not contribute to the black hole’s growth, jets are tightly collimated—in
contrast to the isotropic radiation field of the accretion disk. As such, jets only take one hit out
of the accretion rate, and we therefore can write a new growth equation,

ln[(M(t)/M(to)] ¢ (tfto) X (1 *GA)/GR. (2)

The power of Equation (2) is demonstrated in Figure 1. 500 seed black holes were
randomly initialized with masses between 102 and 10% M, at times of 75 to 175 Myr after the
Big Bang, then allowed to evolve to redshifts of z~7. Every 10 Myr, these simulated AGN
were randomly assigned to either be “typical” Eddington growers (eg = 0.1, ; = 0.0, 90%
probability each time step) or jet-assisted growers (eg = 0.03, €; = 0.2, 10% probability). In
contrast to the limits imposed by only assuming radiative effects in SMBH growth models,
these light seeds are still capable of producing the most extreme quasars seen thus far (see
also [20,21]).

Although the methodology used to simulate growth tracks for Figure 1 is an ansatz
model, it does point out the constraints needed to determine the feasibility of such growth.
First, we need to understand what fraction of AGN at large redshifts are jet-dominated.
Previous work has shown that the radio-loud fraction is consistent at ~10% up to z ~ 6 [22];
however, as we show below, radio-loudness might not correlate with jetting at such extreme
redshifts. Correspondingly, the values of eg and €;—both for quasars in jet-dominated and



Universe 2024, 10, 227

30f9

radiation-dominated modes—are necessary components of these studies. Luckily, these
can be derived from observations, being proportional to the AGN luminosity and jet power,
respectively [20].
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Figure 1. Mass and redshift distribution of the known high-redshift quasars with robust mass
measurements (blue circles, [23]). The approximate mass distributions allowed by the three main
seeding models are shown with horizontal gray bands. Simulating growth tracks from massive Pop
III star remnants with random periods of jet-enhanced accretion, a fraction of the light seeds can
still produce the most extreme quasars observed (blue lines). In contrast, the radiation-only track
(dashed line, Equation (1)) is not compatible with both stellar remnant seeds and the highest-redshift
observed quasars.

3. The Hidden Population

Despite countless observations, the detection of extended jets (kpc-scale or larger) in
the Epoch of Reionization through targeted radio campaigns has been limited in success.
Very long baseline interferometric (VLBI) observations have identified compact, linear
sources near quasars with total lengths of hundreds of parsecs [24-27]. Longer sources—as
are seen in abundance at low redshifts—are not seen in this era. The underlying problem
is that at large scales the magnetic fields in jets are significantly smaller than close to the
quasar itself, and so radio emission may not be how jets radiate in those locations.

The dearth of detected extended jets, particularly when considering the relative con-
stancy of radio-loud quasars through this epoch, can be blamed on the changing conditions
of the Universe in this era. The energy density of the Cosmic Microwave Background
(CMB) scales as « (1 + z)*, which is, in turn, experienced by particles in the jet as being
boosted by the Lorentz factor, I, squared [28,29]. At low redshifts, the CMB energy density
is still less than that of magnetic fields, even in lobes. However, at z > 1—and z 2 6, in
particular—this energy density will dominate over magnetic fields, potentially even in
pc-scale jets! Jetted particles will therefore primarily radiate through inverse Compton
interactions with CMB photons (IC/CMB) instead of radio synchrotron, rendering them
X-ray dominant in their emission (e.g., [30]).

This redshift evolution is shown in Figure 2. The CMB energy density experienced
by a particle with bulk Lorentz factor I' is comparable to a magnetic field with value
Bemp = 3:26(1 + z)2T uG [31]. As such, by z 2> 1 the CMB will dominate over magnetic
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fields in large-scale structures. The overall balance between the synchrotron and IC/CMB
luminosity is shown in the middle panel of Figure 2, with an ansatz set of parameters.
Particularly for weaker magnetic fields and lower bulk Lorentz factors, IC/CMB will be the
dominant emission mechanism in the Epoch of Reionization. Yet, as shown in the bottom
panel, most of the jets observed by Chandra are low-redshift [32]; this is most likely due
to both an observational bias to observe targets where jets have already been seen and an
observatory bias where observations with the aging Chandra are prohibitively expensive.

7 Magnetic field strength equivalent to the CMB Energy Density
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Figure 2. (Top): The magnetic-field equivalent to the energy density of the CMB experienced by
particles in a jet as a function of redshift. For increasing bulk Lorentz factor I' and probing into the
Epoch of Reionization, the CMB becomes the dominant energy source for jetted particles to interact
with. (Center): The relative luminosities of IC-CMB and Synchrotron for the IC-CMB model as a
function of redshift. A fiducial model (parameters given in the top left) is shown with a solid line,
while single-parameter variations are indicated with dashed lines. For strong magnetic fields, IC-
CMB dominates at high redshift, while, for magnetic fields typical of lobes, the IC-CMB component
dominates the radio synchrotron by orders of magnitude in that era. (Bottom): Histogram of the
number of jets observed by Chandra, as tracked by the Atlas-X compilation [32]. Only a very limited
number of jets have been observed to date even at z > 4.

Indeed, only two large-scale AGN jets have been seen so far in the Early Universe. The
first of these reported [33] is associated with PJ352—15 (z = 5.83), the radio-loudest non-
blazar quasar yet known in the Epoch of Reionization [34]. Previous VLBA observations
had revealed a compact but extended radio source, with overall physical size of order
1 kpc [27], the largest such radio structure seen at these redshifts. Yet deep (265 ks) Chandra
observations revealed a second source, at the same position angle as the radio emission but
approximately 50 kpc in projection from the quasar itself. With no corresponding radio
or NIR emission, this was the first candidate for IC/CMB in the Epoch of Reionization
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ever found—but it required significant investments with Chandra, and would have been
impossible with XMM'’s angular resolution.

The second high-redshift quasar with observed X-ray jets is around a blazar at
z = 6.1 [35]. Owing to the tight viewing angle, this emission is contiguous with emis-
sion from the core—to the resolution of Chandra—but it extends in the same direction
as VLBA-detected jets [25] and, as with PJ352—15, it traces jets significantly longer than
what is seen in radio frequencies. Direct extrapolation from this source is difficult, as the
X-ray emission from blazars is expected to differ from “typical” quasars, owing to viewing
angle effects. However, the presence of a single blazar viewed at angle 6, < T~! implies
the presence of 2I'? sources of similar intrinsic properties (including black hole mass and
redshift) that are not seen at such favorable angles (e.g., [36]). The detection of further
blazars at high redshifts could therefore reveal the presence of a significant population of
further, jetted quasars!

Similar results also come from lower redshifts. A jet stretching half an arcminute in
length was serendipitously detected near a z = 2.5 quasar, but there was no corresponding
radio counterpart at these scales [37]. The serendipitous nature of this discovery implies
that many more such jets may be hiding, unseen because radio surveys did not see signs of
a jet. Further, targeted searches have also found X-ray jets without radio emission around
other z > 2 quasars [38], although there are still some radio knots coincident with X-ray
emission at these lower redshifts (e.g., [39]). Nevertheless, in light of the dearth of detected
large-scale radio emission in the Epoch of Reionization and the known physics of IC/CMB
interactions, it is becoming clear that high-resolution X-ray imaging will be needed to make
further progress on understanding the ubiquity and power carried by the earliest AGN jets.

4. The Need for AXIS

Detecting and characterizing these jets requires X-ray observations. Even with the
ngVLA or the SKA, the fundamental physical limitations imposed by the IC/CMB model
will make large-scale jets unstudiable at radio frequencies. Likewise, JWST or ALMA
may be able to trace the inner-most regions of outflows through emission-line imaging
of [O III] or [C II], respectively, but these are indirect tracers that would only indicate the
presence of feedback, not its extent or power (to say nothing of their contamination from
star formation).

X-ray observations are thus clearly needed to study the earliest AGN jets, and the
observatory capable of performing these investigations has two primary requirements. First,
excellent angular resolution is necessary. Angular size scales at these redshifts are relatively
flat at around 5 kpc/”, and so being able to separate jet emission from quasar emission
beyond 10 kpc requires angular resolution of no worse than 2 arcseconds. Second, lobes
may be extended (e.g., [40]) and will certainly be relatively faint, and so backgrounds must
be as small as possible to enable statistically-robust detection. Beyond these requirements,
higher effective area—particularly at soft X-ray energies—are needed.

To demonstrate the capabilities of AXIS in characterizing high-redshift jets, we consider
the emission detected around PJ352—15 at z = 5.83 by [33]. That emission was detected
with 7.8f§:g net counts in a 265 ks Chandra observation, and although they were unable to
tightly constrain its spectral properties, [33] found the flux was consistent with a power-law
emission with index I' = 2 and an X-ray luminosity of Lx = 10% erg s L Using the
most recent publicly-released spectral response models (10 July 2023), we simulated AXIS
observations of this emission with XSPEC [41]. In just 45 ks, AXIS can detect this source
with 50 net counts. Indeed, even at z = 9.0 a jet with those properties would produce 50 net
counts in a 100 ks observation. As such, AXIS will be able to constrain jet fluxes throughout
the Epoch of Reionization through even routine targeted observations of early quasars.

5. Discussion

In this work we have discussed the challenges of rectifying black hole seeding mecha-
nisms, radiation-limited growth, and observed quasar populations and the role that jets



Universe 2024, 10, 227

6 0f 9

can play in alleviating these tensions. The standard picture of Eddington-limited growth
with a 10% radiative efficiency (e.g., [10]) caps growth at the exponential rate of one decade
of mass every 115 Myr. Periods in which jets are the primary driver of accretion, in con-
trast, can enable bursts of faster growth, and, owing to the dramatic enhancement of the
CMB energy density with redshift, the evidence of these jets should be expected in X-rays.
AXIS—with its excellent proposed angular resolution, effective area, and background—can
enable the observations necessary to explore this mechanism.

Parallel to these efforts, further constraints on the potential seed population should be
arriving as the Population III universe comes into view. Early JWST results are building
measurements of total early star formation rates [42] and even potentially direct detection
of Population III emission [43]. Recent work by [44] presented evidence at high redshifts
of chemical enrichment from the first generation of stars seen through absorption lines
in ground-based near-infrared spectra. Independently, 21 cm measurements have been
used to constrain the broad population trends of the Population III era (e.g., [45,46]), with
forthcoming facilities poised to bring even further clarity [47]. As these works continue, we
should expect the allowable regimes of Pop III seeding (in mass and redshift) to become
more tightly constrained.

We have described a means by which black holes could grow at a quicker rate than typ-
ically assumed in the limited time available between formation and observation. However,
we note that this is not the only avenue being pursued to explain the high mass of early
quasars and galaxies; notably, some works have argued that these objects have had longer
to grow. In the context of an R;, = ct cosmology [48], growth rates need not be extreme
for either the earliest quasars [49] or galaxies [50]. Similarly, ref. [51] have proposed that
early-growth tension could be mitigated by an older Universe described by, among other
parameters, a non-constant A. While recent work has hinted toward an evolving dark
energy density [52], significant deviations from the assumed 13.8 Gyr age of the Universe
would entail an upheaval of the widely-adopted concordance cosmology [53].

It is also worth noting the role of gamma-ray astronomy in the development of high-
redshift jet emission models. At low redshifts, where the CMB energy density is small, the
observed MeV-to-GeV flux ratios in X-ray jets have been used to argue against IC/CMB
as the source powering jet emission [54]. For medium-redshift blazars, ref. [55] used MeV
and X-ray fluxes to identify spectral peaks associated with inverse Compton scattering
of an external radiation field. While direct detection of high-redshift sources by ground-
based Cherenkov imagers is beyond the capabilities of the upcoming generation [56], the
insights granted at low redshifts will inform the physical modeling needed to understand
high-redshift jets (e.g., [57]).

Nevertheless, the key driver of these insights remains the ability of AXIS to image and
characterize X-ray jet emission at high redshifts. Much as Chandra inadvertently opened the
X-ray study of AGN jets with its first observation of a celestial target [58,59], so too does
AXIS have the potential to revolutionize our understanding of jet emission in the Epoch of
Reionization from its first observations. If launched by the end of the decade, the synergies
between AXIS and the next generation of ground- and space-based observatories will help
reveal the mysteries powering the first supermassive black holes.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN Active Galactic Nucleus or Active Galactic Nuclei
AXIS Advanced X-ray Imaging Satellite
CMB Cosmic Microwave Background

IC-CMB Inverse Compton emission from CMB photons
ngVLA  Next Generation Very Large Array

SKA Square Kilometer Array

SMBH Supermassive Black Hole

SWG Science Working Group

VLBI Very Long Baseline Interferometry
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