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The content of astrophysical jets
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Summary

Jets, collimated outflows of particles and fields, are observed in a wide variety of
astrophysical systems, including Active Galactic Nuclei of various types, micro-
quasars, gamma-ray bursts, and young stellar objects. Despite intensive efforts along
several decades of observational and theoretical research, there are still many uncer-
tainties and open questions related to how jets are produced and what is their
composition. In this review I offer an outline of some current views on the content
and basic properties of astrophysical jets.
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1 INTRODUCTION

Astrophysical jets are collimated outflows of particles and fields observed on various scales in several types of both Galactic
and extragalactic sources. These sources include Active Galactic Nuclei (AGNs), young stellar objects (YSOs), X-ray binaries
(microquasars), and gamma-ray bursts (GRBs). This is a surprising variety of astrophysical systems involving many different
scales and numerous physical processes. The properties of jets also span astonishing ranges. For instance, the jets of AGNs can
remain well collimated along distances of hundreds of kiloparsecs. In GRBs the jets seem to have initially extreme velocities
with Lorentz factors of several hundreds. The extent of jets launched by YSOs can reach several parsecs. Regarding power, jets
can go from 1032 erg s−1 in YSOs up to 1052 erg s−1 in GRBs; i.e. they can cover 20 or more orders of magnitude.
The first jet ever observed was discovered by Curtis1 in the nearby galaxy M87, a century ago. Despite intensive investiga-

tion across the entire electromagnetic spectrum, our knowledge of astrophysical jets is still fragmentary and incomplete. One
important open issue is related to the composition of these flows. Are they formed by an electron/proton plasma? Or is it an elec-
tron/positron fluid? Or a mixture? Are some jets initially Poynting-flux dominated? If so, how do they become matter loaded?
What is the origin of the relativistic particles that produce the non-thermal radiation we observe from these jets? And what
about the slow, non-relativistic jets we observe in some protostars? The answers to these and other similar questions are closely
related to the problem of how the jets are launched and how they interact with the environment. In this paper I shall discuss
these problems, offer some possible answers, and outline prospects for future research. I shall focus mainly on the relativistic
jets of AGNs, but I shall occasionally comment on other types of jets. Because of limitations of space I decided to focus on
some general topics avoiding most details. This, I hope, will provide the reader with a general framework to start with. In order
to delve into the subject, there are several useful monographs and books2,3,4,5,6.

0Abbreviations: AGN, Active Galactic Nuclei; ADAF, Advection Dominated Accretion Flows; BH, Black Hole; DSA, Diffusive Shock Acceleration; EHT, Event
Horizon Telescope; FSRQ, Flat Spectrum Radio Quasar; GRMHD, General relativistic magnetohydrodynamics; HD, Hydrodynamics; ISCO, Innermost Stable Circular
Orbit; MAD, Magnetically Arrested Disk; MHD, Magnetohydrodynamics; RIAF, Radiatively Inefficient Accretion Flow; SED, Spectral Energy Distribution; SMBH,
Super Massive Black Hole; YSO, Young Stellar Object.
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TABLE 1 Properties of jets and central engines of various sources.

Property GRBs Microquasars YSO AGN

Mass of the accretor [M⊙] ∼ 10 ∼ 10 ∼ 1 − 10 ∼ 106 − 109

Size of the accretor [cm] ∼ 106 ∼ 106 ∼ 1011 ∼ 1011 − 1015

Maximum magnetic field [G] ∼ 1016 ∼ 107 ∼ 103 ∼ 103 − 105

Jet power [erg s−1] ∼ 1050 − 1052 ∼ 1037 − 1040 ∼ 1032 − 1036 ∼ 1042 − 1046

Lifetime [yr] ∼ 10−6 ∼ 104 − 106 ∼ 104 − 105 ∼ 107 − 108

Jet size [pc] ∼ 10 ∼ 10 ∼ 1 ∼ 105

2 JET LAUNCHING

The production of astrophysical jets seems to be always associated with the presence of the same basic ingredients: a gravitational
potential well, angular momentum, accretion of matter, and magnetic fields. The potential well is provided by a supermassive
black hole in the case of AGNS, by a stellar mass black hole or a neutron star in microquasars and GRBs, and by a protostar in
YSOs. The accreted matter with angular momentum comes from the central region of a galaxy in AGNs and from a companion
star in microquasars and short gamma-ray bursts; in long GRBs what seems to be accreted is an imploding star; finally in YSOs
matter is accreted from the original molecular cloud where the young star is being born. In all these processes an accretion disk
is formed. Some properties of these systems and the resulting jets are quantified in Table 1 .

The structure and spectrum of the disks depend on the accretion rate Ṁ . Three basic kinds of accretion regimes can be
distinguished depending on the relation of the actual accretion rate to the critical rate defined as,

Mcrit =
LEdd
c2

≈ 1.4 × 1017 M
M⊙

g s−1, (1)
where

LEdd =
4�GMmpc

�T
≈ 1.3 × 1038 M

M⊙
erg s−1, (2)

is the Eddington luminosity1,M is the mass of the accreting object, and the remaining symbols have their usual meaning. At sub-
critical rates Ṁ < Ṁcrit the disk is geometrically thin and optically thick; it can be described using the standard model developed
by Shakura and Sunyaev7. At very low accretion rates, Ṁ << Ṁcrit , optically-thin advection-dominated regimes with very hot
flows are possible8,9. Finally, if the regime is super-critical, Ṁ >> Ṁcrit , the disk becomes optically-thick, geometrically slim
or thick, and advection-dominated10,11,12.
The magnetic field in the disk is expected to be initially only toroidal. A poloidal magnetic flux can be generated in situ

through a turbulent dynamo powered by magnetorotational instabilities13,14. When the disk becomes a magnetically arrested
disk (MAD) in its inner region, powerful jets can be launched with Lorentz factor Γjet ∼ 10 in the case of AGNs.
Powerful, magnetically dominated outflows can be driven either from the accretion disk or the black hole magnetosphere2.

Poloidal magnetic field lines inclined at angles i > 30 degrees to the disk rotation axis present an effective potential that decreases
along field lines. An outflow can be launched and driven away by centrifugal forces in such a situation even for very low coronal
temperatures15. For angles i < 30 degrees, the coronal plasma cannot be freely driven by the centrifugal forces: instead, it
must first overcome the effective-potential barrier, which has a maximum far away from the disk. Therefore, a strong thermal or
radiative assistance is required to initiate outflows with such geometry. This radiative assistance is naturally expected in super-
critical sources where the radiation pressure is dynamically important. In any case, sub-relativistic, matter-loaded winds from
the accretion disks are expected in most cases. For YSOs this is the only mechanism operating for launching jets.
The production of very strong and relativistic outflows requires a large fraction of the gravitational energy of the accreting

matter to be converted to Poynting flux. This can only occur in the very central region of the sources. The basic features of the
magnetic model for the generation of relativistic jets are the following16,17,18,19,20:

1This is the luminosity necessary to stop spherical accretion by the radiation pressure generated by the accreted thermal gas.
2For YOSs clearly only the first possibility is available.
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• Relativistic jets are produced by rapidly rotating BHs fed by magnetized accretion disks.
• The magnetic field geometry in the innermost region is dominated by the poloidal component.
• The ultimate power source is the rotational energy of the black hole.
• The energy is extracted via magnetic torque as Poynting flux.
• Jet collimation is due to the external medium outside the MAD zone3.
• Jet acceleration is via conversion of the electromagnetic energy into bulk kinetic energy.
A torsional Alfvén wave is generated by the rotational dragging of the poloidal field lines in the ergosphere of the black hole.

The field develops a toroidal component producing a traveling perturbation. This wave transports magnetic energy outward,
causing the total energy of the plasma near the hole to decrease to negative values. When this plasma with negative energy
crosses the horizon, the rotational energy of the black hole decreases. Through this process, the energy of the spinning black hole
is extracted by the magnetic field. The result is that while plasma is carried into the hole only (and not ejected), electromagnetic
power is evacuated along the rotation axis as a Poynting flux. The magnetic field is tied to the infalling plasma, not to the horizon,
as in the simplified split monopole model23. I emphasize that it is the back-reaction of the magnetic field which accelerates the
ergospheric plasma to relativistic speeds counter to the hole’s rotation endowing the plasma with negative energy. And is the
accretion of this negative energy plasma which spins down the hole. Since the energy output is due to the black hole and not to
the accreting matter (whose role is to produce and support the poloidal field lines), the power of the jet can exceed the accretion
power, i.e.

Pjet = qṀc2 with q > 1, (3)
as inferred for some blazars and GRBs24. A detailed calculation leads to the following expression for the jet power23,25:

P ∼ G2

8c3
B2M2

BH f (a), (4)
where B is the field in the ergosphere,MBH is the black hole mass, and a is the dimensionless spin parameter. The function f (a)
tends to a2 for low values of a19, yielding the well-known Blandford-Znajek formula:

PBZ ∝ B2M2
BHa

2, (5)
or, in convenient units,

PBZ ≈ 1046
( B
104G

)2( M
109M⊙

)2

a2 erg s−1. (6)
This equation is accurate for a ≤ 0.5. For higher spin, the formula under-predicts the true jet power by a factor of ≈ 3 and the
6th order expansion of f (a) is necessary25. In any case, Eq. 6 shows that a rapidly rotating black hole in a MAD regime can
produce a Poynting-flux-dominated jet with an efficiency qBZ = PBZ∕Ṁc2 ≫ 1.
This Poynting outflow is created in a region where the magnetic field is ∼ 104 G in AGNs (for other types of sources see

Table 1 ). In such sources the radius of the jet is of the order of the Schwarzschild radius of the black hole, i.e. ∼ 1015 cm. This
is much longer than the gyroradius of relativistic particles:

rL =

pmpc2

eB
≃ 3 × 105
p

( B
103 G

)−1 cm, (7)
where 
p is the Lorentz factor of protons. For electrons the gyroradius is ∼ 103 times smaller than for protons. Clearly, charged
particles cannot penetrate the outflow from outside: the jet is magnetically shielded. The region around the black hole where the
jet is launched is illustrated in Figure 1 for a radiatively inefficient accretion flow.
Despite the fact that the evacuation funnel around the rotation axis of the black hole is expected to be free of plasma, very-

high-resolution images of the central source of the nearby jet in M87 obtained with the Event Horizon Telescope (EHT)27 at 230

3Magnetic self-collimation due to the toroidal component of the field is not effective in relativistic plasma flows due to kink instabilities 21, so confinement by the
pressure and inertia of an external medium seems to be quite essential 22.
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B

Jet

FIGURE 1 Sketch of the region around a black hole with a radiatively inefficient accretion flow. SSD means the Shakura-
Sunyaev thin disk. Not drawn to real scale. Adapted from Gutiérrez et al.26.

GH and Very Long Baseline Array data at 43 and 86 GHz28 reveal the existence of radiation associated with the jet at distances
down to ∼ 10 gravitational radii from the supermassive black hole29. This radiation is produced by relativistic electrons or
positrons injected and accelerated somehow very close to the BH. The jet also accelerates from ≈ 0.3c at 0.5 mas from the
black hole to ≈ 2.7c at 20 mas (1 mas ≈ 250 rg)30, showing an efficient conversion of magnetic energy into bulk motion and
internal energy of the emitting gas. What is the origin of this matter so close to the black hole? A possible answer is that charged
particles are locally created by gamma-ray photon annihilation and neutron decays. These neutral particles must be produced in
the surrounding disk20,31,32,33.

3 MATTER LOADING FROM THE HOT DISK

The physics of the accretion of matter onto a black hole is complex since the accretion process develops in many different ways
depending on the ambient conditions. To characterize the different regimes, it is useful to parametrize the accretion rate as a
function of the Eddington rate:

ṁ = Ṁ∕ṀEdd, (8)
where ṀEdd = 10LEdd∕c2 (assuming an efficiency of 10%).
At very high accretion rates ṁ >> 1 the accretion is super-Eddignton and photon-trapping in the disk becomes important34,35:

the photon diffusion timescale exceeds the accretion timescale, so photons are advected towards the compact object without
being able to reach the surface of the disk and escape. Advection of photons attenuates the disk luminosity, which remains
of ∼ LEdd. Powerful winds are expelled from the disk by the intense radiation pressure: practically all the accreted matter is
ejected36,37. This regime occurs in GRBs, AGNs undergoing tidal disruption events, and some microquasars such as SS 433.
At moderate to high accretion rates, ṁ ≳ 0.05, the usual picture of the accretion flow onto supermassive black holes consists of

a geometrically thin (ℎ∕r ≲ 0.1), optically thick, cold (T ≪ Tvir) disk that cools efficiently, and a geometrically thick (ℎ∕r ≳ 0.5),
optically thin, hot (T ≈ Tvir) corona above and below the disk. The corona is thought to be responsible for the hard X-ray tail
detected from active galactic nuclei and microquasars38,39,40,41. This emission is produced by hot electrons via inverse Compton
up-scattering of UV/X-ray photons coming from the thin disk. A typical example is the well-known microquasar Cygnus X-1.
At low accretion rates, ṁ < 0.05, the thin disk does not extend down to the innermost stable circular orbit (ISCO) and it is

truncated at longer distances from the hole. The plasma in the inner region is thought to be in the form of a Radiatively Inefficient
Accretion Flow (RIAF)8,9. A RIAF is similar to a corona; namely, it is a hot, inflated, optically thin plasma. The hot electrons
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FIGURE 2 Left panel: Number of pairs created per unit time and volume by photon annihilation in a hot accretion flow as a
function of the radius (distance to the black hole) in units of the Schwarzschild radius. Parameters similar to those of M87 (from
Romero and Gutiérrez20). Right panel: Spectral energy distribution of the same electron/positron pairs in the innermost region
of the accretion flow.

there Compton up-scatter not only photons from the thin disk but also low-energy (IR) photons produced by synchrotron radiation
by the same population of hot electrons (T ∼ 109 K). The physical properties of the optically thin, hot component in accretion
flows, either a corona or a RIAF, are less understood than those of a cold thin disk. In particular, this hot plasma lies in the so-
called collisionless regime, and thus a fraction of the particle population can be far out of thermal equilibrium. The presence of
a non-thermal component in the coronal region leads to the emission of high-energy photons and other particles42,43,44,45.
Hot accretion flows are more efficient than thin disks in launching and collimating relativistic jets since the conditions dis-

cussed in Sect. 2 are more easily realized close to the black hole in such regime. The jet is then initiated as a Poynting flux
emerging from the BH ergosphere. This flow can be loaded through neutral particles coming from the surrounding hot flow.
More specifically, the particles and involved processes are20:

• High-energy photons. They are generated in the hot flow by several processes (most notably proton-synchrotron and
proton-photon interactions) and annihilate in the evacuation funnel of the ergospheric jet against background photons. The
annihilation process, 
 + 
 → e− + e+, injects pairs at the base of the jet. Direct photon annihilation occurs in two energy
bands in the context of hot accretion flows: two photons with similar energy (∼ MeV) collide producing the low energy
peak of the spectral energy distribution, and a high-energy photon annihilates with a low-energy photon (IR, from disk
synchrotron radiation). This latter process generates the second peak in the spectrum at higher energies. As an example
I show in Figure 2 the pair injection spectrum calculated by Romero and Gutiérrez20 for a BH similar to that in M87.
About 103 pairs per second per cubic centimeter are injected above the black hole in this case.

• Protons injected by neutron decays. The neutrons are generated in the hot flow by pp and p
 collisions. Energy distri-
butions of neutron injection for both processes in the same conditions as before are shown in Fig. 3 . The neutrons can
decay inside the jet funnel yielding protons and electrons: n → p + e− + �̄e. The protons, in turn, can produce additional
pairs by Bethe-Heitler mechanism: p + 
 → p + e− + e+. More protons can be created by conversion of flying neutrons:
n + 
 → p + �−.

Altogether, most protons injected at the base of the jet are the result of neutron decays, although direct neutron conversion into
protons might represent a significant fraction close to the black hole. The ratio of the total number of pairs to the total number of
protons is Re±∕p ∼ 105 and the associated energy ratio is Ru±e ∕up ∼ 102. Most of the jet mass load by neutral particles in the base
of the jet seems to be, then, under the form of pairs. The exact ratio, of course, will change from one source to another depending
on the acceleration efficiency and other parameters, but the number of pairs will always exceed the number of protons.
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FIGURE 3 Energy distribution of neutron injection in the same accretion flow of Fig. 1 .

4 ENTRAINMENT AND OBSTACLES

The production rate of pairs in the funnel is ∼ 1048 s−1 for an accreting BH similar to the one in M87. This injection implies a
power of Le± ∼ 1042 erg s−1. If there is not further mass loading, the bulk Lorentz factor of the jet should be Γ ∼ PBZ∕Le± . If
the spin of the black hole is a ∼ 1, B ∼ 104 G, andMBH ∼ 109 M⊙, we have PBZ ∼ 1046 erg s−1 from Eq. (6). Then, Γ ∼ 104.
This value is far from the typical value Γ ∼ 10 inferred from superluminal motions in AGNs. This discrepancy is pointing out
to the fact that somehow more baryonic matter should be injected close to the base of the jet by some additional mechanism.
One possibility is the accretion of non-dipolar large scale magnetic fields onto the central object. Numerical simulations show

that such accretion creates instabilities that mix disk matter with the outflow charging and slowing down the jet46. The non-
dipolar fields are the results of turbulence in the accreting flow. A same source might perhaps switch from dipolar to quadrupolar
field accretion, so the jet would decelerate. Then, when the conditions are propitious again, the jet might accelerate and collide
with the older outflow forming shocks. These shocks might be responsible for some of the moving knots observed in several
sources.
Baryons can be also supplied by interactions of the jet with different types of obstacles found in its way out. Such obstacles

include clouds of the broad line region47,48, clumps in a wind49, or stars50,51,52,53. In microquasars clumps and interactions with
the stellar wind provided by the donor star are likely the main source of protons for the jet54,55,56,57.
In the case of the jets of microquasars, where the accretion rate is higher than in most AGNs, baryon load can be important

even close to the base of the jet. As a consequence, some jets in these objects become sub-relativistic and dark transporting
energy to large distances without being detected unless they find some obstacle that allows part of the kinetic energy to be
reconverted into internal energy and then radiated away58,59,60.
On the other extreme of the power range, the duration distribution of long gamma-ray bursts reveals a plateau at durations

shorter than ∼ 20 s (in the observer frame) and a power-law decline at longer durations. Such a plateau arises naturally in the
context of the collapsar model because the engine has to operate long enough to push the jet out of the stellar envelope, so the
observed duration of the burst is the difference between the engine’s operation time and the jet breakout time. The breakout time
for the jet inferred from the duration distribution is similar to the breakout time obtained with analytic estimates and numerical
simulations (both 2D and 3D) of a hydrodynamic jet (∼ 10 s for typical parameters). This suggests that jets from collapsars are
not Poynting flux dominated61. The mass in these jets might come initially from neutrino annihilation and, after the breakout,
from interactions with the external medium.
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5 SIGNATURES OF MATTER IN THE JETS

The power and actual composition of jets can be investigated through their effects on the external medium and from modeling
their broadband spectral energy distribution (SED). Studies of the radio and X-ray lobes of radio galaxies suggest that the proton
content in the jets tends to be higher in Fanaroff–Riley I (FRI) radio galaxies than in FR IIs62. Jet-environment interactions also
can inform about the jet power and content in the case of microquasars and YSOs. Microquasars such as Cygnus X-1 or SS 433
produce heavy hydrodynamical jets with a significant contribution from cold protons to the total kinetic energy flux.60,63.
The detection of gamma-ray emission that dominates the spectral energy distribution in many blazars can be also used to probe

the nature of the jets. This radiation is usually thought to be the result of inverse Compton up scattering of either synchrotron
or thermal photons. If the jet is Poynting flux dominated, the synchrotron component should be stronger than observed. This
suggests that the outflow is an electron-proton jet, or at most a pair plasma plus an electron-proton fluid64.
An upper limit to the pair content of the initial jet can be imposed considering that it should move through the external UV

photon field of the inner accretion disk. A large content of pairs in the relativistic flow would Compton up scatter this radiation
field producing a soft X-ray bump that is not observed. The conclusion is that pure electron-positron jet models can be excluded
as over predicting soft X-ray radiation. Similarly, pure electron-proton jets can also be ruled out because they under predict the
soft X-ray luminosity of most blazars65. What remains is a scenario where the flow starts being Poynting flux dominated but
soon is loaded with pairs and electron-proton cold plasma65,66,20. The scales on which the magnetization of the jet drops below
unity depend on the initial matter load and the geometry of the jet, but typically should not exceed ∼ 103 − 104 Schwarzschild
radii20, at least for most AGNs.
Further insights on jet composition can be obtained from polarization observations67. The observed radio polarization is

dependent on plasma composition due to Faraday conversion and rotation effects. In particular, the contribution of the electrons
is degenerate with that of the positrons and their respective number densities appear additively in the radiative transfer functions
relating to emission and linear polarization. The degeneracy is broken by the consideration of circular polarization, which cancels
out for a symmetric e−e+ plasma, but does not of ep plasma. Observations of circular polarization have been used to infer the
presence of pairs in jets, but the interpretation of the results depends on various assumptions if the source is not adequately
resolved68. Hence, more accurate determinations should wait to detailed polarimetric imaging with the Event Horizon Telescope
of M8727. Among the observational signatures predicted for this source are a slight bilateral asymmetry in the flux along the
innermost part of the jet and one independent linear polarization component, and bilateral anti-symmetry in the other component.
The clearest observable feature is an enhancement of circular polarization with increasing mangetization and ion content69.
On large scales, by the other hand, the presence of hydrodynamical plasma is revealed by the development of substantial

back-flowing cocoons. Instead, magnetic dominance of the jet creates a “nose cone” – a shaped head, which is rarely observed,
and might be produced also by some combinations of heavy jets and ambient medium70,71. Back-flowing cocoons have been
recently observed in microquasars as well, in accordance with the expected hydrodynamic nature of their jets72,73.
The cumulative evidence tends to support a picture of relativistic jets where the outflow starts as a Poynting flux but soon

becomes matter dominated. The jet accelerates along distances of 103 − 104 RSchw. The matter is an electron-proton plasma
plus a pair content, which can vary according to the manifold conditions of different sources. The inertia is determined by the
protons, but radiative properties are mostly due to the leptons. The relativistic jet is likely accompanied by a magneto-centrifugal
wind driven by the disk. Mixing and entrainment of matter from the wind is likely.

6 CONCLUSIONS

Despite several decades of intensive research on astrophysical jets, many basic issues remain unclear. With the advent of gamma-
ray instruments such as Fermi, high-resolution X-ray telescopes as Chandra, and sub-millimeter interferometry, a consistent
picture is finally emerging. Both disks and rotating black holes can launch jets if poloidal magnetic fields are accreted, as
predicted in the 1970s and early 1980s. Disks produce magnetohydrodynamic outflows, that are mostly subrelativistic. Magneto-
centrifugal outflows formed by ep gas are present in YSOs, microquasars, and some AGNs. Faster, relativistic jets are launched
by the ergosphere of Kerr black holes as a Poynting flux but soon become matter dominated. The total power of some of these
jets might even exceed the accretion power, clearly indicating that energy is being extracted from the rotation of the black hole.
The kinetic power beyond a fraction of parsec from the black hole is dominated by the inertia of protons, but in general the
radiative output is due to leptons through synchrotron radiation and inverse Compton interactions. Hadronic radiative processes,
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however, can be important for the baryon load of the initial jet and during interactions with various kinds of obstacles. The
acceleration of hadrons up to ultra-high energies in vacuum electrostatic gaps close to the black hole remains an open possibility
that can trigger cascades and high-energy gamma-ray emission in cases with very little accretion74,75,76.
The predominance of one type of composition or another can of course change along jets, depending on the specific conditions.

Forthcoming observations of nearby jets with the EHT will put this picture to robust tests in the near future.
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