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A Universal Scaling for the
Energetics of Relativistic Jets
from Black Hole Systems

R. S. Nemmen,** M. Georganopoulos,™? S. Guiriec,* E. T. Meyer,** N. Gehrels,* R. M. Sambruna®*

Black holes generate collimated, relativistic jets, which have been observed in gamma-ray bursts
(GRBs), microquasars, and at the center of some galaxies [active galactic nuclei (AGN)]. How jet
physics scales from stellar black holes in GRBs to the supermassive ones in AGN is still unknown.
Here, we show that jets produced by AGN and GRBs exhibit the same correlation between the
kinetic power carried by accelerated particles and the gamma-ray luminosity, with AGN and GRBs
lying at the low- and high-luminosity ends, respectively, of the correlation. This result implies that
the efficiency of energy dissipation in jets produced in black hole systems is similar over 10 orders
of magnitude in jet power, establishing a physical analogy between AGN and GRBs.

elativistic jets are ubiquitous in the cos-
Rmos and have been observed in a diverse

range of black hole systems spanning
from stellar mass (~10M; M, solar mass) to
supermassive scales (~10° to 10'°M,), particu-
larly in the bright flashes of gamma-rays [known
as gamma-ray bursts (GRBs)] (/, 2), the mini-
ature versions of quasars lurking in our Galaxy
(known as microquasars) (3), and active galactic
nuclei (AGN) (4, 5). Despite decades of obser-
vations at almost all wavelengths and consid-

erable theoretical efforts, many aspects of black
hole jets still remain mysterious, such as the
mechanism(s) responsible for their formation and
the nature of their energetics, as well as their
high-energy radiation (6, 7). Jets and outflows
from supermassive black holes have important
feedback effects on scales ranging from their host
galaxies to groups and clusters of galaxies (8).
Hence, a better understanding of the physics of
jets is required to have a more complete picture
of the formation and evolution of large-scale struc-

tures in the universe and the coevolution of black
holes and galaxies (9).

One outstanding question is how the jet
physics scale with mass from stellar to super-
massive black holes. Interestingly, there is evi-
dence to suggest that jets behave in similar ways
in microquasars and radio-loud AGN (10-12).
However, a clear connection between AGN
and GRBs has not yet been established,
though recent work provides encouraging re-
sults (13, 14).

As a first step in understanding how the prop-
erties of jets vary across the mass scale, we fo-
cus on the energetics of jets produced in AGN
and GRBs. Therefore, we searched the literature
for published and archival observations that al-
low us to estimate the jet radiative output and
the kinetic power for a sample of black hole
systems in which the jet is closely aligned with
our line of sight and characterized by a broad
range of masses. For this reason, our sample con-
sists of blazars—AGNs with their jets oriented
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Fig. 1. Relation between the jet kinetic power and the
isotropically equivalent gamma-ray luminosity for AGNs and
GRBs. Error bars denote 1o uncertainty. We fitted the two
populations separately using a symmetric least-squares
method (orthogonal bivariate correlated errors and intrinsic
scatter with bootstrapping) (35). The blazar and GRB best-fit
models correspond to the solid and dashed lines, respectively
(logP;e = AlogL™ + B). The best-fit parameters obtained for
the blazars are A = 0.51 £ 0.02 and B = 21.2 + 1.1; for the
GRBs, A = 0.74 + 0.08 and B = 11.8 + 4.1. The scatter about
the best-fit is 0.5 and 0.8 dex for the blazars and GRBs,
respectively. The 26 confidence band of the fits is shown as
the gray shaded regions (barely visible for blazars). The two
correlations do not agree at the >5c level. For illustrative
purposes, we also include XRF 020903 and GRB 090423
(yellow circles), as well as the two recent tidal disruption flares
(TDFs) detected with Swift, which are presumably due to the
onset of relativistic jets from the tidal disruption of stars by
supermassive black holes (36). We do not consider these
sources in the statistics, because we only have limits on their
luminosities. FSRQs, flat-spectrum radio quasars.
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toward Earth (/5)—and GRBs, the spectral ener- As a proxy of the jet bolometric luminosity, —mate the kinetic power Pje, we use extended
gy distributions of which are completely domi- we used the observed gamma-ray luminosity —radio luminosities for the blazars, whereas for
nated by the jet due to beaming effects. L"°, which is isotropically equivalent. To esti- the GRBs we relied on the afterglow measure-
Fig. 2. Relation between the apparent gamma-ray 0.0 ‘ ‘ 0.5 ‘ ‘ ‘
luminosity and the beaming factor for blazars (left) B BLlac ® Pre-Swift GRBs
and GRBs (right). We find correlation coefficient r = * FSRQ ® Swift GRBs
—0.53 and —0.56 for blazars and GRBs, respective- —0.5¢ 1 0.0p + @ Fermi GRBs
ly, indicating anticorrelations significant at the 3.6c
and 4.4 levels, respectively. The solid lines corre- —1.0fF ]
spond to the best-fit linear models obtained with —0.5¢ R
the symmetric least-squares fit and are given by f, =~
5 % 10~4(L4o™) 037 = 015 and = 0.03(L4o50)024 + 006 —-1.5} —
for blazars and GRBs, respectively, where Ly = L/10%. -1.0f 1
The gray shaded region corresponds to the 1o con-
fidence band, and the blue and yellow regions are NS —2.0p ]
the 1o prediction bands, which quantify the scatter &0 -1.5F 1
about the best fits. — _25} ]
-2.0f 1
-3.0p 1
-2.5¢ 1
~3.5} } : ]
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Fig. 3. Relation between the collimation-corrected gamma- 54 ———— T T T
ray luminosity L = f,,L*° and the kinetic power for AGNs and ® Pre-Swift GRBs
GRBs. The shaded regions display the 2¢ confidence band .
of the fits. The blazar and GRB best-fit models (dashed and e SWIft.GRBS
dotted lines, respectively) follow correlations that are ® Fermi GRBs
consistent, within the uncertainties, with the best-fit model 52F m BL Lacs
obtained from the joint data set (solid line). In other words, *  FSRQs

using L instead of L*° leads to correlations for AGNs and
GRBs that are consistent with each other (compare to Fig.
1). The best-fit parameters obtained from the combined
data set are oo = 0.98 £ 0.02 and p = 1.6 = 0.9, where 50

logP; = alogl + B. The scatter about the best-fit is 0.64 r

T

dex. The yellow data points correspond to XRF 020903 and =
GRB 090423, which we do not take into account in the 'm |
statistics.
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ments in radio or x-rays. Therefore, the availa-
bility of these observables restricted our sample
to 234 blazars (106 BL Lacs and 128 flat-spectrum
radio quasars) (see table S1) and 54 GRBs (49
long and 5 short GRBs, all with known redshifts z)
(see table S2). For blazars, we estimated L from
the gamma-ray energy flux and the spectral index
measured with the Fermi Large Area Telescope
(LAT) (16). Pj; was estimated using an empirical
correlation, which relates the Very Large Array
(VLA) extended radio emission and the jet ki-
netic power (17, 18). For GRBs, L™ = E*°(1 +
2)/tog, Where toq is the burst duration and E*° is
the isotropically equivalent energy radiated dur-
ing the prompt emission phase and measured
with different telescopes (21 observed with ei-
ther BeppoSAX, BATSE, HETE, HETE-2, or
Integral; 24 with Swift Burst Alert Telescope;
and 10 with Fermi). We computed Pjc; as Pjer =
SoEB(1 4 z) /199, where EX is the kinetic energy
estimated from the radio (VLA) or x-ray (Chandra)
luminosity during the afterglow phase using the
standard afterglow model (/9); f, = 1 — cos® is
the “beaming factor’’; and 6 is the radiation cone
half-opening angle, which is the same as the jet
opening angle estimated from the jet break in
the GRB afterglow light curve (20). _

We first compared the relative trends of L™°
and Pj for the blazar and GRB population sepa-
rately (Fig. 1). The Pearson correlation coefficients
of 0.85 and 0.8 obtained for blazars and GRBs,
respectively, indicate a strong correlation within
each group of sources. However, the Lis"—cht trend
is different for GRBs and blazars, as shown by the
fits to the data (Fig. 1).

We computed the intrinsic luminosity L for
GRBs and blazars by correcting L™ for the open-
ing angle or beaming factor £, such that L = f;,L*°.
For GRBs, the beaming factor is computed from
the jet opening angle 6; as 1 — cos0; (27); for
blazars, f;, is estimated as 1 — cosl/T", where "
is the bulk Lorentz factor of the flow, because AGNs
obey 6, < I/T" (22, 23). Although an estimate of
6; is available for each GRB in the sample, T" is
only available for a subset of 41 blazars. Figure 2
shows an anticorrelation between L and f, for
both GRBs and blazars with compatible indices
when fit with a power law. Because 0 is not avail-
able for the whole blazar sample, we used the
power-law fit of L™ versus f, as an estimator for f;.

As with L™ and Py, L and Pj are strongly
correlated within the GRB and AGN samples
(Fig. 3). However, they follow the same trend
within the narrow uncertainties and the whole
GRB and blazar sample can be fit adequately
with a power law over 10 orders of magnitude
in luminosity. Therefore, the relativistic jets in
GRBs and blazars are consistent with obeying
the relation Pj = 4.6 < 1047(L/ 1047)0'98 erg s
within the measurement uncertainties. In other
words, once “black hole engines” produce rel-
ativistic jets, they seem to do so maintaining the
same coupling between the total power carried
by the jet and power radiated away. This uni-
versal scaling for the energetics of jets is main-
tained across the mass scale, regardless of the
different environments and accretion flow con-
ditions around the compact object.

Figure 4 indicates that most of the jets in our
sample dissipate at least 3% of the power car-
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Fig. 4. Distribution of the 1c lower limits on the jet radiative efficiency (the fraction of the total jet
power that is converted to gamma rays) €..q = L/(L + Pjey) for AGNs and GRBs. The vertical solid lines
indicate the median values of the lower limits; the dashed lines represent the median values of €,,4 for
each sample. Most of the sources are characterized by €,,4 > 3%. The median efficiencies correspond to
~15%, considering that these estimates are affected by ~0.5 to 0.7 dex uncertainties, on average.
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ried by the jet as radiation, and overall, they can
radiate as much as 15%. This range of efficiencies
is considerably higher than previous estimates
for AGNs based on radio to x-ray luminosities
(24, 25), but our results are in agreement with
those obtained from blazar broadband spectral
models (26, 27), as well as GRB afterglow studies
(28-30). Efficient heating of electrons seems to
be a universal property of relativistic magnetized
shocks according to numerical simulations (37),
which demonstrate that electrons retain >15% of
the preshock energy. If most of the postshock
energy is radiated away, these theoretical results
could pave the way to an understanding of the
high dissipation efficiencies that we find.

Our results suggest that there is a single fun-
damental mechanism to produce relativistic jets
in the universe. The analogy known to exist be-
tween microquasars and AGNs (3, 10, 11) can be
extended to the gamma-ray bursts with the fun-
damental difference that, whereas AGNs and
microquasars undergo recurrent activity, GRBs ex-
perience only one episode of hyperaccretion.
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Texture of Nanocrystalline Nickel:
Probing the Lower Size Limit
of Dislocation Activity
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The size of nanocrystals provides a limitation on dislocation activity and associated stress-induced
deformation. Dislocation-mediated plastic deformation is expected to become inactive below a
critical particle size, which has been proposed to be between 10 and 30 nanometers according to
computer simulations and transmission electron microscopy analysis. However, deformation
experiments at high pressure on polycrystalline nickel suggest that dislocation activity is still
operative in 3-nanometer crystals. Substantial texturing is observed at pressures above 3.0
gigapascals for 500-nanometer nickel and at greater than 11.0 gigapascals for 20-nanometer
nickel. Surprisingly, texturing is also seen in 3-nanometer nickel when compressed above 18.5
gigapascals. The observations of pressure-promoted texturing indicate that under high external
pressures, dislocation activity can be extended down to a few-nanometers-length scale.

tals (with particle size >100 nm) is mainly
controlled by the nucleation and motion of

lattice dislocations. Plastic deformation by dislo-
cation glide results in crystallite rotations, gener-
ating lattice-preferred orientation or texture. The
anisotropic physical properties of a polycrystal-
line material are strongly related to the preferred
alignment of its crystallites. In material science
and engineering, texture control is essential in im-
proving the strength and lifetime of structural ma-
terials (/). In Earth science, understanding texture
development of minerals is important for inter-
preting seismic anisotropy in Earth’s interior (2).
How plastic deformation occurs in nanocrys-
talline materials remains controversial (3—15).

The plastic behavior of coarse-grained me-
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Post-deformation analysis of compressed or in-
dented nanocrystalline nickel does not indicate
major dislocation debris (/2), whereas disloca-
tions are observed in 10-nm nickel and 9-nm
platinum particles (/3, /4). Deformation twin-
ning and disclination have also been reported
in several studies on nanocrystals (6, 9-11, 15).
Although it is commonly believed that the in-
trinsic deformation behavior of nanomaterials
arise from the interplay between defects and
grain-boundary (GB) processes (11, 16), the pre-
cise trade-offs between these deformation mech-
anisms are still unclear, as is the effect of pressure
on these different mechanisms. It has been pro-
posed that below a critical length scale, the strength
of nanometals would exhibit an inverse Hall-Petch
size dependence because in the plastic deforma-
tion of fine nanocrystals, dislocation activity gives
way to GB sliding, diffusion, and grain rotation
(4, 5). In contrast, twin thickness has been found
to affect the maximum strength of copper, im-
plying that the plastic deformation of nanomate-
rials is not necessarily related to GB-mediated
processes (9). Indeed, it has been proposed that
dislocation nucleation governs material softening
in nano-twinned metals (/0).

Because of technical limitations, in situ obser-
vation of plastic deformation in ultrafine nano-
crystals is difficult, precluding the direct exploration
of mechanics at nanometer scales. Whether plas-

ticity in ultrafine nanocrystals is still generated by
dislocations, how pressure affects the deforma-
tional regimes of nanoparticles, and how struc-
tural anisotropy is affected by size reductions are
all unresolved questions. The effect of pressure
on dislocations is complex in terms of both the
high-pressure energetics of dislocation cores and
their mobilities, with the net overarching effects
of pressure being unclear (/7). It has been ob-
served that at high pressure, brittle materials such
as oxides and silicates become ductile, even at
room temperature (2). Our goal is to examine the
interplay between pressure and particle size in
determining when dislocation-mediated deforma-
tion processes predominate within nanoparticles
and, correspondingly, what the lower size limit
of dislocation activity is. In this work, radial
diamond anvil cell tDAC) x-ray diffraction (XRD)
experiments (2) were used to make in situ ob-
servation of the texturing in stressed polycrystal-
line nickel of various mean particle sizes, from
500 nm down to 3 nm.

We deformed the nickel samples plastically
in tDACs (fig. S1) (18). The XRD experiments
were performed at beamline 12.2.2, Advanced
Light Source (ALS), Lawrence Berkeley National
Laboratory. The particle sizes of the nickel sam-
ples are 500 + 45 nm, 20 + 8 nm, and 3 + 0.9 nm
(fig. S2) (18), respectively. The relatively narrow
size distributions allow the investigation of the
size dependence of texturing. When shear stress
is applied to polycrystals, individual crystals de-
form preferentially on slip planes. This results
in crystal rotations that in turn lead to texture
development (/). The radial diffraction images
show variations in diffraction peak position with
respect to the compression direction, indicating
differential stresses in the material. They also
display systematic intensity variations that can
be used to deduce texture (Fig. 1 and figs. S3 to
S6) (18). For instance, the diffraction intensity
of the 500-nm nickel at 5.0 GPa is minimal in
the compression direction for the (200) diffrac-
tion peak but maximal for the (220) peak (fig.
S3). Diffraction intensity variations are seen in
the 500-nm nickel above 3.0 GPa and in 20-nm
nickel above 11.0 GPa, and more modest but
resolvable intensity variations are observed in
3-nm nickel at pressures above 18.5 GPa. The
variations in diffraction intensity can be best seen
in the “unrolled diffraction” images recorded as
a function of diffraction angle (Fig. 1).
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So Different Yet So Similar

Gamma-ray bursts (GRBs) are associated with the collapse of stars into black holes. Blazars are a class of active
galaxies powered by accretion onto central black holes with masses a million to a billion times that of the Sun. Nemmen
et al. (p. 1445) show that, despite tremendous differences in luminosity and black hole mass, the relativistic jets produced
in GRBs and blazars follow the same correlation between the kinetic power carried by the accelerated particles and the
energy radiated away in the jet, suggesting that there may be a single mechanism for producing relativistic jets.
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