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ABSTRACT

Context. Compact radio cores associated with relativistic jets &@nmbserved in both active galactic nuclei and X-ray bawar
Their radiative properties follow some general scalingdavhich primarily depend on their masses and accretion.rei@sever, it
has been suggested that the black hole spin can also stiaflghnce the power and radio flux of these.

Aims. Here, we attempt to estimate the dependency of the radiosity of steady jets launched by accretion disks on bladé& ho
mass, accretion rate and spin using numerical simulations.

Methods. We make use of three-dimensional general relativistic ramtydrodynamical simulations of accretion disks arouvd |
luminosity black holes in which the jet radio emission isguroed by the jet sheath.

Results. We find that the radio flux increases roughly by a factor of ehasbiack hole spin increases fran~ 0 toa. = 0.98. This

is comparable to the increase in accretion power with spganing that the ratio between radio jet and accretion posvaaidly
changing. Although our jet spine power scales as expectethéaBlandford-Znajek process, the dependency of jet raaiionosity
on the black hole spin is somewhat weaker. Also weakly nogalilack holes can produce visible radio jets. The overalisg of
the radio emission with black hole mass and accretion raterisistent with the scale-invariant analytical modelsiuseexplain the
fundamental plane of black hole activity. Spin does nobidtice a significant scatter in this model.

Conclusions. The jet-sheath model can describe well resolved accrejisg®s, such as Sgr A* and M87, as well as the general
scaling behavior of low-luminosity black holes. Hence thedel should be applicable to a wide range of radio jets inEd#ington
black holes. The black hole spin has dfeet on the production of visible radio jet, but it may not be thain driver to produce
visible radio jets. An extension of our findings to powerfubgars remains speculative.
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= 1. Introduction B-fields due to frame-draggingfects. It is possible that both
. ) _ . i mechanisms operate together.
L) Low Ium|n05|t)2/ active galactic nuclei (LLAGN, defined here Spinning black holes have a significant amount of rota-
as Lpol < 107Legg Where Ly and Legg are the bolometric iqna) energy. This energy can be as large~a80% of the
00 'and Eddington luminosity, respectively) and low-ionipatinu- gravitational energy of a supermassive black hdig. =
O clear emission-line region galaxies (LINERs) often digmlam- Menc® ~ 10°2[Mgp/1F Mo] ergs, [Misner [C1977). Such
- pact radio emissions in their nucléi (Falcke & Mafik@000; . o~ =~ BH olergs,[Misner etal._1977). .
O Nagar et all 2000: Nagar [.2005). Their radio cores {ysu nergy is enough to power the radio lobes of a typical radio
" : agalaxy. The energy removal from the black hole by magnetic

1 exhibit a flat spectrum (i.ef, ~ v wherea > -0.5forv = 2 . : 72)

1-100 GHz), and are thought to be associated with the ac figlds ;N:rs] flerstI dlslc[ussl egdzbv 2 Ilan(]dgfovr% &Bﬁzﬁ_sﬂ(%)ﬁa 'AétsLass (I)?:?
1 tion/ejection processes around central supermassive black hg ed with the so-called “BIandford-Znajek process”larem@‘d
= High resolution Very Long Baseline Interferometry (VLBIDO 1, oo jandford-znajek jets (hereafter BZ jets). Early gtiedl
"= ‘servations often reveal that the compact radio cores have mQ '\ " «'r> jets predicted that the jet powér would be pro-

>é p[ hology Of&ﬁgﬂ'? callffe Jets.m Sec'[‘ﬂoms'portional to the square of a black hole rotation, i.g.,~PQ2

G 3f°rasam'where Qy is the angular velocity of the BH event horizon.

glrz ZTSIE)LaAsGs,,c\)Ic?:tlcjardCSvsit\r:mEggg:spae?sjgasc]-bfe?zrgfsa(\:/\t/r:?dl 10 Clorisater, a number of numerical general relativistic magngtoh
q J ' ’ .. drodynamics (GRMHD) simulations confirmed this dependency
more powerful than LLAGN. These jets are often assomat?go McKinney & Gammie 2004). Some simulations show even
with high-energy processes such as particle acceleratiorXa é%’ er relationshipj R Q46 (e .I:I] ekhovskoy et 4l. 2010)
ray ory-ray emissions (Grandi etlal. 2012; Massaro €t al. P01 pert 1P H_ (&9 LeheK e
) : - e scaling relation found above, which is often called tari
~ One of the big questions is how do black holes form a razradigm”, has been proposed to explain the diversity of ra-
dio jet in the first place? The general picture is that to forj@ta g jet powers in radio galaxies (FRI-II dichotomy) and the r
one needs large scale ordered rotating magnetic fields I@Yie gjo loug/quiet dichotomy of quasars (Tchekhovskoy €t al. 2010).
However, it is unclear whether the observed jets are powerggk |atter is recently being discussed in the context of ‘nedig
by rotation of an accretion disk in which the B-fields are afpx paradigm" (see e.d., Sikora & Begeltian 2013).
chored or by the spin of the central black hole and rotatichef The jet power-spin correlation isfiiEult to test observation-
ally because both the power and the spin of the black hole can-
* m.moscibrodzka@astro.ru.nl not be measuredirectly. For example, Narayan & McClintock
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(2012) estimated the spin of black holes using a therm@lada et all 2013), we identify the main radiating part ofjéte
continuum-fitting method in five black hole binary systenmg] a as thesheath structuref entrained plasma, which forms around
found that jet radio luminosity (which by assumption was a#he evacuated funnels. In the simulations, the jet sheatfaiss
sociated with the jet power) scales as the square of blagk himladed in the innermost parts of the accretion disk, andsso it
spin. However_Russell etlal. (2013) casts doubts on these metter content is well known as it is self-consistently galc
sults by finding no correlation in a larger sample of objectated by GRMHD equations. Hence, in the jet model proposed
of the same class. The "spin paradigm" in the context of doere there is no need to, e.g., inject extra ele¢prositron pairs
permassive black holes in radio loud galaxies has been &ml-produce radiation from the jet (Moibrodzka et al. 2011;

dressed by van Velzen & Falcke (2013), who found a tight cdrevinson & Rieger 2011; Broderick & Tchekhovskoy 2015).
relation between the optical luminosity of the jet core and pjoreover, our models naturally fit the detailed observation
the radio luminosity of jet lobes. The small scatter in they the closest and best studied flat spectrum radio coreselgam
correlation suggests that a spin of the black hole may r A* (Moscibrodzka & Falckel 2013 Mazibrodzka et al.
be critical for the production of jets if one assumes that t {Fraga-Encinas et/al. 2016) and M&7* @dt L
black hole spin distribution function of black holes is wiih. [2016). Our semi-empirical approach allowed us to constrain

[Falcke & Biermann [(1995) suggested that jets and disks @#€wn parameters, such as the electron temperatures, iuthe
symbiotic features in AGN, and it was shown that the accrgierical models by using observations.

tion disk luminosity and jet radio I_umino_sity tight_ly trach ... Building upon our previous work which uses a fixed black
othderblovirhmlany orie{r; ofl_maggltgde n accretlgnFlulmll(nOSI%TIe spin, we now present a new suit of numerical models for
and black hole mass (Rawlings & Saunders 1991; Falcke et.aj. o . : X

[1995; [Falcke & Biermann_1996). Later, Merloni et &l (200:4& s, which are driven from accretion disks around blaclebol

ith a range of spins. For the first time, we can investigatg ho
and Falcke et al(2004) found a fundamental plane of blatk h§' - . Pl . .
activity, connecting X-ray and radio flux of black holes asiad- e jet radio emission scales with accretion rate and bladk h

. : . spin in such models. Also, for the first time we are able toulisc
tion of mass and accretion rate. Taken atface value, th 9 how the black hole spinfeects the scale-invariant jet models that

thata spin is a subdominant factor in the visible radio jetria have been introduced to explain the fundamental plane of the

tion and that accretion luminosity and jet radio luminositale - -
with spin in a comparable manner. black hole activity (e.gl, Heinz & Sunyaev 2003).

Hence, the role of black hole spin in the production of vis- The paper is organized as follows. In S¢dt. 2, we describe
ible radio jets is still a highly relevant but unsolved issTige ©OUr simulation setup for the jet formation, and describe ktwsv
usual problem is that the jet radio luminosity is often assocorresponding radiation from the jets is computed. In Bote
ated with the jet power. What is then the radio jet that we ofhow general properties of accretion flow models and we ptese
serve in black hole systems and how its luminosity scalels wRUr studies on how the radio emission from the jet depends®n t
the black hole spin? Here we attempt to address these questfJack hole spin. We also discuss the energies and masseeicarr
from a theoretical point of view, using advanced numerigats DY different components of the simulations (disk, jet sheath, and
ulations of plasma dynamics around spinning black holessgh Jet spine). We discuss the result of simulations in the odritta
simulations have recently become sophisticated enougroto ps¢ale-invariant jet model in Se€i. 4. The results are sunaer
duce basic observational properties of jets (limb-brightg, flat N Seclb.
spectrum, size-wavelength relation, seeSdibrodzka & Falcke
12013; Chan et al. 20115; Maibrodzka et al. 2016). The models
to be presented here and the results obtained from them, how-
ever, only concentrate on low-luminosity supermassivetkla2. Method
holes; which have relatively low accretion ratés< 10 Lggq) ) )
and optically-thin radiatively inficient accretion flows. This 4-1- GRMHD simulations

significantly simplifies the necessary physics, as we cayelar The dynamics of magnetized plasma near a Kerr black hole is

?gzzrena?gggt:]\;e(g%%f%n Hp:)(\e;es\tlé? iltn htgse bgy;]a followed by 3D GRMHD simulations. All simulations presedte
: : ’ are carried out using the HARM-3D coet al.

tested yet whether these models can also reproduce the b _ — , .
hole fundamental plane scaling and how they respond to & a ﬁg)_ The code solves ideal-MHD equation

in the spin parameter. Fortunately, these GRMHD models ean ) _ ] )
feasibly combined with a general relativistic radiativartsfer At t=0, the plasma is confined to a geometrically-thick
model in a post-processing manner. This allows one now to genut-shaped torus. The plasma density distributionrriafesn-
amine the electromagnetic emission from the model fromipeagrgy, and velocity is computed using an analytical torus ehod
ab initio calculations. presented in Fishbone & Moncri 76). The inner edge®f th
Our jets are produced in time-dependent, fully thredorus isrin = 12GM/c?, and the position of the plasma pres-
dimensional general relativistic magnetohydrodynami® (3SUre maximum iSmax = 24GM/c’. We follow standard proce-
GRMHD) simulations of black hole accretion flows. The blacfures and seed the initial disk with a sub-thermal magnetid fi
hole is fed by a magnetized torus seeded with a sindfé= Pgas/Pmag= 10— 100), the geometry of which aligns with
closed loop magnetic field at the equator of the black holge iso-density surfaces of the torus (the so-called situglp
(Moscibrodzka et al. 2014). In such simulations, the BZ-jet natcenario).
urally emerges, and it can be seen as a bipolar funnel botleabo The free parameter of the dynamical simulations is the black
and below the black hole. The funnel regions have ordergé4{arhole spin. The spin varies from = 0.01 to 0.98, where.. =
scale magnetic fields that allow for energy extraction frosB cJ/GM? is the dimensionless angular momentum of the black
if the black hole is rotating fast. However, the funnel regio hole. Tabl&ll lists all considered models with parameterptedi
are largely evacuated and radiatively dim. In accordandk wio set up the computational grid size and resoltuion. Werissc
observations of high-resolution VLBI images of the M87 jethe properties of the GRMHD models in Séct]3.1.
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Table 1. List of GRMHD models of an accreting black hole with a jet ahd parameters that describe the numerical grid. Column @lei®;
column 2: black hole spin; column 3: horizon angular velgaiblumn 4: radius of the innermost stable circular ortGO); column 5: Keplerian
angular velocity at ISCO; columns 6-7: inner edge and locatif the pressure maximum of the disk a0tof the GRMHD simulation; columns
8-9: inner and outer radius of the simulation domain; coluringrid resolution in 3D; column 11: final time of run; colurh®: frequency of data
dumps.

ID a. Qu  nhsco Qsco Rint  Rmaxt Rin Rout  N1,N2,N3 te At
GM GM GM GM GM GM GM GM GM
A A A - B A i 5 @) [
(1) (2 (3 4) (5) (6) (7) (8) 9 (10) (11) (12
0.01 0.005 5.96 0.068 12 25 1.1525 240 ,9664 7000 10
02 0101 5329 0079 12 25 11525 240 .®&64 7000 10
0.5 0.267 4.23 0.108 12 24 1.1525 240 ,9%64 10000 10

A
B
C
D 0.7 0.408 3.15 0.157 12 24 1.1525 240 ,9664 8000 10
E
F
G

0.9375 0.695 2.04 0.26 12 24 1.1525 240 ,¥H64 10000 10
0.96875 0.776 1.75 0.3 12 24 1.1525 240 ,9®64 8100 10
0.98438 0.837 155 0.34 12 24 1.1525 240 ,9%64 10000 10

2.2. Radiative transfer models most constant brightness temperatures seen in compaenjets
may be due to continuous re-acceleratierheating of electrons
Qong the jet or due to thermal conductivity along the mag-
netic field lines, balancing some of the adiabatic losses. No
tice that the electron temperature prescriptions useddratén

To calculate the electromagnetic emission from the GRMH
simulations, we use a ray-tracing radiative transfer metho
this method, the radiative transfer equation is integraiedg

null geodesics from the vicinity of the black hole to an obser ,r yrevious work are now naturally produced in the axisym-
The radiative transfer includes synchrotron emission &1l s eyric extended-GRMHD models that follow the electron and

absorption from a relativistic, thermal population of éteas ., temperatures from nearly first-princi l&s (Resslal
described by the Maxwell-Jittner distribution functiore Wbte nglﬂi'LEO_u_Qth_e_t_#L_ZQHG). y P P B

that most AGN show evidence for a non-thermal power-law dis-
tribution with a low-energy cut®. A thermal distribution plus a In our models, the boundary between the disk and jet re-
non-thermal tail would be a more appropriate descriptiathie gions is defined by using the hydrodynamical Bernoulli param
case. However, this would introduce an additional free para eter,—hu, = 1.02 whereh is gas enthalpy, and; is the covari-
ter, and for the self-absorbed flat-spectrum part of jets,any- ant time component of the gas four-velocity. The fiducialieal
way the low-energy peak that dominates the emission. Inifact of the Bernoulli parameter typically corresponds to a jesspia
simple analytic Blandford-Kénigl type models of flat-speich  bulk velocitiesv > 0.2c, as measured by an observer at infinity.
radio cores, thermal and non-thermal distribution funwipro- This is, e.g., consistent with subluminal speeds detedi¢ioea
duce the same scaling behavior (€.g., Falcke & Hehl[2002). base of, e.g., M87 jel (Hada et al. 2016). Such a definition con
With this distribution function, synchrotron emission nsapsistently associates the magnetically dominant outflovioreg
at a given frequency are calculated. The integration ofnintewith the jet component and makes the jet sheath radio bright.
sity over the map gives us the model total flux. By producing/e neglect radiation from the highly magnetized and evaaliat
maps at various frequencies, we construct spectral enéstyir d jet spine because the jet-spine temperatures and mattemton
bution (SED) of synchrotron emission from the model. Radgat are arbitrarily set by the numerical floor quantities (fluiend
transfer calculations are carried out with the generaltivéda sity and internal energy floors) that are necessary for nicaler
tic radiative transfer codeibothros described by Noble et al. stability of the GRMHD code.
(2007). Our numerical code has been tested extensivelyey th
authors. We have recently compared our current code with @E
synchrotron maps produced by an independent epderans

Here, we are not fitting models to a specific set of observed
Ds; hence, we adopt a constant vallig,Te = 20 for the
—— X . =< = disk, which would fit typical SEDs well. The default jet el
né’ ?; ddiac;ic\)/r;fltrrrgr?gcg:astcthheemeem|tted radiationdein temperature is set @ejet = kTe/mec? = 20 in electron rest

P ' mass energy units. The latter is also motivated by fitting etod

We have to assume an electron temperature as they RS :
. : X . r A* spectrum (e.gl., Mexibrodzka et al. 2014, Chan et al.
not self-consistently computed in our simulations. Thealis g P | 201(6)?’)/1-9 and®je; are fixed parameters in

problem here is that typical GRMHD simulations only providS" the radiative transfer calculations
the proton temperaturd,,. The electron temperature is there- '
fore usually parameterized by a coupling ratio betweengorot  Finally, to completely define the radiative transfer praoble
and electron temperature$,(Te). In IMoscibrodzka & Falcke we have to scale the GRMHD simulation to a specific source.
(2013), we suggested that the coupling ratio is most likély d This requires providing the central black hole mass (set$yt-
ferent in the low-magnetized disk compared to the tenuousal length scale) and mass of the accretion disk (sets the ac
highly-magnetized jet sheath. Indeed, fitting of the s@@n- cretion rate onto the black hole). Our fiducial model assumes
ergy distributions (SED) of Sgr A* and M87 suggests that mass of the central black hole in a LLAGN to Myy =

the electron-proton coupling is much lower in the disk, con:0°M,. We consider a system in which the black hole is ac-
pared to the jet. The disk flow is therefore described as a twoeting at a raten’' = M/Mgqq ~ 107°, where the Eddington
temperature plasma, as commonly assumed for advection daacretion rate is defined as usual, i¥lggg = Lggq/0.1¢% =
inatedradiatively indficient accretion flow (ADAFRIAF) solu-  47GMgnmyC/(0rh0.1¢?) ~ 2.2(Mgn/1PMo) [Moyr~i]. In
tions (Narayan et al. 1998), while the jet is described asta hBect[#, where we discuss the scale-invariant jet modeddh
single temperature electrons. The latter is justified bydahe rameterdVigy andmare varied.
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Fig. 2. Top panel: mass accretion rate onto the black hole as a func-

tion of time in models with varying black hole spin. Bottonmngé the
Fig. 1. A schematic diagram of the geometry and the components of qaaloidal magnetic field flux accumulated near the black heésmehori-
3-D GRMHD simulations of accretion flow with a jet. Only onentie  zon as a function of time for various black hole spins. All giiizes are
sphere of the model is shown. The black hole is located abtherlleft shown in dimensionless (code) units.

corner of the plot. The figure is adopted after Hawley & Kid@006).

accumulated near the black hole horizBp e« a?®3. The abso-
3. Results lute magnetic field flux that is being accumulated near thekbla

Fig.T presents a schematic diagram of our 3-D GRMHD simnple horizon as the simulation evolves is computed using

lations. During the simulations, three regions with vasiptys- 1 (" ;
ical conditions are formed near the black hole. In the digiare, P8r = 2 fz le 195es: @)
located at the equatorial plane of the grid, the plasma ikiyea i

magnetized and turbulent, and it is accreting onto the Hiatd. whereB" is the radial component of the magnetic field vector.
The jet-spine is the highly magnetized region above thekbla€ig.[2 (lower panel) shows that in all models similar amount o
hole poles where the plasma content is negligible, and tleefo dimensionless magnetic flux has been accumulated at thk blac
free conditions prevail. The evacuated jet-spine is surded by hole horizon regardless of the black hole spin. Here ourqaep
the jet sheath. We will find here that this general picturesda® was to show that a free parameter of the model sucir@s
change with the black hole spin. actually fixed, and so for a constant accretion rate onto ldnekb
hole, any eventual efierences in the jet power or jet radio lumi-
nosity would be due to altering the black hole spin. Noticat th

if we change the accretion rate onto the black hole (by sgalin
Before presenting the radiative properties of the jets asetion the simulation density), we automatically increase the metig

of black hole spin, we first examine some of the propertiekef tfield flux at the black hole because the strength of the magneti
disk, the jet spine, and the jet sheath in models with varfidack field increases. If the mass of the black hole is increased the

3.1. Structures of jets and their accretion flows

hole spins (models A through F in Talile 1). the flux near the black hole decreases because we decre&se the
Fig.[2 (top panel) shows the evolution of the mass accretififld strength. _ o _
rate, where the colors distinguish the models with varidask In our simulations, the jet spine is the evacuated regionebo
hole spins. The accretion rate is calculated using a stersr  the black hole poles and it is equivalent to the BZ jet. For
inition, i.e., a non-rotating black hole, the jet-spine also forms but ne en
ergy extraction from the black hole occurs. The electroneign

Mnet = ffpouf(r = ry)dAgg, (1) Power of the jet-spine is defined & = [ V=gdRdx3FEW,

s WhereF(EEM) is the dimensionless electromagnetic radial energy
wherepg is the rest mass density, is the radial component of fjyx defined asF,(EEM) = (THEM = b2y - b'b. The jet

the plasma four-velocity; = 1+ +/1— a? is the BH horizon powers, scaled to a system with the fiducial black hole mass

radius, andA, = /—gddds is the element of the surface aredMgy = 108M,, and accretion raten = 1075, are listed in Ta-

in the Kerr metric with+/=g being the metric determinant. Ev-ble[2.

idently, the mass accretion rate (presented in[Big. 2 irtrarlyi We find that the electromagnetic energy is extracted from

units) in all models saturates and fluctuates around untig. Tthe black hole foa. > 0.5, and the jet power increases with the

accretion rate is variable due to the inhomogeneous steiofu black hole spin according t8; o« Q2 (WhereQu(a.) = a./2ry

the turbulent accretion disk. The accretion rate averaged oand wherery is the radius of the black hole event horizon).

later times of the simulation is approximately the same fbr a’hese findings are in agreement with the BZ model and with

black hole spins. what has been found in similar simulations by other authors.
In the BZ model, the power of a black hole jet depends nbt our models, the féiciency of the black hole rotational en-

only on the black hole spin but also on the magnetic field fllecgy extraction, defined ag = Pj/Mc? is at most 4%, where

Article number, page 4 610
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Table 2. The electromagnetic power of the jet-spieas a function of Table 3. The parameters for the best fit models for the radio flux densi-

black hole spira.. The jet power in c.g.s. units is given by multiplyingties (measured at the frequencies= 86 andv, = 43 GHz). The fitting

the dimensionless jet power calculated in the GRMHD sinmfaby ~ functions are assumed to have the following forii(€2,) = a(1+bQ}})

the jet power unit given b, = 9 x 10°°m(Mgy/10°M,)[ergs s']. whereQy is the angular velocity of the black hole horizaf() or

For Mgy = 10°M,, andm = 1075 the Py, = 9 x 10" [ergs s1]. f(Qsco) = aQfsco WhereQsco is the angular velocity at the inner-
most stable circular orbit. The fitting parametersare, andp.

modelID  a. Qn Pi[Punit]

A 0.01 0.005 000192 f(Q) v a b p

B 02 0.101 3RB4x10*4 f(Qn) i 016+002 799+125 228=0.29
C 05 0.267 -0.00184 f(Qq) . 0.14+0.013 499+051 198+0.22
D 0.7 0.408 -0.00995 f(Qusco) v 19x0.14 e 1.03+ 0.05
E 094 0.695 -0.02 f(Q|sco) Vo 424+ 0.45 cee 1.31+0.08
F 096 0.776 -0.043

G 098 0.837 -0.034

Fig.[d also indicates the same radial dependencigs ahd
. B with radius in the jet spine. However, the mass loading of
P; andM are the time-averaged electromagnetic luminosity ifhe jet spine is negligible compared to the jet sheath; hence
side of the evacuated funnel and accretion rate through#ol b most of the visible radiation will be generated by the jetathe
hole horizon, respectively. Typically, the models studiede are Finally, in the disk the radial dependencies of plasma dgnsi
called SANE in the currentjargon (which stand for Standand A and magnetic fields are flatter compared to that in the jet. The
Normal Evolution), having low-power jets. For comparisf@ts electron temperatures in the disk become sub-relatiisjond

produced in so-called Magnetically Arrested Disks (MADS) a 10GM/c? and so the accretion disk neither emits nor absorbs
more dficient because in MAD®g,,, is typically z_about 10times synchrotron radiation.

larger compared to our values (elg., Sadowski &t al.|2@@)-
sequently, the energy extractioffieiency in MADs can reach

140% (Tchekhovskoy et Al 2011). 3.2. Radio luminosity of a jet

Next, we present time- and shell-averaged radial prOﬁIE‘\SJPrfwough out this paper, we assume the inclination angle of a
various scalar quantities in the simulations that are iniguifor jet asi = 60° when calculating its radio emission. Although

the radiative transfer calculations since they are useldersyn- not shown here, the radio flux computed for a higher inclina-

chrotron em'ss""“_’ and absorptivity functions. The aging is tion angle decreased by a factor of two at most, and vice versa
defined as follows: S . . ;
for a lower inclination model. This trend is roughly in agmeent

1 [ lmax foﬂ foz” q(r, 6, t) v=gdode with the change in the flux due to the relativistic Dopplertdac

ar)) = — — dt (3) D =T(1-v/ccosf))* wherel = 1/+/1 - ?/c? andi is the
At J, o=t . /e dl

min fo fo V=-gdode inclination angle. Hence, for a mildly relativistic jet£0.2 —

whereq is a scalar quantity of interest. We time-average t e50), the flux is expected to change by no more than a factor of

quantities over later times of the simulation when the sohst VO . . . .
relax from initial conditions and reach a quasi-stationsigte. Fig.[4 displays the radio flux emitted by the jet measured
The integration limitgmin=6000 GVI/c® andtmax =7000 GM/c3 at two f_requenues_ by a distant observgr as a function plikblac
are indicated in Fig]2 as two vertical dashed lines. In[igvg N0l spin. The radio fluxes shown are time-averages of jéo rad
show the time-averaged radial profiles of plasma densitg-m&Mission produced withint = 10005M/c” of the simulation,
netic field strength and assumed electron temperature évh&Pen the accretion flow and jet are fully relaxed from theiahit
electron temperature is expressed@as= k,Te/Mec?). These conditions. For the assumed~ 10> andMgy = 10°M,, the jet
quantities are shown for the accretion disk region, in the jgynchrotron flux av,=86 andv, =43 GHz are produced in the
sheath and in the jet spine regions. optically thick part of the jet base. Two frequencies arensho
We first discuss the radial structures of the jet sheath. E@-demonstrate that the model spectral indexefined as~, ~
amining FigB, it is evident that in the jet sheath the plasma » Matches the typical observational value of compact, self-
density decreases with radius as ~ r2 and the magnetic & sorbed jets. In our models, forrall black hole spins, we find
fields strength decreases with distanceBas r~1. This is the @ ~ —0.5, whichis often called an ‘inverted spectrum’.
same dependence as the one derived in the simple conical outFig- [ (left panel) shows the radio flux densities plotted
flows used in analytical modeling of jets in the past. As prti - @gainst the black hole event horizon angular veloQity Solid
by [Blandford & Konigl [1970) anél Falcke & Biermdnw%),and Qashed lines in this figure are the parametric fit of the flux
such jets are expected to produce a nearly flat spectral indedensity as a function of2y. The dependency of the jet ra-
their SEDs when the electron distribution function alongjet  dio flux density onQy can be described approximately with
is fixed. This is in agreement with our findings here and with(@+) = a(1+bQy). We present the best least square fit values
Moscibrodzka & Falckel (2013) arld Falcke & Mafkq2000). o_f the free parameteig b, andp in Table[3. These dependen- _
Interestingly, we also find that the density of the jet sheigth Cles are |§SS steep than the BZ jet power dependency on spin:
pends on the black hole spin. This is in agreement with firglini ~ Q5 - In other words eveffor a nearly zero spin the jet
by [Hawley & KroliK (2006) (see their Table 2.) who show thafadio emission persists
the mass outflow through the jet sheath increases with blalek h  In the right panel in Fig.]4 the same jet radio flux densities
spin. The spin of the black hole does néfeat the radial depen- are plotted against the angular frequency of the inner ntaistes
dency of the density in the jet-sheath but only the normatina circular (ISCO) orbitsco = (rfs/%o+ a.)~* the formula for the
constant. This has interesting implications in the scalediiant angular velocity of a Keplerian disk near a rotating blacleho
jet models, as discussed in Sé&dt. 4. We have found that our disks indeed have the angular vedgciti
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Fig. 3. Shell- and time-averaged profiles of rest mass densitfleft column), magnetic field strengt/b,b' (middle column), and electron
temperatur@®, (right column) in the disk (top row), jet sheath (middle rowahd jet spine (bottom row) for models with various blackehgpins.
All quantities are in dimensionless code units. See textt(&e1) for discussion.

similar to those of the Keplerian angular velocities. Fom@ depend on the black hole spin and whether the black hole spin
nience, the values @¥;scoare displayed in Tablg 1. The depeneould play a role in the black hole feedback.

dency of the radio flux omf2;sco can be described by a trivial ~ The radial profiles of mass and total energy flows are defined
function ofanScor The best fit parametessand p are summa- as:

rized in TabIéiB. The slightly dlierent values op parameter for

different observing frequencies are due to limited size of dur jg(r) = ff(pour)dp\% (4)
which is limited by the size of out computational grid and due 0J¢

to the curvature in the spectrum. We argue that the two chosen

frequencies bridge the valid range of the model. The obsenNd

radio flux is approximately proportional to the Kepleriargan

lar frequency of matter at the ISCO. We argue that the ineredso(r) = ff(—T{)dA%,
in the jet radio flux is a result of a higher mass content of ¢he | oS¢

sheath as other relevant variables remain roughly unctilange

®)

whereT{ = (po+yu+b?)u'u;—b'b, is a component of the stress-
energy MHD tensor that represents the energy of the plasma
and the magnetic field transported in the radial directiomd a
dAy; = +/—gdady is an area element in the— ¢ plane. The
symbols in the tensor expression have the following meaning

It is interesting to investigate the mass and energy fluxeéken pg is the plasma rest-mass densityis the adiabatic indexy is
accretion disk and in the two-component jet because th@diss the specific internal energy of plasni#, is the magnetic field
tion of energy and radiation in AGN might be also produced bigur-vector defined in the frame comoving with the plasmal an
e.g., the jet interacting with the environment of the blackeh W is the plasma four-velocity. The negative (positive) vaddie

It is important to find out whether the mass and energy flux& and Ey; indicates inflow (outflow) of the magmnergy from

3.3. Mass and energy fluxes carried by the jet
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Fig. 4. The radio flux densities of models plotted as a function ofttlaek hole event horizon angular velocity (left panel) ascadunction of
the angular velocity of the matter in the disk at the ISCOHriganel). We show the radio flux densities at two frequeneies86 (filled circles)
v, =43 (open circles) GHz at which the SEDs are close to flat andailyt thick. The flux densities are given in arbitrary urstace they depend
on the distance to the source that is not specified here. Thesiemis computed for a fixed mass of the black hole and a figerttion rate. The
lines show the best fits to the synthetic data points. Thefligstrameters along with the form of the fitting function aieeg in Table 8.

the system. We also calculate the energy flux reduced by ¢he re

mass energy, i.e., Ewn = yuu'uy. 9)
E(r) = ff(_-rtr — pou’)dAy,. (6) Figs.[6 shows that the magnetic, kinetic and thermal (asso-
0Jg ciated mainly with heavy protons) energies of the threeorgi

- L . . inour models. The inner (< 50G M/c?) accretion disk is dom-
Here,E s the sum of kinetic, magnetic and thermal energies. inated by the kinetic and thermal energy with weak contitut

Fig.[3 displaysM, Eit, andE in the disk, jet sheath, and jet ; s .
spine regions in models A to F. All energy fluxes are given ifrqom the magnetic energy. This is expected in a weakly magne-

dimensionless units used in the numerical code. In the disk f28d Plasma. It is evident that in the jet sheath all threer.en
gion (first row in Fig[®), the mass is inflowing towards thedila 9> INCrease as the black hole spin Increases. The enargies
hole only starting at ~ 50G M/c? which corresponds roughly to roughly in equipartition around ~ 50GM;/c" and the jet sheath
the pressure maximum of the torus. The massive outflow beyo"’hccfelerat'on r?tﬁ INcreases dW'th. mcrleas!nhg Sﬁ’}'”'_ The agfm
this radius is caused by the torus wind. Interestingly, thergy ne 'Che”efgy Oht ehjet lsdpre_ orlnmanty]\c/wrt] int ehjet Sﬁ'ms
in the disk region is positive. This indicates that the epésge- worth noting that the radiative losses of the jet sheath ane-c

moved from the inner parts of the disk. The properties ofaiad arable to the rotational energy that is being liberatethftbe

: k hole in the BZ process that operates in the jet spine. Fo
mass and energy fluxes seem independent of the black hole N S . 1A
as one would naively expect. eéample, for black hole spia. = 0.94 and fixedm ~ 10 and

The radial mass and energy fluxes in the jet sheath are poMI éH rzt;gstl)\f/g,r ]E:]ee chﬁl:ilg;n;?]?js;\ye?; tg?j zxztre;?] (Illejsrg:iréosny
ing outwards and they increase with the black hole spin. T 9 d g g ap

. o . , : ately 6x 10°%ergs s'] which is close the BZ power of the jet
mass flux in the jet is dominated by the jet sheath which can é&nine which is 3 10%érgs s1] (see TablER).

pel up to 5% of the mass accreting onto the black hole. In mefé)
spine, the mass flux is defined by the numerical floor values.
The net mass flux (i.e., integrated over the all angles) As
controlled by the accretion disk, however the net energjatad
flux is pointing outwards at all radii and the dependency @n th
black hole spin is evident. Interestingly, both the jet spamd In this section we discuss our results in the con-
jet sheath contribute to the total energy flux outflow, intitg text of scale-invariant jet model$s_(Falcke & Biermann 1995,
that both jet components may play some role in the black h¢tginz & Sunvaeyv 2003). The scale-invariant models wer@intr
feedback which is then somewhat spin-dependent. duced to unify jets physics in black hole systems with vagiou
Finally, we are interested in which component of the energyasses and accretion rates, i.e., AGN or X-ray binariest@nd
is dominating the energy in disk, jet sheath, and jet spig®res. explain the relationship between the black hole mass, radio
Following definitions in_ McKinney et all (2012) (their Eq.#)e minosity and X-ray luminosity of the object — so-called filax
radial energy flux(r) can be further split into magneti€gag), mental plane of black holes’ (Merloni etlal. 2003; Falckelet a
kinetic (Exin), and thermal Eg,) energies. It is straight forward2004). Since our models are fully relativistic, for tfiest time
to find that the radial components of these energy fluxes are we can test these analytic models, and inspectftieeteof black
hole spin for these models. On the other hand, one could lvope t

Scale-invariant jet models

- _R2

Emag = BU U — b'lx (") constrain more parameters in the GRMHD simulations by com-
) paring them to the fundamental plane of black hole activitgt a
Ein = pou' (U + 1) (8) the empirical scaling laws.
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Fig. 5. Shell- and time-averaged radial fluxes of mass, total enengy energy minus rest mass energh( Ey, and E from left to right,
respectively) in the disk, jet sheath, jet spine, and thelevtegions for models with various black hole spins.

The scale-invariant jet model provides a relationship band magnetic field dependencies:
tween the observed jet radio flix, (wherev is the observing )
frequency) and the global parameters of the system: the mass f M
of a central black holé/lgy, black hole spind.), and the mass #" * @) MZ.
accretion rateM in Eddington units. In the scale-invariant jet BH
model, any dynamically relevant variabiée.g., plasma density and
or magnetic field strength) is a product of two decoupled func MIRTE
tions: )

(11)

¢ oc | —— (12)

. . , MZ
f(Mgn, M, a.,1) = ¢1(Mgn, M, &) 1 (' ¢?/G Mgp) (10) BH

whereg; describes the dependency of the variable on the cenfg@sed_on our numerical models, we fifda.) ~ Qisco
engine mass, accretion rate, and spin@ndescribes the spatial (Sect[3.2). The radial dependencies in the jet sheath. (Sdgt
dependency of variable on the similarity variable’c?/GMgy, &S evidentin Fid.13 are:

which is simply the distance from the center in units of giavi o (-2
tional radii (that scales with mass of the black hole). e ( re ) (13)

The synchrotron emission from the jet depends on the eléc=
tron number densitp, and the magnetic field strengtB, along
the jet. Jets launched by the ADAF models, which are what we ( rc2 )1

effectively have in our numerical simulations, are mechakjical/s « GM (14)
cooled jets (by adiabatic decompression), as evident frignBF- BH

Here only¢,, depends on the black hole spin, while other reléVe find that the above dependencies (except the spin de-
vant quantitieg,, ¢g, andyg depend only weakly on it. Conse-pendency) roughly agree with the conical jet model in

quently, our GRMHD simulations produce the following déysi[Blandford & Kénigl (1979) or [ Falcke & Biermann| (1995),
Article number, page 8 610
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Fig. 6. Shell- and time-averaged radial fluxes of mass, total enargyenergy without rest mass energy includé,giag, Exin, Eu from left to right,
respectively) in the disk, jet sheath, jet spine, and thelevtegions in models with various black hole spins.

and with the scale-invariant jet model from ADAFst affects the observed flux (their Eg. 8) which is also evident in
(Heinz & SunyaeV 2003; Yuan etlal. 2002). our radiative transfer models (FIg. 4).

We can therefore use the latter model to obtain the general . .
scalings for jet optically thick emission. We plug in agi, ¢s, Next, we compare the theoretical scalings to the results of
Yn. andys derived from GRMHD simulations to Egs. 9. 10. andully relativistic radiative transfer calculations. In oradiative
12 n Heinz & Sunyagv.(2003). This results in similar relago Yansfer simulatons, we fiad hat for smal changegTofng
ships which are now modified by black hole spin, that entezs tH'BH: 4 v = ViBH q v )
radiative transfer integral by scaling the jet particle memden- F» & Mgy) andF, scalings is independent of the black hole spin.
sity. We find that the jet radio flux/,) scales with mass andNotice that our numerical experiments show that the obsigete

accretion rate as: radio spectrum in general is not flat (the spectral index0, but
rather—0.5). Hence, the numerical dependency on the accretion
on(F,) 17 « rate (expressed in dimensionless Eddington units) turroooé

dn(Mgy) 12~ 3 (15) " in excellent agreement with Heinz & Sunyhzv (2003) predicti
17/12+ 2a/3 = 1.08 assuming a spectral slopg = —0.5, and
and the dependency on the mass of the black holgl27 «/3 =

1.58, is also very good. Our value aof # 0 is most probably
anF) _ 17 2o (16) due to the non-conical shape of jet near the black hole and the

an(m) 12 3 limited extent of the simulation domain.

where @ is the spectral index. Interestingly, because of the Finally, the dependency of the flux on the black hole spin
logarithmic derivatives, any dependency on the spin cancphrameter is described by the functibfa.) which enters the
out, thus our formulae are identical to those provided bwdiative transfer integral as a jet density scaling coristehe

i v[(2003). The black hole spin does nii¢a optically thick part of the radio emission from the jet wileb
the scalings of flux with black hole mass and accretion rate ®imply proportional tof (a.).
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5. Summary also explain, e.g., the observed X-fiadio correlation in black

hole binaries and AGNs (Merloni etlal. 2003; Falcke ét al.£200

We have shown that 3-D GRMHD simulations of low-luminosit i 2012). This should be explored in future sasdi
supermassive black holes can reproduce the compact Hat- ) P
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fspectrunl rgglo emIESIé)gstII‘ varlou_s bllaC.k ho'i Sp!nilr@gl, lackHoleCam — Imaging the Event Horizon of Black Holesré@t 610058).
roma. =~ 0.0 toa. = 0.98. In our simulations the Visible ra- oythors thank BlackHoleCam collaborators and R. Kurosawaémments on

dio jet is launched from an optically-thin radiatively tfieient the manuscript.
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