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Although we do not observe directly black holes in the Universe, their presence has been inferred in several
astrophysical systems, from galactic to extragalactic scales. In this work, we will restrict our focus in the
possible signatures of the presence of Kerr black holes in active galactic nuclei, one of the most powerful
sources in the Universe. Particularly, we will discuss how jet/accretion disc precession and their directional
stability can be used to trace the accretion disc properties as well as the black hole spin in the Seyfert galaxy
NGC 1068.

I. INTRODUCTION jet viewing angle in relation to the line-of-sight [4, 6—10]. In
the case of Seyfert galaxies, precession was detected from the
variability of double-peaked Balmer lines produced in the ac-
r%retion disc (e.g., Ref. 11).
The existence of a warped accretion disc in the Seyfert 2
laxy NGC 1068 has been inferred from the kinematics of
e maser spots at parsec-scales from very long baseline ra-
jo interferometry (e.g., Ref. 12). Warping and disc/jet pre-
cession can be produced in a supermassive black hole binary
stem wherein the primary accretion disc precesses because
torques induced by the secondary black hole, whose or-
ital plane does not coincide with that of the accretion disc
[9, 10, 13, 14].
In this work, we will focus our attention on another feasi-
) i ) ) .. ble scenario to produce warp and precession of the disc: the
Itis a well-accepted idea in the astrophysical communityg,geen-petterson effect [15]. A general introduction about
that the center of an AGN harbours a supermassive black holg.s mechanism will be presented in Section II. A brief de-
sgrroundeq by an accretion disc. The ac;cretion process of t,hs‘?:ription about the Seyfert 2 galaxy NGC 1068, as well as the
disc material onto the black hole is believed to be the main,yjication of the Bardeen-Petterson formalism to this source

source of the copious energy production, even though thes ade in Section IIl. Conclusions are presented in Section
complete understanding of this process has not been achievgg

up to now; several theoretical models have been proposed to’

explain the characteristics of the accretion mechanism (e.g.,

Ref. 1). Numerical simulations also have been carried on in Il. THE BARDEEN-PETTERSON EFFECT
order to tackle the non-linearity of the differential equations

that rule the accretl_on Q'SC_ (eg. Ref. 2). ) Frame dragging produced by a Kerr black hole causes pre-
Not rarely, there is ejection of bipolar collimated structurescession of a particle if its orbital plane is inclined in relation to
from the innermost part of the AGN known as jets. Some jetshe equatorial plane of the black hole. The precession angular
are accelerated to high speeds, exceeding ninety percent of thgocity Q, + due to the Lense-Thirring effect is given by [16]:
light speed in many cases [3].
Some AGNs exhibit distortions in the jet morphology, such 2G Jan
as changes in its direction of propagation on the plane of the Qr=——%, Q)
sky (e.g., Ref. 4), as well as in the apparent proper motion cr
(e.g., Ref. 5). Those odd aspects can be generated by jet pre-

cession, since it introduces a periodic time variation of theVhereG is the gravitational constant,is the light speed; is
the radial distance from the black hole akg, is the angular

momentum of the black hole, defined &g = a*GMéH/c.

The parameter$/igy and a, correspond respectively to the
“Also at Abdus Salam International Centre for Theoretical Physics, Strad®lack hole mass and the ratio of the angular momentum of
Costiera 11, Miramare 34014, Trieste, Italy. the compact object and that of a Kerr black hole rotating at

A fraction of galaxies in the Universe exhibit an unusual
release of energy from their central regions; such objects a
known as active galactic nuclei (AGNSs). This class contains
quasars, BL Lac objects and Seyfert galaxies and is basical
characterized by high luminosity (3810* W) from radio to
X-rays wavelengths (some cases to TeV energies), produc
in a small volume € 1 pc®). Their spectra show the pres-
ence of several optical emission lines associated to severd
chemical elements, which contrasts to the normal galaxiesg
detected predominantly in absorption. Variability of the con-
tinuum and/or the emission lines are often observed in time
scales from days to years.
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z fect [15] and usually affects only the innermost part of the
¢ disc, while its outer parts tend to remain in its original con-
figuration, due to the short range of the Lense-Thirring effect.
The transition radius between these two regimes is known as
Bardeen-Petterson radigp, shown schematically in Fig. 1,
and its exact location depends mainly on the physical proper-
ties of the accretion disc [18-22].

A rough estimate oRgp can be obtained comparing the
time-scales for Lense-Thirring precession and warp transmis-
FIG. 1: Schemati ati  the Bard Pett . sion through the disc [23] that, on the other hand, will de-

. 1: Schematic representation of the Bardeen-Petterson effelany on how the war r in mmuni long it. If
An accretion disc with inner and outer radiRgs and Ryt respec- C[Se d on how the warps are being co unicated along it

tively, having a semi-thickneddq and misaligned initially by an an-  they are transmitted diffusivel i,f;, = \/Vz(R%i;)/QLT(Rgif:),

gle ¢ in relation to the angular momentum of The black hdd¢,  wherev; is the viscosity acting on the perpendicular direc-
and mas#gn, will be warped by the Bardeen-Petterson effect. Thetign to the disc, related to the disc viscosity measured in

trgnsi_tion rad!us between the Qortion of the disc that is aligned anqhe horizontal plane. If the time-scale for the warp evolu-
g"sa"g“ed with the black hole's equator is known as the Bardeen;,, s imilar to that for the evolution of the surface den-
etterson radiuRgp. . . . .
sity, v1 ~ Vy; otherwisev, ~ f(a)vi, wheref(a) is a func-
tion of the dimensionless viscosity parametentroduced by
its maximal velocity. The spin-induced precession formalisml4]: FOr typical parameters of AGNS, it IS egpecteﬂ>> V1
has been successfully applied to supermassive black holesﬁ 41, SO thgt the Bardee.n-Petterson rgdlus IS substantla!ly re-
AGNs and SgrA*, the centre of our Galaxy [17]. uced in this ca;e. In this vgork, we will follow [25], adopting
The combined action of the Lense-Thirring effect and thef (?) = 2(1+7a%)/[a(4+a)].
internal viscosity of the accretion disc forces the alignment Assuming the zero torque inner boundary condition at the
between the angular momenta of the Kerr black hole and themarginally stable orbiRys, considered hereafter the inner ra-
accretion disc. This is known as the Bardeen-Petterson eflius of the accretion disc, the viscosity can be written as:

o M dInQd(r) -1 Rms 2Qd(Rms)
= M| () R ®

whereM is the accretion rat&g is the surface density of the calculated the alignment time-scale. [23] generalizes the re-
accretion disc integrated over the semi-thickness of the dissults found by [28] to a power-law viscosity. Such studies
Hq andQyq is the angular velocity of the disc. suggest that the alignment time-scale can be estimated using:

On the other hand, the Bardeen-Petterson radius can
be estimated in the wave-like regime usings, =
cs(REp)/Qut (REp), Wherecs is the sound-cross speed of the
disc, defined as:

dign) '
Talign = JgH (dJ.iH) sing, (4)

e(r) = \/_rdInQd(r) v1(r)Qa(r)

dinr a

; 3

where¢ is the inclination angle between the normal of the
wherel is the politropic index of the equation-of-state of the ;)_uterdpa_rtst(_)f th%d'sﬁ an?hth(fa sp|n2a3X|.s of the black hole. The
gas (we have assuméd= 5/3 in this work). The transition M€ dervative 0ty has the orm [23];

from the diffusive to wave-like regime occurs at a radRys
wherea ~ Hg/r [26].

The time-scale for the black hole to align its angular mo- q Z Rou
mentum with that of the accretion disc was firstly estimated by dJsr = —2msing ! Q7 (r)Lg(r)rdr, (5)
[27], assuming that each mass element accreted by the black dt Rep

hole carries an orbital angular momentum corresponding to

that found at the Bardeen-Petterson radius. [28] obtained an

analytic solution to the equations that control the warp evowhere Ryt is the outer radius of the disc andy(r) =
lution in the case of a disc with constant surface density and4(r)Qq(r)r? is its angular momentum density (e.g., Ref. 17).
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Ill. BARDEEN-PETTERSON EFFECT: WARPING AND

PRECESSING THE ACCRETION DISC OF NGC 1068 TABLE I: Physical parameters of the accretion disc of the Seyfert 2

galaxy NGC 1068.
In this section, we will discuss how to constrain the physi- Parameter Model A Model B
cal properties of the accretion disc and/or the black hole spifVieH (M) (1.2+0.1)x10’ (8.0+ 0.3)x10°
in the case of a Bardeen-Petterson disc, using NGC 1068 a% » -1.05+0.10 o -1.05+0.10 o
example. So(kgm2)  (1.06+0.23)x10" (1.4940.18)x 10"
M /Megq 0.46-1.0 0.71-1.0
ag(a,) 4.4x1074-9.4x10%  4.4x104-6.3x10°*

A. NGC 1068 and its accretion disc parameters

) ) bolometric luminosityLyo 0f NGC 1068 to reproduce the ob-

The Seyfert 2 galaxy NGC 1068 is located at a distance o§erved free-free emission. We will consider that such bolo-
14.4 Mpc [29]. Its central engine is obscured by a dust torusmetric luminosity extends from this value to the Eddington
which was recently spatially resolved by mid-infrared inter- jyminosity.
ferometric observations [30], in which it was detected a distri- e also assumed a power-law surface density for the accre-
bution of warm dust in a parsec-scale structure, surrounding fion disc (integrated over the scale height of the accretion disc)
smaller hot source (probably the accretion disc). 3(r) = Zo(r/Ry)S, with s= —1.05 [35] andRy = GMgn/c?,

Very long baseline interferometry of NGC 1068 at radio the gravitational radius. The constaigtwas determined from
wavelengths reveals a complex jet-like structure, essentiallhe mass of the disdlg, integrating® (r) from the inner radius
composed by four discrete components at sub-arc-secon@s the outer radius of the disc.
scale labeled as S2, S1, C and NE (e.g., Ref. 12). The com- Limits to thea-parameter (multiplied by the accretion effi-
ponent S1 is probably assoma?ed with the thin accretion dlS@iencyg(a*)) were found combining Eq. (8) of [36] with the
that surrounds a black hole while the other structures are posalues of bolometric luminosity, which is displayed together
sibly related to jet components (e.g., Ref. 12). The radio jebther disc parameters in Table 1. In our analysis, we have con-
orientation change with the core distance, bending towards th§idered two different models, labelled as A and B (see Table
northeast direction, specially at component C. At larger scales,), referring respectively to the parameters derived from [35]

-1

(6)

extended lobes are observed, with the northeast lobe havingaad [36].

conical shape, similar to a bow shock structure produced by The maser velocities present signatures of sub-Keplerian

jet-environment interaction [31]. motion; however, at the radius in which it occurs the disc an-
The nuclear region of NGC 1068 has been also investigategular momentum becomes negligible, such that in Eq. (3) we

through BO and OH maser emission (Refs. 12, 32), with theused the relativistic Keplerian angular velooiy :

brightest HO maser spots coinciding with the radio contin-

uum component S1 [33]. The maser emission seems to orig-

inate from a sub-Keplerian rotating disc with inner and outer cd r\¥?

radius corresponding t6-0.65 and 1.1 pc respectively, en- Qu(r) = GMgH (Rg> +a

closing a mass of 10’ M, within its inner radius [32, 34].

The departure from Keplerian motions has been attributed to |n order to estimate the Bardeen-Petterson radius, we

a massive accretion disc that dilutes the gravitational field Ofshou|d first know where is located the transition radius be-

the black hole [35, 36]. tween the diffusive and wave regimes that, as seen in previous
A very interesting result from maser observations is that theection, will depend on the aspect rakig/r. This quantity

maser disc is not completely aligned with the major axis of thevas derived following [37]:

component S1 (e.g., Ref. 12). Indeed, they reveal a maser dis-

tribution similar to a warped disc, with the inner parts almost

perpendicular to the jet and aligned to the major axis of S1, Ha(r) - 1 Hnsg(r)Hsg(r) (7)

but deviating from this configuration as the core distance in- r r Hasg(r) +HE(r)

creases. Recently, [12] proposed a configuration in which the

thin hot disc (S1) is perpendicular to the radio jet, while the
el : - hereHnsg= Cs/Qq andHsg = ¢2/(TGZy).
I h -scall L nsg sg= s .
misaligned maser disc points towards the parsec-scale dUStgy We performed calculations of the Bardeen-Petterson radius

torus. for the disc models A and B listed in Table 1, considering
several values of the black hole spin. The results show that the
) ) _ Bardeen-Petterson radius for NGC 1068 depends weakly on
B. Bardeen-Petterson radius and alignment time-scale the accretion rate, being limited by the variation of the black
hole spin andx parameters; typically, the Bardeen-Petterson
From the analysis of the rotation curve of the maser emisradius ranges from 1@ to 104 pc (about 20 and 206g
sion in NGC 1068, [35] and [36] determined a mass of aboutespectively), as shown in left panel of Figure 2.
1.2 x 10" and8 x 10° M, respectively for the supermassive  Except fora, = 0.25 and 0.5 in the case of highest
black hole. [12] found a lower limit of- 7 x 103’ W for the  the Bardeen-Petterson radius from model A is systematically
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FIG. 2: Left panel Bardeen-Petterson radius as a function of the black hole spin for NGC 1068. Each point corresponds to the mean value
Rgp considering the limits of minimum and maximum accretion rate. Circles and triangles refer respectively to the models A and B. Fillec
symbols are related to the lower valueafparameter, while open ones to its upper valRéght panel Time-scale for alignment between
accretion disk and the black hole’s equator, using the same nomenclature for the symbols.

larger than that from model B. It can be interpreted as a con- g 8§ e
sequence of the dependency of the Lense-Thirring effect with OSERE £ 2
the squared black hole mass, which is larger for model A. Fur-
thermore, fixing a particular model and a black hole spin, we
note that the larger the-parameter is the larger the Bardeen-

Petterson radius is, which is induced by the more efficient cou-
pling between consecutive disc annuli due to increase of disc
viscosity. Another aspect seen in Figure 2 is a bump-like fea-
ture arounda, = 0.75. It is the net result of the decrease of

the Lense-Thirring effect and the increase of the inner radius
of the accretion disc with the decrement of the black hole spin.

We calculated the alignment time-scale as a function of the
black hole spin by solving the integral given in Eq. (5), us-
ing as integration limits the Bardeen-Petterson radius and an
arbitrary outer radius. The results, which are independent of
the outer radius value, due to the rapid decrease of the angular

momentum density of the disk, are presented in the right panel ®Right Ascension Offset (arcsec)
of the Figure 2.

Our estimates of the alignment time-scale are ranged apE|G. 3: Snapshot of the variation in the jet orientation due to the
proximately from 100 to 1®yr, shorter than the lifetime of the Bardeen-Petterson effect. Parsec-scale jet of NGC 1068 at 1.4 GHz
kilo-parsec radio jet of NGC 1068<(1.5 x 10° yr; Ref. 38),  [12], represented by the contour map seen in the figure. Solid line
which must not be so different of the lifetime of the AGN indicates the model prediction from Eg. (8) considerfng 80deg
activity. Therefore, our results indicate that the Bardeen¥jet = 0.17c, to = 9800yr, Tajign = 7580yr, ¢o = 40degandn =
Petterson effect can perfectly warp the inner part of the acl7deg
cretion disc within its AGN lifetime.

An additional constraint for the alignment time-scale in
NGC 1068 can be obtained from its jet morphology. If the ac-
cretion disc is forced to align completely with the black hole,
we should observe a progressive change in the jet direction.
Indeed, there is a clear variation in the position angle among
discrete features along the jet (e.g., Ref. 12). In fact, an expQ- . S
nential time variation f%r th(Je inE:Iir?ation angl)e between bIa(F:)ISNhereq)o and P are, respectively, the inclination angle and

hole spin and the iet direction. as well as for the recess.oﬁrecession period at timg when the disk was formed.
S spin al € Jet directl o w P "N 1o compare our model with observations, we calculated the
periodPyrecis claimed by [28]:

right ascension and declination offsefso(and Ad respec-
tively) of each jet element as a function of time. We assumed
that each jet element is receding ballistically from the unre-
b (t) = poe (t-10)/Taign (8)  solved core of NGC 1068 with a speeg similarly to [10],

o o I
o N IS
0

Declination Offset (arcsec)

o
M)

-0.4

Poredt) = Poe™ (t—to)/Talign ©)
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who analysed the influence of jet precession on the relativistiducing warps and precession. Such mechanism arises from
jet of 3C 120. Unfortunately, only limits to the jet velocity of the frame dragging produced by a Kerr black hole whose its
NGC 1068 are actually known, which ranges approximatelyrotation axis is not parallel with that of the accretion disc.
from 0.01 to 0.1¢ (e.g., Ref. 31, 39). This range assures that In this work, we explored the consequences of the Bardeen-
we can heglected any relativistic correction in our approachPetterson effect to probe the physical characteristics of the ac-
(e.g., time-delay effect). cretion disc and the black hole in the nuclear region of the
To project the jet motion on the plane of the sky, we in-Seyfert 2 galaxy NGC 1068, constraining our analysis to the
troduced two additional parameters: the viewing angle of thenterferometric radio continuum and maser observations avail-
jet in relation to the line of sighd, assumed to be larger than able in the literature.
sixty degrees (a very conservative limit for NGC 1068; e.g., Using an analytical approach, similar to that suggested by
Ref. 34), and the position angle of black hole spin axis on thg28] and [23], we calculated the Bardeen-Petterson radius and
plane of the sky). We show in Figure 3 a direct comparison the alignment time-scale between the accretion disc and the
between our model and the parsec-scale jetfer 80 de- equator plane of the black hole for different values of the
greesyiet = 0.17¢, tg = 9800yr, Taign = 7580yr, ¢o =40deg  black hole spin. We found that the Bardeen-Petterson radius
andn = 17deg Our simple kinematic approach reproducesis roughly limited between 1@ and 104 pc, while the align-
quite well the position of the jet components C and NE andment time-scale ranges from about 100 té 0 Those es-

the counterjet component S2. timates are perfectly compatible with the upper limit to AGN
Repeating this procedure to other value$@ndvje; con-  lifetime of NGC 1068 £ 1.5 x 10° yr).
strained by the observations we found tHatdeg< n < We also showed that the location of each jet component of

20deg 9600< to (yr)< 1.7 x 1P, 7500< Talign (Yr)< 1.3 x NGC 1068 is well described by a simple kinematic model, in
10° and25deg< ¢o < 45deg The limits for Ty, imposed ~ Which jet inlet direction varies with time due to the alignment

by jet geometry are perfectly compatible with those calculated@nd precession of the disc. From this approach, we found
from Eq. (4). that the alignment time-scale must be between 7508

10° years, in order to reproduce correctly the jet component
positions.
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