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ABSTRACT

Abstract Black hole spin is a key to the relativistic jet generation. Existing models are based on the Blandford–Znajek
and/or Blandford–Payne mechanisms. The jet power in these models is determined by the spin value, black hole mass,
magnetic fields at the event horizon, and the accretion disc. Independent estimates of mass, jet power, and magnetic
field give opportunity to constrain the supermassive black hole spin value. We present an application of this approach
for supermassive black holes in different samples of active galactic nuclei (AGNs). We found that the assumption about
equipartition between magnetic field energy density and accreting matter energy density is reasonable for the systems
with thin accretion discs. The “mass-spin” diagrams were constructed for the samples of PG quasars and distant quasars
at redshift 𝑧 ≈ 4.8 and demonstrated the flattening region at masses 𝑀BH ≈ 108.5𝑀�. These diagrams can be used to
study accretion onto supermassive black holes.
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1 Introduction

A black hole can be characterized completely by two param-
eters: its mass 𝑀BH and spin 𝑎. The spin is a dimensionless
parameter and is determined by the angular momentum 𝐽 of
a black hole: 𝑎 = 𝑐𝐽/𝐺𝑀2

BH (Thorne, 1974). The spin can
be changed by accretion, mergers, and the removal of the an-
gular momentum by a jet (Fanidakis et al., 2011; Dotti et al.,
2013; Volonteri et al., 2013; Dubois et al., 2014). Thus, de-
termination of the spin allows us to study the history and
characteristics of accretion into a black hole and investigate
its significance for the generation of relativistic jets. To solve
this problem, we have to construct a “mass–spin” diagram.
The problem of determining the spin is more difficult com-
pared to the problem of determining the mass of a black hole.
The methods of X-Ray Reflection Spectroscopy (XRS) and
Thermal Continuum Fitting (TCF) are currently more de-
veloped (see, e.g., reviews of Reynolds, 2014, 2019, 2021;
Middleton, 2016). Both methods are based on the idea that
the inner edge of the accretion disc is determined by the In-
ner Stable Circular Orbit (ISCO), which depends on the spin
of a black hole. The accretion disc is thought to be geomet-
rically thin with the Novikov–Thorne profile. Currently, the
TCF method is applied mostly to the Galactic Black Holes
(GBHs) because its application to Super Massive Black Holes
(SMBHs) is difficult for some reasons. Thus, the majority of
constraints on the spins of SMBHs are obtained with the XRS
method. In this method the size of the ISCO (and hence the
spin) is obtained from the shape of the Fe K𝛼 6.4 keV line
profile. Qualitatively, the picture is like this: as the ISCO gets
closer to the black hole, the Fe line manifests a wider profile.

High-quality X-rays spectra are needed to successfully use the
XRS method. Therefore, constraints of the SMBH spin have
been obtained for approximately 40 objects because of the
limited capabilities of modern instruments. These SMBHs
are located mainly in nearby Seyfert 1 galaxies (Brenneman,
2013; Reynolds, 2021). We should note that the XRS method
is biased towards SMBHs with higher spin values and is
model dependent as well. Processing the same data set by
different groups often leads to different results.

2 Method

The above mentioned reasons motivate us to search for other
ways of constraining the spin value. An interesting possibil-
ity is the models of energy extraction by jets. These models
are based on either Blandford–Znajek or Blandford–Payne
mechanisms or both (so-called hybrid models, Meier, 1999;
Garofalo et al., 2010). The approach was used in Daly (2009),
Daly (2011), Daly and Sprinkle (2014). Jet power 𝐿j is re-
lated to the mass of a SMBH 𝑀BH, magnetic field at the
event horizon 𝐵H, and spin 𝑎: 𝐿j ∼ 𝐵2

H𝑀
2
BH𝑎

2. We can solve
the equation for the spin if we know all the quantities in
this formula. Jet power and mass can be found based on
observational data. Unfortunately, there are no direct mea-
surements of magnetic field values so far. Therefore, Daly
used three assumptions about magnetic fields: 1) a constant
value 𝐵H = 104 Gauss for all objects; 2) the Eddington limit
value 𝐵Edd ∼ 𝑀−0.5

BH ; 3) a magnetic field proportional to the
spin 𝐵H ∼ 𝑎. As a result, constraints on the spin value were
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obtained for more than hundred objects that have mostly FRII
radio morphology.

Our approach is described in Mikhailov and Gnedin
(2018), Mikhailov et al. (2019). Let us recall the main fea-
tures. We used two hybrid models: above mentioned Meier’s
model (Meier, 1999) and the flux-trapping model (Garo-
falo, 2009; Garofalo et al., 2010). Within the framework of
Meier’s model we, unlike Daly, estimated the magnetic field
based on the ratio between magnetic field energy density and
accreting matter density: 𝐵H = 1

𝑅H

√︃
2 ¤𝑀𝑐
𝛽

, where 𝑅H is the
radius of the event horizon, and ¤𝑀 is the accretion rate. If we
consider the situation when the magnetic field is generated by
the accretion matter, then 𝛽 ≥ 1. Similarly, within the frame-
work of the flux-trapping model, we estimated the magnetic
field in the accretion disc 𝐵d based on the ratio between mag-
netic field pressure and radiation pressure: 𝛽1𝐵

2
d

8𝜋 =
𝐿bol

4𝜋𝑐𝑅2
in

,
where 𝑅in is the inner radius of the accretion disc, and 𝐿bol
is the bolometric luminosity. As a result we obtained equa-
tions the left part of which is dependent on the spin and the
right part contains jet power and bolometric luminosity of
the accretion disc:

𝐹 (𝑎) = |𝑎 |√︁
Y(𝑎)

(
1 +

√
1 − 𝑎2

) = 1.77 ×
√︁
𝛽

(
𝐿j

𝐿bol

)1/2
(1)

for Meier’s model, where Y(𝑎) is the radiation efficiency of
the accretion disc, and

𝑋 (𝑎) = 𝐹 (𝑎)
𝑞2 (𝑎)

= 16.48𝛽1
𝐿j

𝐿bol
(2)

for the flux-trapping model, respectively.
The jet power and the bolometric luminosity can be

found from observational data. We used an assumption about
equipartition (𝛽 and 𝛽1 are equal to one) for further calcu-
lations. This assumption is based on the hypothesis that the
magnetic field is generated by accreting matter and therefore
the energy density of the magnetic field cannot exceed the en-
ergy density of the matter. Thus, we can obtain a lower limit
of the spin value by solving the corresponding equations.

3 Application

We applied our method to objects for which the spin value was
obtained with the XRS method (Brenneman, 2013; Reynolds,
2021). The results are shown in Table 1. As we obtained
a lower limit for the spin values, most of our results do
not contradict the literature data. Objects from Brenneman
(2013), Reynolds (2021) are mainly Seyfert 1 galaxies that
have thin accretion discs. If we consider results obtained with
the XRS method as true, then parameters 𝛽 and 𝛽1 should be
bigger than one. In this case, the median values of 𝛽 and 𝛽1
are 1.5 and 1.8, respectively. Therefore, we conclude that the
assumption about equipartition is reasonable, at least for the
systems with thin accretion disks. Further, we consider the
examples of using our method for different quasar samples.

Vestergaard and Peterson (2006) listed data about 70 PG
quasars with redshifts from 0 to 0.5. We used their data

Table 1. Comparison with the XRS method.

Name spin (XRS) spin (M) spin (FT)

MCG-6-30-15 0.91+0.06
−0.07 0.49+0.25

−0.17 0.79+0.11
−0.12

Fairall 9 0.52+0.19
−0.15 0.88+0.12

−0.26 0.93+0.05
−0.07

SWIFT J2127.4+5654 0.72+0.14
−0.20 0.61+0.29

−0.19 0.85+0.08
−0.10

1 H0707-495 > 0.94 0.38+0.21
−0.14 0.72+0.12

−0.14

Mrk 79 > 0.50 0.88+0.12
−0.26 0.93+0.05

−0.07

Mrk 335 > 0.99 0.56+0.27
−0.19 0.83+0.09

−0.11

NGC 3783 > 0.88 0.83+0.17
−0.24 0.92+0.05

−0.08

Ark 120 > 0.85 0.94+0.06
−0.27 0.94+0.04

−0.07

3C 120 > 0.95 0.52+0.27
−0.17 0.81+0.10

−0.11

1 H0419-577 > 0.98 0.35+0.21
−0.12 0.70+0.13

−0.15

Ark 564 > 0.90 0.70+0.30
−0.22 0.88+0.07

−0.09

Mrk 110 > 0.99 0.63+0.30
−0.20 0.86+0.08

−0.10

Ton S180 > 0.98 0.31+0.18
−0.12 0.66+0.14

−0.16

RBS 1124 > 0.80 0.64+0.31
−0.20 0.86+0.08

−0.10

Mrk 359 0.66+0.30
−0.54 0.56+0.27

−0.19 0.83+0.09
−0.11

Mrk 841 > 0.52 0.48+0.24
−0.17 0.79+0.10

−0.13

IRAS13224-3809 > 0.975 0.42+0.22
−0.15 0.75+0.11

−0.14

NGC 4051 > 0.99 > 0.73 0.95+0.04
−0.06

NGC 1365 > 0.97 0.83+0.17
−0.24 0.92+0.05

−0.08

about SMBH masses and optical luminosity at 5100 Å to
estimate the bolometric luminosity. The jet power was esti-
mated according to the relation (Merloni and Heinz, 2007):
log 𝐿j

𝐿Edd
= (0.49 ± 0.07) log 𝐿bol

𝐿Edd
− (0.78 ± 0.36), where

𝐿Edd ' 1.3 × 1038𝑀BH/𝑀� [erg/s] is the Eddington lumi-
nosity. We have used this relation because it was established
for the sample of nearby galaxies for which the jet power
was estimated accurately enough by the cavities method.
This method allows us to estimate the jet power based on
the work needed to form emitting cavities (bubbles) (Allen
et al., 2006; Rafferty et al., 2006). Moreover, we should note
that the Merloni–Heinz relation was written in the form of
dimensionless Eddington units. Currently, there is a lot of ev-
idence that similar relations are true both for AGNs of differ-
ent types and GBHs, so it extends to many magnitudes of jet
power and bolometric luminosity (Daly et al., 2018). Thus,
obtained estimates of jet powers and bolometric luminosities
allow us to solve equations (1) and (2) and obtain lower-limit
spin values. The “mass–spin” diagram is shown in Fig. 1. The
asterisks indicate estimates within hybrid Meier’s model, the
triangles indicate estimates within the flux-trapping model.
We note a trend of increasing the spin value with increasing
mass, but this trend is replaced by flattening starting from
masses 𝑀BH ≈ 2 × 108𝑀�.

We used our method for a sample of distant quasars at
redshift 𝑧 > 4 in Mikhailov et al. (2019). The sample of
40 quasars at 𝑧 ≈ 4.8 were studied spectroscopically by
Trakhtenbrot et al. (2011). From this paper we took the esti-
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Fig. 1. The “mass–spin” diagram constructed for a sample of PG
quasars. The data about SMBH masses and bolometric luminosi-
ties were taken from Vestergaard and Peterson (2006). The arrow
denotes the mean error of spin estimation.

mates of SMBH masses and the data about optical luminos-
ity which were used for calculations of bolometric luminos-
ity. The jet power was estimated according to the Merloni–
Heinz relation. The resulting “mass–spin” diagram is shown
in Fig. 2. Designations are the same as in Fig. 1. The diagram
is qualitatively similar to that obtained for PG quasars. We
also note a trend of increasing the spin value with increas-
ing mass, replaced then by flattening starting from masses
𝑀BH ≈ 6 × 108𝑀�. Similar features are characteristic of the
“mass–spin” diagrams obtained for other samples of quasars
at high redshifts (Mikhailov et al., 2019).

Our method for constraining the spin value is necessarily
dependent on accurate determination of the jet power and
bolometric luminosity. There are a lot of empirical relations
for estimating these quantities. In Mikhailov et al. (2019)
we investigated how the results would change if different
empirical relations were used. We concluded that despite
changing spin values the shape of the relationship between
spin and mass was generally constant.

Currently, there are many works dedicated to modeling
SMBH evolution by mergers and accretion. “Mass–spin” di-
agrams are different depending on the characteristic of ac-
cretion: the prolonged or chaotic one (e.g., Fanidakis et al.
2011; Dotti et al. 2013). Therefore, it is possible to study the
history and characteristic of the accretion onto SMBHs if we
have a “mass–spin” diagram based on observational data.

4 Summary

Existing models for energy output from the rotation of a black
hole by the way of relativistic jets allow us to obtain a spin
value of SMBHs. However, there is currently no direct ob-
servational data about the magnetic field value near a black
hole. For this reason we have used the assumption about
equipartition for the systems with thin accretion discs. This
assumption is supported if we consider the results of the spin
value by the XRS method as true. We applied our approach
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Fig. 2. The “mass–spin” diagram constructed for a sample of
quasars at 𝑧 = 4.8 (Mikhailov et al., 2019). The data about SMBH
masses and bolometric luminosities were taken from Trakhtenbrot
et al. (2011). The arrow denotes the mean error of spin estimation.

for some quasar samples and found that the “mass–spin” dia-
grams have the flattening region at masses 𝑀BH ≈ 108.5𝑀�.
Such “mass–spin” diagrams can be used to study accretion
onto SMBHs.
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