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Abstract. Black holes at the centers of the galaxies grow mainly by the processes of accretion,
mergers, and consumption of stars. In the case of gas accretion with cooling sources, the flow
is momentum driven, after which the black hole reaches a saturated mass, and subsequently, it
grows only by consumption of stars. In addition, we include the effect of mergers on the growth of
black hole spin and mass and study its evolution as a function of redshift in a ΛCDM cosmology
using an initial seed mass and spin distribution functions that we have derived. For the stellar
ingestion, we have assumed a power-law density profile for the galaxy in our framework of a
new relativistic loss cone theory that includes the effect of the black hole spin. We predict the
impact of the evolution on the M• − σ relation and compare it with available observations.
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1. Introduction

The M• − σ relation, M• ∝ σp, is a very astonishing relation and its origin is still a
topic of debate. Bhattacharyya & Mangalam (2018) [BM18 hereafter] have constructed a
static model of deriving theM• − σ relation andM• −Mb relation together from intensity
profiles of 12 elliptical galaxies. Here we discuss the dynamical aspect of the M• − σ
relation, i. e., the evolution of the relation with redshift and time in ΛCDM cosmology.
From the basic equations of mass and spin evolution of the black hole [c. f. Mangalam
(2015)] we have derived the evolution of this relation. For the rate of growth of mass,
Ṁ•, we have considered the accretion process, stellar ingestion process and mergers,
where, the accretion rate is considered to be a fraction of the Eddington accretion rate,
the mass growth by stellar consumption is calculated by using both full and steady loss
cone theory [Mageshwaran & Mangalam (2015)] for a galaxy cusp following power law
mass density (power law index is γ) and in case of mergers we have considered both
major and minor mergers [Stewart et al., (2009)]. We have also considered the BZ torque
which contributes to spinning down the black hole while the accretion process spins it
up. For spin evolution we have considered only the effect of minor mergers which also
contributes in spinning the hole down [Gammie et al., (2004)], while we neglect major
mergers because the accretion process is the dominant one for spinning up the black hole.
We have also incorporated the prescription of saturated mass, Msat, given by King (2003)
which is the critical mass after which the accretion stops and the black hole grows only by
stellar ingestion and mergers. We have considered the mergers to be effective from z� 4
considering the peak of merger activity. Starting from an initial spin, js, an initial mass,
M•s we have derived the evolution of the mass and spin of the black hole and its effect
on the M• − σ relation. For a few examples, the resulting mass and spin evolution of the
black hole is shown in Figures [1(a), 1(c)] and the impact on the index of the M• − σ
relation which is obtained from the slope of logM• vs log σ plot is shown in Figure 1(b).
We show how our results matches with observations in Figure 1(d), where the data of
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Figure 1. Comic evolution of the mass and the spin of the black hole and the M• − σ relation.
(1a, 1c) Evolution of the mass of the black hole in units of M•s and spin of the black hole as
function of time and redshift with merger mass ratio, q = 0.1, js = 0.2, magnetic field of BZ
torque, B4 =B/(104 Gauss) = 5, formation redshift, zf = 4 and γ = 1.5 and M•s = 105M�.
(1b) Evolution of the index p of the M• ∝ σp relation. (1d) shows log(M•7) vs log(σ100) for two
different redshifts (z = 0.003, red and z = 0.23, green) along with the data obtained from our
calculation in BM18 for 12 elliptical galaxies (their redshift lies in the range 0.004 - 0.002).

M• and σ of 12 elliptical galaxies was obtained from their observed intensity profile in
BM18. A more detailed study of the models is discussed in the paper by Bhattacharyya
& Mangalam (2019, submitted).

2. Summary and conclusions

We have obtained the relativistic as well as the non-relativistic evolution of black hole
mass and spin as a function of redshift using cosmological ΛCDM model for different
values of the spin parameter, seed masses and different formation redshifts. For calcula-
tion of stellar consumption rate, we use the steady loss cone model. We have compared
our model with the available observations of z, M• and σ|| of 12 elliptical galaxies which
follow the M• − σ relation and we are able to explain the observations from our model.
We have computed the evolution of the M• − σ relation with redshift by deriving the
evolution of the slope and intercept of log[M•7] vs log[σ100] plot. Using formula given
by Shankar et al. (2009), for renormalization, p∝ (1 + z)−α, we show that the M• − σ
relation holds with α� 0.24 - 0.34 upto z � 1 for the index, p lying between 4 - 5. The
data from future surveys at high redshift, for example from TMT, can be used to probe
the M• − σ evolution.
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