Compact Stars

Lecture 13

Summary of the previous lecture






I talked about gamma ray bursts (GRBs) and
cosmology. Their observations may be relevant
to probe the high-redshift Universe.
The reionisation of the intergalactic medium by
first quasars occurred around redhift z~6. This
is proved by the Gunn-Peterson absorption
feature by neutral H, seen in the spectra of
distant sources.
GRBs may also provide tool for estimation of
standard cosmological model parameters, vie
their (Epeak-Eiso) correlation

SDSS quasars spectra
Optical spectra of quasars with
z>5 from Keck, discovered in
the Sloan Digital Sky Survey.
To z~5.7, the Lyα absorption
evolves as expected from an
extrapolation from lower
redshifts. However, in the
highest-redshift object, SDSS
J103027.10+052455.0 (z=6.28),
the average transmitted flux is
0.0038+/-0.0026 times that of
the continuum level over 8450
Å<λ<8710 Å (5.95<zabs<6.16),
consistent with zero flux.
Becker et al. (2001)

Summary of the previous lecture






I also talked about the supermassive black hole
mergers and some observational signatures of
their past or future occurrence
Numerical simulations are now giving robust
algorithms to compute the binary black hole
merger in vacuum and simulate gravitational
wave radiation
Recoil velocity due to gravitational kick occurs
when the mass ratio and/or the spin vectors
orientation allows for it. The spin flip of BH is
possible due to the total angular momentum
conservation

Today: last few topics





Luminosity function of quasars, Soltan
argument
Intermediate mass black holes
Primordial black holes, evaporation, Hawking
radiation

Luminosity function


Luminosity function gives the number of objects of a
given luminosity per its interval (e.g. Schechter 1976)
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The light density in the Universe is then
∞

J =∫0 L Φ (L)dL




From observed number of quasars at various
redshifts, we may calculate integrated light density due
to quasar radiation.
This ‘Soltan argument’ gives the mass density in
SMBHs per Mpc3 which is estimated at 5x105 MSun.

Soltan argumennt








In 1969, Lynden-Bell suggested that 1010 „dead quasars”
exist in the universe
Theory outlined by Andrzej Soltan (1982), took into accunt
quasar luminosity function
If the quasars are powered by accretion onto a
supermassive black holes, then there is a connection
between the black hole masses and quasars luminosity
Luminosity of accreting quasar:

L=η Ṁ c
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Integrating the luminosity function of observed quasars, we
obtain the estimate for mass contained in the
supermassive black holes via accretion. 10-10 erg/m3
resulted in 1014 Solar mass per Gpc3.

Black Hole demographics




Measurements of the QSO luminosity function from the 2dF
QSO Survey (0.3 < z < 2.3, Boyle et al. 2000) and the Sloan
Digital Sky Survey (3.0 < z < 5.0, Fan et al. 2001), were used to
update Soltan's results.
The cumulative mass density in SBHs which power QSO
activity can be expressed as:
K bol ∞ ∞
L' Φ( L' , z )
ρQSO= 2 ∫o ∫L
dz dL'
3
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where the mass accretion rate is Kbol -1 c-2, with Kbol the bolometric
correction (Elvis et al. 1986), and  is the energy conversion
coefficient ~ 0.1.

M81: bulge

M-sigma relation






Empirical correlation
between the stellar velocity
dispersion of a galaxy
bulge and the mass of the
supermassive black hole at
the galaxy's center.
First shown by Ferrarese &
Merritt (2000).
Interpreted to imply a
mechanical feedback
between the growth of a
BH and bulge (Silk & Rees
1998; King 2003)

Salpeter time






Massive stars as well as many quasars radiate
close to the Eddington luminosity.
This is yielding a minimum lifetime of star.
(Lower-mass stars radiate less than at
Eddington rate and last longer than this).
The resulting characteristic ”Salpeter time” is:
tS =  c T/(4  G mp) = 4x10  [yrs]
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The mass growth rate of a black hole accreting
at M Edd is exponential with an e-folding
timescale tS (efficiency for quasars is  ~ 0.1).

Intermediate mass black holes




ULX are the ultraluminous X-ray sources, whose bolometric
luminosities exceed the Eddington limit for a stellar mass
BH, if the radiation is isotropic.
Their accreting black hole should have a mass 100-10000
Solar masses.

M 82 X-1,
Chandra image
(cross marks the
galaxy's center).
The source
luminosity is ~1041
ergs/s
(Matsumoto et al.
2001)

Intermediate mass BH






Stellar black holea are formed as a collapse of
massive star
Supermissive black holes are found in quasars
The ‘mass gap’ between 10-20 Msun and 105-109
Msun seems unfilled…

HLX X-1










The hyperluminous X-ray source HLX-1 in the galaxy ESO 24349, is currently the best intermediate-mass black hole (BH)
candidate. It has luminosity of 1042 erg/s in X-rays
Source displays spectral transitions similar to those observed in
Galactic BH binaries, but with a luminosity 100-1000 times
higher.
Data from Swift, XMM-Newton, and Chandra fit the BH mass
range ~2 × 104 MSun and the LX ~ T 4 relation .
"Plateaus" in the accretion rate could be evidence that
enhanced mass-transfer rate is the driving outburst mechanism
in HLX-1 (Godet at al. 2012).
The source luminosity is determined by distance estimate. The
HST parallax measurement might be wrong: Lasota 2014
claimed that the source is stellar-mass object (?)

HLX-1 mass estimate from
variability cycles

Left: correlation between the bolometric luminosity and the outburst duration for
different-scale BHs. The black filled and empty circles represent the GPS and
CSS sources, respectively, form Czerny et al. (2009)
Right Figure shows observational light curve of HLX-1 (top panel) and modeled
light curve of accretion disk (bottom). Fit from Wu et al. (2016), used the BH
mass of log(MBH)=5.1

ULX's





Another explanation is that the ULX's are in fact
stellar mass black holes with a beamed
emission (so called microquasars), viewed
pole-on.
Or the accretion rate is supercritical.
Different estimates of mass are made from the
observed QPO oscillation frequency
(Dewangan et al. 2005)

Break

Primordial black holes






Primodrial black holes formed in the early
Universe, from the primordial density
fluctuations, in the regions of density excess
The mass of a primordial black hole depends
on time, when it formed in the early Universe
(B. Carr, astro-ph/0511743).
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If density of the black hole, ρBH=M/(4/3 π R ),
where R its Schwarzschild radius, then M(time)
is given by the critical density in the expanding
-2
Universe, with ρcrit scaling as t .

Mass of primordial black hole


For the flat universe with dust (pressureless)
equation of state in cosmological model:
3 c3 t
M (t)=
4G



In case of flat model with relativistic eos:
c3 t
t
15
M (t)≈
=10 ( − 23 ) [g ]
G
10 s



The holes which formed at Planck era (10 -43 s)
could have 10-5 g. Those formed at t=1 s have
105 Solar mass.

How they could form






Primordial density fluctuation, which
prevents a small region against
expansion
Phase transition, when a local
‘softening’ of the equation of state
occurs and pressure drops
In the string theory, some strings
may cross with themselves and form
„loops”. If the loop size is less than
the Schwarzschild radius, the black
hole may form.

Hawking radiation




Stephen Hawking studied the quantum
properties of black holes. In 1974, he
showed that the black hole can emit
particles, which Compton wavelength is
less than its Schwarzschild radius.
This is analogous to the virtual electronpositron pair production in the stron
electric field. They are created in vacuum,
where the separation of charges is at least
equal to the Compton wavelength:
eEλ > 2 me c2 (E-field intensity, e-electron
charge, me- electron mass)

Black hole thermodynamics


The temperature of Hawking radiation is inversely
proportional to the mass of the hole:
−1
hc 3
−8 M BH
T=
=6 x 10 (
) [K]
8 πG M k
M Sun



The rate of its thermal radiation:

dE d
= ( M c 2)=−4 π R 2Schw σ T 4
dt dt


The time, after which the black hole with initial mass MBH
will completely evaporate, is given by integrating its rate,
from MBH to 0 , and time from 0 to tmax. Finally
M BH 3
t max =const M =10 (
) [ yrs ]
M Sun
3

64

Until now, t=13.6 Gyrs, only the black holes with mass less than
1015 g could have evaporated. They must be formed then until
10-23 seconds after Big Bang.

Number of primordial black holes






The black holes which evaporate now, can
produce thermal radiation of energy around
kT=100 MeV.
The observed intensity of background gammaray radiation may constrain the number density
of mini-black holes in the Universe (F. Halzen et
al., 1991, Nature, 353, 807)
-8

The inferred number is less than 10 of the
critical density needed to „close” the Universe.

Role of primoridal BHs












They are not numerous enough to contribute significantly to
the dark matter content of the Universe
They could be source of subtle gravitational effects: lensing,
gravitational waves
In the early universe, they could affect the processes of
nucleosynthesis, bariogenesis, be the source of neutrinos
and gravitinos
They are interesting for the quantum-gravity theory, as they
could be potentially produced at energies above TeV range
in large hadron colliders.
Speculative works investigate the role of PBHs in the
changing gravitational constant.
Now they can contribute to gamma ray background, and
potentially weak gamma ray bursts.

Hypothesis of vSBs from PBHs







PBH evaporation profile (Czerny,
Cline, AJ, et al. 2011)

Cline et al. (2005). The sky was divided into eight equal regions. In the case
of an isotropic distribution, the number of bursts in each region should be
described by the Poisson distribution.
Figure shows BATSE GRB events (1991 April 4–2000 May 26). Angular
distribution of the GRBs in Galactic coordinates and the corresponding
histograms, in comparison with Poisson distribution predictions for two
different T90 ranges (filled circles).

PBH fireball and cosmic rays








Depending on mass, PBH can emit mass-less
particles (photons, neutrinos, gravitons, M>10 17 g), or
electrons, or muons.
For 1014<M<1015 g, the emitted muons, will decay into
electrons and neutrinos
For smaller mass, even hadrons might be emitted, but
as a stream of free quark-gluon plasma, with E=200300 GeV
These hadrons then decay to pions, after collision with
interstellar medium. They can produce foton-electron
‘showers’ in Earth atmosphere, detectable with
Czerenkov detectors

Czerenkov Telescope Array

Concluding remarks

Virginia Trimble
Sir Martin Rees

Scientific Universe

