N
What is the BH spin of Cygnus X-17 &
NL

Agnieszka Janiuk

Xth POTOR Conference
17 September 2024




| S
Black Hole in Cygnus X-1

¢ On the left, an
optical image from
the Digitized Sky
Survey shows
Cygnus X-1, outlined
in a red box

*  Cygnus X-1is
located near large
active regions of star
formation in the
Milky Way, as seen
in this image that
spans some 700
light years across.
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*  An artist's illustration
is on the right.
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State transitions of Cygnus X-1
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High Mass X-ray Binaries

They are progenitors of BBH < BH X-ray binaries

systems. (XRBs) with high-mass donors
* Their high spins are in

contradiction with LIGO * Cygnus X-1 (Kerr BH with a >

measurements 0.9985; Zhao et al. 2021),

* if these spins are natal

- LMC X-1 a=0.92"% |
(Gou et al. 2009)

- M33 X-7 a = 0.84+0.05 (Liu et
al. 2008)
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Spins of Black Holes in binaries: LIGO measurements ‘é

* Spins of merging binary black holes (BBHs) are general low.

 The most recent population study of Abbott et al. (2023) presents the results from
70 binary BH mergers.

* The effective spin parameter, has the mean value of = 0.06, and it was < 0.6 in the
sample.
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Spins of Black Holes in binaries: LIGO measurements ‘¢

« The distribution of the individual spins peaks at a =0.13+°12
and most of them are <0.4.
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Spin of Black Holes: constraints from X-ray data

[N

* The method used for the spin determination of the three BH XRBs
with high-mass donors was the continuum method, based on
fitting the shape of the disk continuum in the soft spectral state
(McClintock et al. 2014), knowing the BH mass and distance.

* Major assumption of the continuum model is that the disk is
described by the standard accretion model (Novikov & Thorne
1973); disk is extending to ISCO.

* High-energy tails, commonly appearing beyond the disk spectra,
are attributed to Comptonization of the disk photons in a corona
above the disk.
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Spins of Black Holes: constraints from X-ray data

[N

10!

fo.-09—__ ] ° a)Radius of the ISCO and of the
- ] horizon in units of GM/c2 plotted as a
function of the black hole spin
parameter a.

1 * Negative values of a correspond to
retrograde orbits.

R/ o 1) 0%« (b) Profiles of the differe_ntial c_lisk

luminosity per logarithmic radius
interval normalized by the mass
accretion rate, versus radius R/(GM/c?)
for three values of a.

« Solid lines are the predictions of the
NT model.
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Spins of Black Holes: Constraints from X-ray data ‘é
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» X-ray Continuum fitting (Salvessen &
Miller, 2020)
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Problems with standard accretion disk model

[N

* Unstable due to radiation pressure. Emission of Cygnus X-1 in soft
state is stable

* Value of alpha viscosity is uncertain. Observationally, low-mass BH
XRBs show a = 0.2-1 (Tetarenko et al. 2018), while local simulations of
the standard disk give a ~ 0.01 (e.g., Davis et al. 2010; Simon et al.
2011).

* In AGNs, the standard model predicts disk gravitational fragmentation,
contrary to observations (e.g., Begelman & Pringle 2007).

* Also, AGN variability time scales are often much shorter than those for
standard disks (e.g., Lawrence 2018).

 The disk sizes inferred from microlensing are larger by a factor of a few

than those predicted by standard disk theory, e.g., Chartas et al. (2016).
N
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New X-ray observations

* NuSTAR, launched on June2012
St ekl observes 1n 3-79 keV energy band,
A K %~ with temporal resolution of micro-s

Diaeinrs
* NICER launched in 2017 1s an X-
ray observatory that studies neutron
stars, black holes, and other
phenomena from its home aboard
the International Space Station.

Energy band 0.2-12 keV

* INTEGRAL: launched by ESA in
2002. Observes sky in energies up

to 8 MeV

N
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Cygnus X-1 X-ray data analysis

* The INTEGRAL observation
Started abo Ut 1-4 d after the Table 1. Simultaneous observations of Cyg X-1 in the soft state
end O.I: the NICER and with NICER and NuSTAR

Date  Date [MID]
NUSTAR ones. 20180415 58223

201 8-05-27 5H265

2018-08-11 38341

* All observations were clearly MIAL1S 5550
. 2023405225 GUURY

In the soft state, and the 20230620 60115

Varlablllty Of the 15_50 keV N{}T[-'_—'I'henhmrx-‘al'::::'f:ilgll:]ljl::za:::r;;:ifajl-elm|gymll.sludleui
flux during them was

modest.
OBS ID’s (Zdziarski et al. 2024)

~
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NuSTAR and NICER lightcurves

[N

22000F

- & . @ 1 <« Datashow the count rates and hardness
r ‘!: ’.II 1"!‘ :

®
e
B
&
®

ratios of NICER and NUSTAR.

e . The top two panels show the NICER 0.5—

- B 2 3.0 keV count-rate and the
3 # ‘ ‘ p * " 1 (2—4 keV)/(0.5-2.0 keV) count rate ratio.
: ; - ;

* The bottom two panels show the NUSTAR

———=  3-25keV count-rate and the (8-25

keV)/(3—-8 keV) count rate ratio.
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,,,,,,,,,,,,,,,,,,,,,,,, The blue and red symbols correspond to

L s B S S - the NUSTAR A and B units, respectively.

3 ; The zero time corresponds to MJD
2 Wi o ‘& ®% | 5850042003

* We see only moderate changes of the

0 10000 20000 30000 40000 count rates and the hardness ratios.
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Best fitted spectra
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The NICER (red), NUSTAR (black and blue) and INTEGRAL (magenta) unfolded spectra (top panel)
and data-to-model ratios (bottom panel) for (a) Model 1 and (b) Model 4.

Total model spectrum and the unabsorbed one are shown by the solid black and blue curves, respectively. The unabsorbed disk,
scattered, reflected, and narrow Fe Ka components are shown by the magenta, green, red and cyan curves, respectively. In (a), the
brown curve shows the disk spectrum scattered by the thermal electron component of the hybrid distribution, and in (b), it shows the
underlying disk spectrum before going through the Comptonization top layer.
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Binary parameters and absorption in Cyg X-1
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Binary inclination is i, = 27.°5%°8 _y5, the mass of the BH is Mgy = 21.2 £ 2.2Mo
and the distance to the source is D = 2.22+ 0.18 kpc (given here as the
median values with 68% uncertainties; Miller-Jones et al. 2021).

The Galactic column density in the direction of Cyg X-1 is = 7.1x10% cm™
(HI4PI1 Collaboration et al. 2016)

Absorption by the stellar wind is modeled by table model of an ionized
absorber based on the XSTAR code (Kallman & Bautista 2001) with solar
abundances, the H number density of 10'* cm=and the turbulent velocity of
300 km s™ . Its parameters are the ionization parameter, &, , and the column
density, NH., defined in the ranges of 102< ¢, <10°ergcm stand 1 x 10 <
NH., <5 x 10%2 cm™ , respectively.

N
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Geometry sketch
Comptonized

Photons

Thermal Photons

Corona Reflection

Accretion Disk

Black Hole
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Spectral Models used
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* Eqpair model for Compton scattering, treats e+ pair
e, T ot i production/annihilation, bremsstrahlung, and energy
T A exchange between thermal and non-thermal parts of the
electron distribution by Coulomb scattering. (Poutanen &
Coppi 1998)

* Some of electrons are accelerated, and the thermal ones
are heated. The resulting non-thermal part of the
distribution and the electron temperature, kT , are
calculated self-consistently.

* Covering of the disk by a warm scattering layer with kTe
~ 1 keV and 1r > 1. Modeled by the thcomp code
(Zdziarski 2020)

* Relativistic reflection/reprocessing features, using the
convolution model, xilconv. based on the relxill opacity
tables of Garcia et al. (2013) and the Green’s functions of
Magdziarz & Zdziarski (1995). The reflection features are
then relativistically broadened, by model relconv (Dauser
et al. 2010). It assumes a power-law radial distribution of
the irradiation, « R, with 3 to be a free parameter.

*—v——
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Discussion: spin model dependence

The value of a>0.9985 obtained by Zhao et al. (2021) and Miller-Jones et al.
(2021) is beyond theoretical limit of a=0.998 (Thorne 1974).

This result can be reconciled with our fit (Model 3) to a=0.985, with inclination
27.5 and f.o=1.7, once relativistically broadened reflection is included.
Relaxing the color correction and fit with f.,=1.9, (Model 2) reduces BH spin
to a=0.92. Color correction may be different due to presence of large scale
magnetic fields.

Relaxing inclination to 1=40, gives a=0.88 (Model 1), with f.,=1.7 — inner disk
inclination may be different from binary’s

Non standard Model 4 with optically thick Comptonizing layer gives much
better fit (in terms of chi2) but yields extremely small spin value a=0.04. It is
motivated by analogy with Soft Excess in AGN. Reflection broadening is
compensated by steep irradiation power-law index, in case of small spin.

~
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Discussion: jet models and spin
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There are two main jet models for accreting BHs: BZ-77 and BP-82. In
both, the jet formation requires a poloidal magnetic field.

Highest jet power obtained from GR MHD simulations relates it with
magnetic flux at horizon and BH spin, Pjmax = 1.3Macerc? a2

Values of a< 1 for the three known high-mass BH XRBs are not in
conflict with the jet observations. LMC X-3 and M33 X-7 have no jets.
Cyg X-1 has a prominent compact jet, but its estimated power i1s
consistent with < M. ¢2

Transient jets during hard-to-soft state transitions have been observed
from about 15 low-mass BH XRBs. Their propagation through the
surrounding cavities and the ISM requires, at least in some cases, their

power to be ~ M,..c> hence a~1.

N
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Spin-up by accretion

A
| *  We made estimate based on Bardeen
o riscolag)? 4 | 3nscolan) 5[ (1970) formalism 1s that a fraction of
! 3IM /M, M/ M L ~0.40 (= 8.5Mo for the current BH mass

of M=21.2Mp) of the present mass needed
| to be accreted, if the spin changed from
M _I Iriscolag) IT in {l 2 ]3 .-'L'I«f] 20=0.1 to 2,=0.9

My 2 driscolan) My

A * In the Eddington limit, time for accretion
2 ' AM : :
+ cos ” recn mﬂ}] M } to increase the mass from Mo to M 1s
o t~ te In(M/M, ) = 17 Myr. (accretion
increases mass exponentially, te~ 34 Myrs
il + Xcor for X=0.5, n=0.1)

Bl — Jlf:Il[-;.I'ii!l..1

I =

» This is much longer than the estimated
lifetime of Cyg X-1 of ~4 Myr (Miller-
Jones et al. 2021).

*v——
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Spin-up by accretion

In our Models 1 and 2, a~ 0.9. For a natal spin, i.e., a~0.1, the BH needed to
be spun up by accretion from the donor. Eddington limited accretion is
excluded though.

Recently, Qin et al. (2022) assumed super-Eddington accretion in Cyg X-1
and performed study where peak mass transfer rate is M = 10”Mo/yr = 6 X

102 g s7!, corresponding to M ¢2 = 6x10* erg s! .

They assumed the accretion is conservative due to the excess accretion energy
radiated away via formation of neutrino pairs.

21



Neutrino-cooled accretion flow

We have adopted parameters of super-
Eddington accretion based on analytic
model of Poutanen et al. (2007).

The spherisation radius at the M = 102
Moyr is Repp= 3 x 102 cm, and the mass
enclosed within itis = 10™ Mo .

We approximated the flow by a quasi-
spherical, low angular momentum,
supersonic gas, which can be partly cooled
by neutrinos.

Neutrinos are produced mainly by electron-
positron pair annihilation (cf.

HARM_ COOL,; Janiuk 2019; current code
IS using the rates of Rosswog &
Liebendo6rfer 2003).
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Numerical simulation of neutrino cooled accretion

leb 1.0 S - n. 10_1
0.8 ;
0.6 6 x 102
0.4 I
0.2 -4 x 1072
o)
oy
= e 3% 1072
2 x1072
102
log v/c
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Numerical simulation of neutrino cooled accretion @

Neutrino luminosities

1x10%7 ¢ T

The heavy lepton 1x10%0 | (e — 1
neutrinos are negligible 1x10% | e
due to small density. — 1x10% } —

E 1x10%7 -
Even for electron- 3 10% | §
antielectron neutrinos, 10 | ;
their small luminosities N ;
are insufficient to affect S R S
system dynamics, with 0 200 400 600 800 100012001400160018002000
Mc2~ 10 “ erg/s t[ms]

24



D,

We have found the measured BH spin parameter of Cyg X-1 to be strongly dependent
on the way the disk is modeled.

The best model we have found is that of hybrid Comptonization, which we modeled by
a convolution version of egpair, with the seed photons from a relativistic disk,
modelled by kerrbb.

Our measurements confirm the previous results of ax = 0.99.

We consider also the case of the dissipation in a warm surface layer, as motivated by
successful modeling of soft X-ray excesses in AGNS.

Then, Comptonization in that layer leads to very low spins, a* = 0.04.

This result can resolve the tension between the low BH spins inferred from analyses of
merger events detected in gravitational waves and the prevalence of high spins
estimated by spectral fitting of BH XRBs.

M
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Conclusions

[ N
* Broad-band X-ray data on Cyg X-1 obtained in the soft spectral state
by simultaneous NICER and NUSTAR, as well as INTEGRAL
observations, were fitted with hybrid Comptonisation model of the
‘kerrbb’ disk seed photons.

* The spin parameters of the disk and relativistic broadening models
were fitted, combining the disk continuum and the reflection
spectroscopy methods of spin determination.

 The measured BH spin parameter of Cyg X-1 is strongly dependent on
the way the disk is modeled. For standarrd disk, a>=0.99 is obtained.
For warped disk, and various color corrections resulting from
magnetized disk model, we get a=0.88-0.92.

* For the case of the dissipation occurring also in a warm surface layer,
as motivated by soft X-ray excesses in AGN, the spin is low, a=0.04.

N
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