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1. Rapid variability of accreting compact objects, HF QPOs and GR

LMXBs provide a unique chance to probe effects in the strong-gravity-field
region. The way how electromagnetic radiation propagates in space, its time
variability and shape of lines in its energetic spectrum are invaluable probes to
physical behavior of the matter in strong gravitational field. Similarly, a
systematic study of the properties of neutron stars allows us to explore
supradense matter.
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1. Rapid variability of accreting compact objects, HF QPOs and GR

There is a large variety of ideas proposed to explain the QPO phenomenon.
Most often the QPOs are related to orbital motion in strong gravity.
Indeed, the QPO frequencies (seem to) follow relativistic 1/M scaling.
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1. Rapid variability of accreting compact objects, HF QPOs and GR

There is a large variety of ideas proposed to explain the HF QPO
phenomenon. Most often the QPOs are related to orbital motion in strong

gravity.
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2. Twin peak QPOs and their models % b v

IN OPAVA

In the following we focus namely on

* Neutron star (twin peak) QPOs, atoll sources
Keplerian motion and relativistic precession model (RP model)
- Stella et al. 1999, Kluzniak et al. 1992: clumps orbiting close to ISCO
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2. Twin peak QPOs and their models

IN OPAVA

In the following we focus namely on

* Neutron star (twin peak) QPOs, atoll sources
Keplerian motion and relativistic precession model (RP model)
- Stella et al. 1999, Kluzniak et al. 1992: clumps orbiting close to ISCO
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2. Twin peak QPOs and their models

IN OPAVA

In the following we focus namely on

* Neutron star (twin peak) QPOs, atoll sources

* Keplerian motion and relativistic precession model (RP model)
Epicyclic modes consideration that may serve as a plausible alternative
to RP model — in general, consideration of the global motion of the fluid
pose a much higher potential to explain high amplitudes and coherence
times of QPOs observed in neutron star sources.
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2. Twin peak QPOs and their models

IN OPAVA

In the following we focus namely on

* Neutron star (twin peak) QPOs, atoll sources
* Keplerian motion and relativistic precession model (RP model)
e Epicyclic modes consideration

* RP model: *CT model:

local geodesic precession precession of the fluid flow
w(ro) = w(ro)
w.(ro) = ve(ro) pressure
ve(ro) = w(ro) — vi(ro) maximum
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3. NS QPOs and epicyclic modes in non-slender torus (CT model)

The CT model has been suggested as the RP model alternative which
deals with torus oscillations. It is based on the expectation that cusp
configurations are likely to appear in real accretion flows, in which
case the actual overall accretion rate through the inner edge of the
disk can be strongly modulated by the disk oscillations.

cusp/ pressure
maximum

X - axis X - axis

Mode identification: radial precession mode, Keplerian motion.



4. Simple analytic formula relating mass and spin to QPOs (j = 0)

The relation between QPO frequencies predicted by CT model are
implicitly given by a long set of formulae that have to be solved

numericaly (even for non-rotating stars, j=0).

22 F
BUT there is a very accurate approximation.
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- — — - Approximative

relation

e When we assume j=0,

vy [kHz] x M/M,,

* B=1 corresponds to the exact prediction of RP model while

* B=0.8 well mimics the CT model prediction.
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4. Simple analytic formula: Hartle-Thorne % s it

IN OPAVA
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5. Application of our formula on 4U 1636-53

We find that, in HT spacetimes, the CT model provides generally
better fits of the NS data than the RP model. It also predicts a lower
NS mass than the RP model. Note that, for the both simplified

models, there is the same given fixed number of free parameters
(degrees of freedom).

4U 1636-53

RP model
CT model 7
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5. Application of our formula on 4U 1636-53: mass, EoS (spin 581Hz)

The implications based on QPOs can be faced to NS models assuming the
spin frequency of 580Hz inferred from X-ray bursts.

Several EoS can be excluded, but various modern EoS matches the data
well.

We arrive at the NS mass about 1.7-1.9 Solar masses for any EoS which
matches the data well.
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6. Conclusions (NSs)

IN OPAVA

The consideration of fluid precession (CT model) provides better fits of
the data than the consideration of geodesic precession (RP model).
The model predicts a lower NS mass than the RP model.

(Torok et al. 2022, Apj; Klimovicova et al., in prep.).

Source Mass [Mgy]  Source Mass [Mg]  Source Mass [Mg]
4U 0614+09 1.78 4U 1608-52 1.9 4U 1636-53 1.75
4U 1728-34 1.63 4U 1735-44 1.78 4U 1820-30 1.9
4U 1915-05 1.63 IGR J17191-2821 1.63 XTE J1807.4-294 2.68
GX 5-1 1.69 GX 17+2 1.96 GX 340+0 1.66

Sco X-1 1.87
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1. Rapid variability of accreting compact objects, HF QPOs and GR

LMXBs provide a unique chance to probe effects in the strong-gravity-field
region. The way how electromagnetic radiation propagates in space, its time
variability and shape of lines in its energetic spectrum are invaluable probes to
physical behavior of the matter in strong gravitational field. Similarly, a

systematic study of the properties of neutron stars allows us to explore
supradense matter.

, 7

o Measuring mass and radius
important for astrophysics
and nuclear physics
o Correspondence between
nuclear theory (equation of
state) and astrophysical
observations
o Equation of state - solution
of hydrostatic
(hydrodynamic) equations -
mass radius relation
o We use observations of kHz X
QPOs in 4U1608-52 where R [kn]

mass and radius is already Figure: Mass vs radius of neutron star. Selected

constrained from X-ray observed properties - taken from lvanytskyi &

bursts Blaschke, EPJA 2022




1. Rapid variability of accreting compact objects, HF QPOs and GR

LMXBs provide a unique chance to probe effects in the strong-gravity-field
region. The way how electromagnetic radiation propagates in space, its time
variability and shape of lines in its energetic spectrum are invaluable probes to
physical behavior of the matter in strong gravitational field. Similarly, a
systematic study of the properties of neutron stars allows us to explore
supradense matter. But these systems are not optically resolved and the
(degenerated) spectral or timing information could be somewhat confusing....
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1. Rapid variability of accreting compact objects, HF QPOs and GR

LMXBs provide a unique chance to probe effects in the strong-gravity-field
region. The way how electromagnetic radiation propagates in space, its time
variability and shape of lines in its energetic spectrum are invaluable probes to
physical behavior of the matter in strong gravitational field. Similarly, a
systematic study of the properties of neutron stars allows us to explore
supradense matter. But these systems are not optically resolved and the
(degenerated) spectral or timing information could be somewhat confusing....
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1. Rapid variability of accreting compact objects, HF QPOs and GR

Despite , accreting BHs nad NSs provide a unique chance to probe effects in
the strong-gravity-field region. The way how electromagnetic radiation
propagates in space, its time variability and shape of lines in its energetic
spectrum are invaluable probes to physical behavior of the matter in strong
gravitational field. Similarly, a systematic study of the properties of neutron
stars allows us to explore supradense matter.

atmosphere
QUARK - GLUOI‘\I PLASMA ' \

|

surface

outer crust
inner crust

| Testing
. Supra-dense

core

Temperature T [MeV]

outer core
- Inner core

COLOR SUPER-
CONDUCTOR?

4 x 101! 8 x 10
.

10° 2 x 10

density [g/cm?] : _

_HF QPOs
107° F \,\J 38




1. Rapid variability of accreting compact objects, HF QPOs and GR

There is robust evidence for the large range ( %

1/M scaling of (X-ray HF) QPOs — from NSs & ; >
microquasars to XMM BH.

The measured frequency provides an upper limit on M when the ISCO

frequency is considered. The lower limit can be inferred as well when the
disc emissivity is taken into account. Overall, the scaling extends from

microquasars to (Goluchova et al., A&A Letters, 2019)

sl 107 Msun < M < 10° Msun.

In NS sources we can identify characteristic periods of HF QPOs
associated to individual sources. These possibly determine relative
mass (spin) of each source within a given QPO model (Torok et al,

MNRAS, 2019).
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2. Twin peak QPOs and their models

IN OPAVA

In the following we focus namely on

*Neutron star (twin peak) QPOs, atoll sources
(low accretion rate, low magnetic field, very high QPO frequencies)
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1. Rapid variability of accreting compact objects, HF QPOs and GR
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VAN DER KLIS ET AL. 1997

The high-frequency QPOs are observed in
both BH and NS sources and span a
frequency range of tens to more than
thousands of Hertz. Their frequencies
correspond to orbital frequencies in
innermost parts of the accretion disk.




3. NS QPOs and epicyclic modes in non-slender torus (CT model)

The CT model provides generally better fits of the NS data than the RP
model. It also predicts a lower NS mass than the RP model. For the

both simplified models, there is the same given fixed number of free

parameters (degrees of freedom).

Atoll source 4U 1636-53 (Torok et al., 2016 MNRAS L):
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4. Simple analytic formula: Hartle-Thorne

IN OPAVA

The relation between QPO frequencies predicted by CT model are
implicitly given by a long set of formulae that have to be solved
numericaly...




4. Simple analytic formula relating mass and spin to QPOs

 The relation between QPO frequencies predicted by CT model
are implicitly given by a long set of formulae that have to be
solved numericaly (even for non-rotating stars, j=0).
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6. Conclusions (mass of atoll sources)
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6. Conclusions (mass of atoll sources)
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6. Conclusions (mass of atoll sources) % e s

1400
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The consideration of fluid precession (CT model) provides better fits of
the data of each source than the consideration of geodesic precession
(RP model). The model predicts a lower NS mass than the RP model.

Source Mass [My]  Source Mass [Mg]  Source Mass [Mg]
4U 0614+09 1.78 4U 1608-52 1.9 4U 1636-53 1.75
4U 1728-34 1.63 4U 1735-44 1.78 4U 1820-30 1.9
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7. Conclusions (Neutron Stars and Black Holes) @ R

 The consideration of fluid precession (CT model) provides better fits
of the NS data than the consideration of geodesic precession (RP
model). The model predicts a lower NS mass than the RP model.
For the both simplified models, there is the same given fixed
number of free parameters (degrees of freedom).
(Torok et al. 2022, Apj; Klimovicova et al., in prep.).

 The consideration of fluid precession (CT model) leads to higher
values of the estimated BH spin.

(Kotrlova et al. 2020, A&A, Torok et al. 2022, in prep.).
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