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1. Introduction (what’sthe story)

The idea of an orbital resonance as an explanation for thefrégiluency QPOs has been put
forward by Kluzniak & Abramowicz (2001) and Abramowicz & Kdniak (2001) who were moti-
vated by a discovery of one HFQPO peak in a black-hole souR® B655-40 (Sobczak et al.,
1999). Soon after that, a second QPO to the pair has beertatbfeam that source and the ratio
of the two frequencies turned out to be 3:2 (Strohmayer, R08hother observations of another
sources followed, not only black-hole sources but neusttan-sources as well, which showed a
similar thing although with somewhat different properti€Some properties of the double peak
QPOs reflect signatures of a kind of non-linear resonancgdwgt oscillation modes in accretion
flows in strong gravity, possibly those modes can be epicydcillations of accretion disks. Sev-
eral works showed (Horak, 2004; Rebusco, 2004; Horak e2@04; Abramowicz et al., 2003, ...)
that a few generic types of non-linear orbital resonancesistent with the 2 ratio are possible
to excite and persist in the flow. In particular a parameggonance betweenr andw,, the two
epicyclic frequencies, has been identified as the mostdstielg one (necessarily gives 3:2 ratio
and can be excited easily — the two modes couple).

In strong gravity, the typical length-scale is the gravitaal radius,r; ~ M, and the typical
velocity is the speed of light = 1. Thus, the typical frequency s~ c/rs ~ 1/M and scales
inversely proportional with mass. This is also the caselierKeplerian orbital frequency and for
all other frequencies of a test particle motion in a graiital field. Perturbations to a perfectly
circular test particle geodesic orbit give rise to a epicyoiotion in radial and vertical direction
with frequencies given by

[ ] QK::L/M (r3/2_|_a)*l
i 0-4’:QK(l—G/r_|_8ar*3/2_3a2r72)l/2
o wy=0x(1- 4ar_3/2+3a2r—2)1/2

Newtonian gravity is scale free, with no preferred frequetiiowe had a static star with a thin
accretion disk around it, the only observable characterfiquency would b&x (R, ), that is the
Keplerian orbital frequency in the disk at the radius of tte surface. General relativity, how-
ever, does have a characteristic sc@®)/c? and characteristic frequencies: the radial epicyclic
frequencyw has a maximum and goes to zero at ISCO, u$rsco) and wr|max are two (fixed)
characteristic frequencies for a relativistic object ofsstd and having angular momentudn In
sufficiently complicated coupled systems we can also hasenances (forced/parametric) which
can give rise to other characteristic frequencies apant tfese two.

Coming back to quasi-periodic oscillation and the epicycisonance theory, the simplest
possibility to obtain a 3:2 pair is that the two observed QRggdiencies correspond directly to
the vertical and radial epicyclic frequencies in 3:2 raflfdnis condition holds at a specific radius
determined by the conditiona3(rs.2,a) = 2we(rs:2,a) and the spirm=J/M is a free parameter
here. From the theory (Mathieu equation) one knows thatdnametric resonance is excited when
w/w, = 2/n, wheren is a natural numben = 1,2,3,...; and since it has to be that < w, we
arrive to a restriction fon > 3 and 3 : 2 comes out as the strongest resonance allowed. & dire
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Figure 1. The amplitude differencé&(v,) — A(v.) as a function of frequency ratio plotted for several NS
atol sources. Arrows show where the amplitudes equal angé gamarkably this happens at prominent
frequency ratios. (Adopted from Térok 2009.)
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Figure 2: The observation of a slight HFQPO frequency shift obserae8do X-1 (left; adopted from van
der Klis 2002), which resembles low-frequency modulatibemomenon in a non-linear resonance (right;
adopted from Horak 2004).

resonant forcing otu, by @ can also be realized through a pressure coupling (whichugesd
combination frequencies with ratios 2:1 or 3:1). Anothesgibility are Keplerian resonances
betweenwy andQg, however physical coupling of those is more difficult to irmag(co-rotation
resonance or vortex flow have been discussed in this context)

The largest support for the resonance theory have comepgseflfam two findings that have
been made analysing data of NS sources. Torok (2009) rebthréd the amplitudes of the the
QPO frequencies become equal when pair passes throughamqaosint — usually a point where
Vu/v.=3:2, butalsov, /v, =5:3 or 4 : 3 in few cases (Figure 1). Such behaviour is exactigtw
is expected in a non-linear resonant system (Horak et &19)2@econd evidence comes from low-
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frequency variations of HFQPOs that have been observeddnXst, 4U 1608-52 and possibly
also in BH source XTE J1158664 (Yu et al., 2001; Yu & van der Klis, 2002; Yu et al., 2003),
which again is a natural consequence of non-linear reseng@igure 2; Horak 2004).

2. Methods of Estimating BH Spins

In principle, there are several independent ways whichcchel used to estimate BH spin.
They mostly involve various properties of X-ray signal whitomes to us from an accretion disk.

The problem with measuring spin is that spin is a strongigyrasffect which dribbles out
quickly asr3, much more rapidly than the effect of gravity. This is thesmawhy we can use
Newtonian limit for measuring mass of BHs by observing tlegivironment even if it is quite far
(thousands of gravitational radii) from BH, but for measgrBH spins we need to deliver test parti-
cles to the very vicinity of the central compact object. Tikig’hy accretion disks are so nice — they
do this though job of removing angular momentum and tranimgptest particles (gas) throughout
the disk to its inner edge. By observing this innermost areaa&n gain useful information about
the environment there and from fluid motion we can deduceeptigs of BH through spacetime
characteristics. This is also why most methods work in Xayt of electromagnetic spectrum.
During the process of accretion, the potential energy digles is continuously dissipated to heat
and temperatures in inner parts of accretion disk are higlug that the gas radiates in X-rays.
Thus by selecting X-ray band we effectively apply a filter ghhivindows only radiation coming
from the most interesting part of accretion disk of few gravonal radii from the central compact
object.

Currently, the two mostly used methods of estimating BH spivolve either fitting a flu-
orescent line emission of iron K-alpha line or fitting the Wéh&-ray continuum. But there are
other possibilities too. We could use QPO timing for thatray-polarimetry, direct imaging and
few more indirect methods. Except for the timing, all othexthods still wait for future use when
necessary instrumentation will become available.

The situation with QPO timing is much more interesting. Eres that each source showing
HFQPO has a unique nature-given pair frequencies that abdesin time. The most striking
example is black hole candidate source GRO 1685 which exhibited 300 and 450 Hz pair of
QPOsiin its 1996 outburst and then, 9 years later in 2005¢WeH the same frequencies in another
outburst. Moreover, these QPOs are also stable over a hnge od luminosities. And it is mainly
the stability of QPOs supporting the argument that those §Ould be connected to a property
which stays unchanged over long period of time and over rahgeass accretion rates. And the
most likely possibility here is that QPOs are a strong gyaeffect, a manifestation of some kind
of orbital motion or a disko-seismology mode in accretioskdibecause they are given by mass
and BH spin only - the two fundamental parameters descriaibigck hole.

We have already discovered a number of BH sources that shgiwfidquency QPOs. In
principle we could directly and precisely measure BH spinefhigh-frequency QPOs if only we
new how they originated and had a physical model for theidpetion.
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Figure 3: Left: The frequency—mass scaling for XTE J155H4, GRO J165540, and GRS 1915105.
The upper frequencies of 3: 2 pairs are plotted vs. measuesdes. The dashed line shows the best fit
relation, v, = 2.8kHz (M/M)~1. (Adopted from McClintock & Remillard (2005).Right The global
frequency—mass scaling across the range of masses. Tbisdtion shows the microquasar ‘best fit’ relation
(dashed ling extended to the range of masses going from 1 up faVi0. Colour bars represent different
classes of objects and thick black lines show some individbgects including the neutron star Sce-X,

the microquasar GRS 194305, the speculative intermediate-mass black hole M 82 4nd the Galactic
super-massive black hole Sgr A*. The line lengths indichteuncertainties in the mass and/or frequency

estimates for the objects.

3. Mass Scaling Across M asses

If HFQPOs originate in the fluid motion in the accretion floleir frequencies should also
scale as IM, assuming that they stay around a same place. Indeed|lynRiamillard et al. (2002)
and later McClintock & Remillard (2005) reported that forga microquasars showing the 3: 2
QPO frequency pairs, where the mass is known independematty bptical measurements, the
relationship between the HFQPO frequencies and BH masatsax ¥M (Figure 3) and can be
well fitted by a formulav, = 2.8kHz (M/M)~. The same trend seems to be the same also for
Cyg X-1 and XTE J1859226 (see R.Remillard’s contribution elsewhere in this wwo).

Itis a very interesting finding, because there is an ambjignithe angular momentum of black
holes, which affects orbital frequencies and can destreyltM scaling. If a natural assumption
is made that HFQPOs are produced by the same type of mechanisaeh source, the fact that
within uncertainties in mass measurements the formyla 2.8kHz (M/M)~! can fit all three
sources means that all sources should have a similar spin.

A confirmation of the scaling law has the crucial importanoe gossible explanations of
HFQPOs. It strongly supports models that identify the tetirdins with some type of orbital motion
in the accretion disc. If the origin of oscillations is theveain neutron stars and black holes, it
should be possible (with respect to differences in spingafime structure and magnetic fields) to
roughly rescale the basic QPO properties between the twsedaof sources.

4. BH HFQPO Mass and Spin

Let us assume for a moment that indeed HFQPOs are producked attretion disk as a res-
onance or other interplay of two kinds of orbital modes. Faehecombination of two particular
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Figure 4. Constraints on masses and spins given by either obsergdbores) or by theoretical resonance
models (lines). For detailed explanation of the plot sedake

modes we can write down formulae that prescribe frequertfitisose modes as functions of ra-
dius and BH mass and spin. Mass dependence can be moved &fit thend side of the formulae

and what remains on the right is just a function of spin anilsad/NVe know that the two frequen-
cies should be in 3:2 ratio, which fixes the radius and finakyhave a function of spin only for

frequency which we compare to an actually observed QPO émmyu(whether upper or lower is a
matter of choice) scaled by assumed source mass.

Then we can construct a diagram where we plot the QPO freguanes mass of the source
against spin of the source. In such plot each combinationcafas draws a single theoretical line.
Data of sources can be added too if we have an estimate fomtiasises (from radial velocities)
and their spins (obtained either from iron line measurementfrom fitting continuum spectra).
Typically, estimates come with their errors so a source psagented by a box in the plot, where
the horizontal extend of the box corresponds to an error iim egtimate and the vertical extend
corresponds to an error in mass determination (error in QBQuéncy is usually much smaller
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Figure5: The change of radideft and verticalright epicyclic frequencies in a pressure supported torus as
a function of radius of the torus centre for various valueslefiderness paramefer (Adopted from Straub
& Sramkovéa 2009.)

than mass error and can be neglected).

The above described plot is shown in Figure 4. It containgba three sources which exhibit
HFQPOs and at the same time it has been possible to estingterthsses and spins. The three
sources are GRS 193305, GRO 165540, XTE 1550-564. Then there are (resonant) lines
which represent a set of combination of orbital modes thghirtie responsible of HFQPOs. The
set is not a full set but rather a selection of most favouraieles.

The point which strikes the eyes is that while the resonaimes lare all strong functions of
spin and they change a lot with spin value. On the other hdarskems that the boxes for the
three sources are aligned more or less along a horizon&a{déd “wave” line in the plot). If we
assume that the same type of mechanism (resonance) forgmgddFQPOs acts in all sources,
which is quite natural with respect to properties of obsgr@d#Os, one can expect that the boxes
should follow one of the theoretical lines. Obviously, thdty not and there are two ways how
to interpret this fact: they are produced by a process whidcimost independent of spin, which
suggests that simple resonances of basic modes are nothetm@gplain the phenomenon or
that the HFQPO phenomenon have some different origin. Asmgplossibility is that different
mechanisms are responsible for QPOs at every source, othiatmechanism does not always
operate on the same place but is affected be something alspisih gravity. In the later case it
is however difficult to imagine that a mechanism withoutiimgic 1/M scaling could produce 1/M
dependence in QPO frequencies.

5. Non-geodesic corrections

A possible escape within the resonance theory can lie inrdpdse right frequency formulae
that should be used for setting up resonance conditions.t Aasi been stressed already in the
previous section, the resonances between various orbiidesassume that we are dealing with
test particle motion and that frequencies of those modedbased on formulae from Section 1.
This may or rather may not be quite correct, because theradaligional stresses that are likely
to be present in the disk either caused by gas pressure, édsenme of magnetic fields or other
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Figure 6: The impact of pressure correctionteft. the change of location dk : Qk — @ resonance
in response to increasing slederness paranfetdrthe model torus and a corresponding increase of inner
pressureRight The shift of all resonant lines from Figure 4 calculatedfos 0.1.

factors. Those additional stresses modify the effectivent@l acting on fluid elements and thus
also change the character of fluid motion.

The non-geodesic (pressure) effects on the epicyclic mbdes been investigated by Blaes
et al. (2007) and in full GR by Straub & Sramkova (2009) whorfdthat in comparison with the
epicyclic frequencies of free test particles, non-slertderreceive negative pressure corrections
and thus exhibit lower frequencies (Figure 5) then the ooesirtg from the test particle motion.
Another finding is that corrections for non-axisymmetric$ 1) modes are generally much larger
that those of axisymmetric modes.

Figure 6 illustrates the impact of pressure correctionshenrésonance curves presented in
Figure 4. The left part shows how the curve travel across thplgwhen pressure increases on the
example of non-axisymmetric resonance between verticdinas 1 radial epicyclic mode. The
right part then shows also other resonances for torus gdleeste parametgd = 0.1.

The question which still needs to be answered is whether mgiasurements using QPOs
could be reliable. Even if we new the right combination of m&dve might not know the details
of the inner accretion disk, e.g. its central pressure, laasl there might be large uncertaintly in the
inferred spin value. On the other hand the same argument &t®uemarkable stability of QPO
frequencies applies also here. If they are stable from otimicat to another and over a wide range
of luminosities, it means that their mechanism should e lgensitive to such details like central
pressure in the disk.

6. Prospectswith future X-ray missions

Finally, let us discuss in brief what prospects we have witlre X-ray timing/spectroscopy
missions for BH/NS high-frequency QPOs — what are the opestipns which may be answered
by more advanced missions with larger collecting area aglddnisensitivity and which are critical



Epicyclic Frequencies Michal Bursa

for understanding both neutron-star and black-hole hightfency QPOs and they relation to each
other.

e Variations of BH QPO frequencies with luminosityeutron star sources show the so called
“parallel track” effect — a specific correlation between morate (luminosity) and QPO fre-
qguency. It is interesting to look for such an effect in BH sm# too. The idea behind is
that if it is connected to NS solid surface and it is an effédiaundary layer radiation back-
reaction on the disk, it should not be observed in black-Bol&rces. Thus it may provide a
test whether or not BH do have a solid surface.

e Variations of BH QPO frequencies with timégain, in NS sources we observe QPO pair
to travel over some (sometimes extensive) frequency rabgdlack-hole HFQPOs change
frequencies and cross 3:2 line too?

e Variations of BH QPO amplitudes with frequencieb neutron-star sources it has been
observed that QPOs exchange amplitudes when they pass &lceosesonance point. On
one side one QPO is always stronger, on the other side the Q®® of the pair takes over.
At the resonance point the amplitude of both is about the sdine queastion is whether in
BH sources QPOs exchange their amplitudes as frequendesapeoss 3:2?

e Relations between HF and LF QPO®%his is still another open question in both types of
sources together with the origin of LFQPOs. According t@nesice theory, HFQPO prop-
erties should be changing on timescales corresponding @P3s. An observation evidence
for that (marginally already reported from Sco X-1) woulayide a lot of support for the
theory.

e Fourier-resolved spectroscop¥he use of this technique is very important to constrain-vari
ations of various spectral features (blackbody, powerkaine) on the QPO timescale. It
can also help to find out a solid answer to the question of whes dscillate.

e Measure other sources with HFQPO3Jhree sources with known QPOs, mass and spin
do not form a great statistical sample. We need to make arn ¢ffaneasure masses/spins
of more BH sources with QPOs and put them to massn diagram, e.g. H 1743322
(mass,spin), XTE 1858226 (spin), Cyg X-1 (spin). And of course we should be well
prepared for a possible next outburst whether it is a repgathe from a known source or a
completely new one from a so far unknown source.
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