On a multi-resonant origin of high frequency QPOs
In the atoll source 4U 1636-53
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The observational data and its possible interpretation °5 s
] 6000 M =2.65Mg ,/ /
General belief dominating in the astrophysical communitigdithe observed neutron star kHz QPOs to the orbital motion heanher edge of an accretion disc. 0'4‘5 o 1200 | f, 0478 2/ 54/

The ratio between frequencies of the upper and lower observed @Pde cluster close to ratios of small natural numbers, most oftse to the3=2 value, but F _ 14
the other rational ratios occur in some sources as well. The ofg@@POs models considers a resonance between Keplerian agpdliedrequencies of the geodesic —_ 0'3'5 4000 = 1100 | =
motion. E 3000 s | 5.08 )

The results of several studies [2, 11, 9, 10, 6, 22, 10] indi¢atddr a given source the upper and lower QPO frequency can lmetréhrough the whole observed 0'2_5 1000
range of frequencies but the probability to detect both QBi@ailtaneously increases when the frequency ratio is ¢twtee ratio of small natural numbers, namely E 2000
3/2, 4/3 and 5/4 in the case of six atoll sour¢2g]. o1 F 1000 200 1

In Figure | we show correlation corresponding to the occurences iof geaks for the atoll source 4U 1636-53 taken from [6], method A inpidager. This 1 B 6.02
correlation was obtained by the shift-add [21] tting of contistsegments of observations from all the at the time availablefR¥ata, see [9, 10, 6] for details. 0 S 100 600 80 1000

We stress that in difference to the studies considering sepasiatdd QPO distributions, e.g., the recent paper of Belloal.dtL. 3], the twin peak QPO distribution MM, v, [Hz]
examined in such a way consider only simultaneous signt cietections of both QPO frequenci@®., the detections of both the peaks ab@ws/4signi cance Fig. Il Left: The chi-squared (inverse quality measure) of the ts by refatStella”. Right: The best t reached by this relation.
having quality factor higher tha8). These two approaches in counting the number of occurenced#faremt, but both legal being dependend on the reason (and

assumptions) of the counting. As previously realized, the relation “Stella” coinciding withe model of Stella & Vietri match the observational data mi&ly for relatively high angular

momentum close tp» 0:5and the central madd » 2:4-2:8M-, reaching (not very satisfactorf » 15d:0:f:. Unfortunately, the detailed analysis shown that the

| - —— e T BEsszenss S other three relations do not provide better results.
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Sl | N E_ : ’ ] -
= E 1100 - E The discussed geodesic relations provide ts which are in ga@itative agreement with general trend observed in the neutaorkslz QPO data (see, [12]).
£ 01~ o S : o Nevertheless no one of this relations provides really good ts ¢ivecked for the other ve atoll sources, that trends are same ad fil636-53). In addition the
— I ~ 1000 = - 6.75 best ts requires rather unrealistic values of mass and anguanentum with respect to the present knowledge of the neutroegtetion of state [15]. This is of
S 5 : course problem for any models considering this geodesic retatsomd not only for their resonant interpretation.
E ] E : To check whether some non geodesic in uence can resolvaadhéem above we consider the assumption that the effecagedncy of radial oscillations may
| 900 g 3.2; e 5.4 - 7.24 be lowered, e.g., by the hotspots interaction with the dmmedisk or with the neutron star magnetic eld (of coursesimch a case all the frequencies would be
-10 - 178 Vi modi ed by dependent corrections, nevertheless, e.gharcase of the magnetic eld it was shown by [8] that the carats to radial epicyclic frequency should
‘ w I Pt S be the strongest one).
1.0 / 2.0 600 /00 800 900 Then, in the lowest order approximation, the effective frequericadial oscillations may be written as
v, |Hz | o (1 kY. -
= 9%(1i k); wherek is a small constant (9)

Fig. | Left, from [27, 17]: The twin QPO rms amplitude difference togethdhwine lower frequency quality factor as a function of the freqyenatio. It has
been recently showm [17] that such a behaviour may result from suaaat energy exchange between the two time dependentregeency modes. Right, from | Figure 11l we show the qualitative behaviour of frequency-freqyepiot implied by the relation “Stella” vs. those implied byetkotal precesion relation II.
[27, 17]: The frequency correlation in the atoll source 4U 1636-53v€t determines the upper QPO frequency following from the relativicession model They differ in the predicted frequency which is emphasized irctse whe; is used instead 6.

[25] under the consideration of the gravitational eld desctiliy the Schwarzschild metric with the central mdfs= 1:84M—, the grey curve denotes the same
relation but forM =2M-, i.e., the trend reported by [12]. Note that the actual (observed)i¢mzies of the resonance are allowed to differ from given resonant

eigenfrequencies [19, 6]. M = 1.4;w@ 0.5
1200} j =02 ' _ ¥
In the sense described above, the atoll source 4U 1636-53 shawpdak clustering around two distinct valu&sZ and5=4) of the frequency ratio. The same B Stella : 0.4 800
frequency ratios correspond to the change in the sign of the tveik Q€O amplitude difference, suggesting existence of a resenargy over ow [27, 17]. _ Total precession Il —— E
We explore the idea [28] that the two clusters may follow from différestances of one orbital resonance. T 800 | k=20%: - . 03 600
§ Total precessit: ”I? _f
0_2_; 400
Orbital frequencies of geodesic motion close to rotating neutron stars
The correct treatment of an orbital motion close to (rotating) noeustars requires the general relativistic approach. For a givalyagymetric spacetime the ‘ .
angular velocities of the azimuthal, radial and vertical ‘sjgliptic” orbital motion reads,e.qg., [3], 0 . . . . . 0 P
200 400 600 800 1000 1200

M/M,

1 v, [Hz
‘. ,2_(9tt+'§QtA)2H@U . 1 . . 2] o o o . .
u, ST 29 @ .’ (1) Fig. 1l Behaviour of frequency-frequency plot implied by the relationeft’ vs.those implied by the total precesion relation Il for tese ofe; = ©°, and

% = 0:8°,. Right: theA? reached by the relation total precesion Il ko2 (0; 0:2).

whereg.. are components of the line elemeng (r; 1) andU is anefffective potentialU(r; ;*) := gt i 2 g + “2g™ with * denoting the speci c angular ~ Because the discussed frequencies of orbital motion scalegly as1=M, the relations given by the totall precession implying lofreguencies in terms of
momentum of the orbiting test particle= i us=u . In next we consider Keplerian motion ahd: Ik (r; ). frequency-frequency plot should require lower mass in otderthe same datapoints. In general, the mass is lower wherdingcal epicyclic frequency is included

instead of Keplerian in the frequency relation. The sameée$@r substitution of, by %.

-K:UA:

Due to the inequality between the azimuthal and radial frequehe eccentric orbits waltz at theeriastron precession frequenéy and in addition the orbits

tilted relative to the equatorial plane of the spinning centrass wobble at theodal (often called Lense—Thirring) precession frequesgy, [23] Having this motivation, including lowering of both t#€ of ts and related mass, we repeated the described tting proeedsing the frequendd instead of,
for all four discussed relationships. The resulting quality t3fis shown in the Figure IV for the three relations together with sesgtative t.

°r=%i % % =%i °: (2)
Both the declination of the quasiellipse plane and posibbithe periastron then reach the initial state simultaneousithe period characterized by thetal 100000 M = 17800 ; /
precession frequency : ol 1600 | _ oo o
OT — OP i OLT — ol-li Or: (3) | Total precession I —— 1200 [ ) o2
10000 ] = 1100 | 5
We consider the external neutron star spacetime describecbyatile-Thorne metric [16], which represents the solution of vackuratein eld equations for - 1200 | E ool / )
the exterior of rigidly and relatively slowly rotating, statamy and axially symmetric body, and the explicit form of formulaedéjived by [3]. 1000 | =) A
= 800 | .
. h h h . f b . d d . 400 600 [ HZE]}OO 1000
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Fig. IV Left: The chi-squared (inverse quality measure) of the ts by refatioinciding with the model of Stella & Vietri under the cathsiation®; instead of,.
For given combinatiomM;j the coe cientk is chosen as the best one from the interval 0-20%. Right: The epa®ge low angular momentum t for the total
precession relation Il. These results represent a coorection & fnesented in [26].

Usually then : m orbital resonant models considering a non-linear resonancesbetiteplerian and/or epicyclic frequenciesm, see e.g. [5], ilgldhte resonant
eigenfrequencie¥’; 0 as
0v(rn:m) -

n .
Or(rn:m) m

OLO - or(rn:m); OL? - 0v(rn:m); °y 2 [ou; OK]; (4)
wheren; m are small natural numbers angl, is the generic resonant radius.

In the case of a considerably weak forced or parametric non-lineanaase [19], the upper and lower observed QPO frequefciasd®, are related to the COnC| USIOHS
resonant eigenfrequencies either direcly= °° ©°, = °9% or as their linear combinatiorfs = ®2%; ©°, = ™ 9 where®and ™ are small integral numbers.

thln general ?ase ?Ifjl. syste.m |In a non-hnezr reslognarlltce, the;) b$|asfqa;| ntc les differ from rr]eson?nge eczllienfrequepcnefs Py affrequengytwmse%roporttrl]onalhtol In accord to the discussion above the modi ed relations pievihe best ts having\® » 2-5d.0.f. when the coef cierit is in the interval 5-20%. The mass
e square of small dimensionless amplitudes [19]. It was showdjthat a resonance characterized by one pair of eigenfreqsemay reproduce the whole required for a reasonablé? value is then in the interval:6-1:8 M- and the relevant angular momentym» 0:05; 0:2. For the xed angular momentum, the

range of frequencies observed in a neutron star source. Later [ﬁl]jemeq the |dea} of one elgenfreque.ncy pair (sq (?alled resonmmrp)m.e frequency-frgquency frequency relations including total precession impligglsly lower mass then those including relativistic presies.
plane) common for a set of neutron star sources. They found thab#tf cients of linear ts well approximating individual swces are anticorrelated which was in

a good accord to the theory they presented and justi ed the hgsat of one eigenfrequency-pair. On the other hand this agprimeorporating certain dif culties
(e.g., the extremely large exten§|on of the observeo! frequengye)gns not proved yet, and some observatlonal facts like thépeaked ratio distribution suggest orecession frequency form rational fractions, the trajegtis selfrepeating (i.e., closed) [26]
thatmore then one resonant points may be responsible for thesdlimear observed frequency correlation

| e f the hvoothesis of ¢ boint ot diff Cinst ; bital that the ob o _ The debate above touching the hotspot QPO interpretatigaires further future research including realistic considtion of the frequency corrections. In
n nextwe focus on the yp.o esIS O mqre rgsonan POINLS COITERRG eren .|ns ances orone or ! a respnance angssp a. €0 serve. reQUENCIES, qdition the proposed multi-resonance may also occur notvéen the considered hot spot modes but between similar diglbations modes as well which
are close to the resonance eigenfrequencies, i.e. thatliberved frequency correlation follows the generic relafi@tween resonant eigenfrequencies

deserves attention too.

0 Nevertheless, the mentioned observational facts like dlie clustering and rms amplitudes difference behaviogetber with the fact that the discussed
RV AR VE () frequency relations can provide good ts conditioned bys@aable values of the neutron star mass and angular momemiticates that the hypothesis of more
instances of one orbital resonance has the potential toagxphe neutron star kHz QPO nature.

We stress that the total precession frequency correspanitietsimilar effect as the relativistic precession fregrelbut when considering a resonance, this may
naturaly include all the three fundamental precessionspl&ean, periastron, and Lense-Thirring. For the perfe@drparticle motion, if the Keplerian and total
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In order to obtain a rough scan we calculated the above frequeratyore in the Hartle—Thorne metric for the range of the nids 1-4M-, the internal
angular momentum 2 0-0:5 and a physically meaningful quadrupole momentymwith a step equivalent to the thousand points in all three tiies) i.e., four
3-dimensional maps each havit§® points. Then, for each pafM;j ), we keep the value of the quadrupole momentpwhich gives the lowesA? with respect
to the observed datapoints. For the Schwarzschild spacetjme j( = 0), when relations the considered relations merge, the best tashed for the mass
M = 1.7M-, with aA? = 400» 20d:0:f.

Having a rough clue given by these maps we searched for Adaainima using the Marquardt—-Levenberg non-linear least squaetisod [20]. The map for the
relation “Stella” coinciding with the prediction given by meldf Stella & Vietri is shown in Figure 1l together with its represative t.
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