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ABSTRACT

The width (Av), root mean squared amplitudes] of lower and upper kHz quasi-periodic
oscillations (QPOs) from accreting neutron stars vary ¥etquency. Similarly, the QPO fre-
quency varies with the source count raf.(Hence, the significance of a QPO, scaling as
S % r%/\/ﬂ will also depend on frequency. In addition, the significaals® scales up with
the square root of the integration time of the Fourier powesisity spectrumT). In prac-
tice and in most analysig, is constrained (e.g. limited by the RXTE orbital period ieth
source is occulted by the earth) or minimized to increasentlraber of detections. Conse-
quently, depending on the way data are considered, kHz QfP@dover, the upper or both
kHz QPOs) may be detected only over a limited range of thegjfency spans or detected
predominantly at some frequencies, leading potentialbidses in the observed distributions
of frequencies or frequency ratios. Although subject of moeontroversy, an observed clus-
tering of QPO frequency ratios around 3/2 in Sco X-1, alsm seether sources, has been
previously used as an argument supporting resonance basgelsvof neutron star QPOs.
In this paper, we measure how the statistical significandeotti kHz QPOs vary with fre-
quency. For this purpose, we consider three prototype oestar kHz QPO sources, namely
4U1636-536, 4U0614+091 and Sco X-1, whose QPO parameteediféerent, though rep-
resentative, dependence with frequency. As the signifeaficdQPO detection depends on
frequency, we show that in sensitivity-limited observagidas in the case of the RXTE/PCA),
a simultaneous detection of both the lower and upper kHz Q&g@only be achieved over
limited frequency ranges. As a result, even a uniform diation of QPO frequencies will
lead to peaks (in particular around 3/2) in the histogramatibs of simultaneous kHz QPO
frequencies. This implies that the observed clusteringtibs of twin QPO frequencies does
not provide any evidence for intrinsically preferred frequay ratios in those systems, thus
weakening the case for a resonance mechanism at the origgutron star kHz QPOs.
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1 INTRODUCTION neously from the observations of black hole high frequenB0Q
. . - associated with fixed 3/2 ratios (e.g. Remillard 2005, fandew).
Desplte.avlvggilsth tc: obs.ervattlonatl data, accurlnulated ?"?Ed's(; | of The clustering of frequency ratios, claimed in other neutstar
covery in » teré IS not yet a commonly accepted model o systems as well (Torok etlal. 2008a, for 4U1636-536), iama
neutron star kHz QPOs. In recent years, a lot of efforts has be . . . L
. R ; controversial issue since then. In particular, the sigaifée of the
devoted to studying the distribution of the observed fregies (or . :
YOS e . clustering presented by Abramowicz et al. (2003a) was ehgéd
frequency ratios), in an attempt to provide insights to theoal -
dels. Thi dicularl | ‘1 based by|Belloni et al. ((2005a).
gg ehs'(.:h Irseri\{itsegirh:tubac:t% ;ﬁ:\;g?o g; ;feson:nngzs ZS -I The signal to noise ratim, at which aperiodic variabil-
which predt ; quenc ne ity such as a kHz QPO is detected in a photon counting experi-

the frequencies themselves should cluster around speai[m?y. ment is apprOX|mateI (Lewin. van Paradijs. & van der Klis&9
Apparent support for these models came from the observtain

the ratios of simultaneous lower and upper QPO frequenoies f

Sco X-1 clustered around 1.5, suggestive of a 3:2 resonaachan S L,/ T 1/2 5o (T 1/2
nism [Abramowicz et al. 2008a). Additional support cametsias e X B i 5" <E> ~ St <E> @

whereS andB are source and background count rate, respectively,
* Email : martin.boutelier@cesr.fr rs is the root mean squared amplitude of the variability exgeds
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as a fraction ofS, T the integration time and\v the bandwidth
of the variability. Hereafter, we will negledB over S, because
for most QPO sourcesB (a few tens of counts/s/PCU, where

to obtain a significant detection of the lower QPO. They fothad
the distribution of lower QPO frequencies showed a pronednc
peak around 850 Hz in 4U1636-536. Other less prominent peaks

PCU stands for PCA Unit, 5 at most, Bradt, Rothschild & Swank were present in the distribution of frequencies, all cesden dif-

@)) is at least a factor of 10 lower th&h which is typically
several hundreds of counts/s/PCU. In equdilonsland Av vary
with frequency ¢) (Barret, Olive, & Miller|2006), hencer, will
depend also ow. The frequency dependence ©f and Av is a
non monotonic function of frequency and has a different sHap
the lower and upper kHz QPOs. In addition, in a given systam, o
average larger luminosities (hence count rat®scorrespond to
largerv O). Actually, the situation is more complex,
because of the parallel track phenomenon, which showsutliat
not uniquely determined by, but that the spread & over which
QPOs are detected increases with frequemm)zoo
This is illustrated in Figure 2 in_Barret, Olive, & Millet (2Ba)
where, in a frequency versus count rate diagram, it is makgy
left upper part of the diagram that is populated. The impiices

of the above are twofold. First, the integration time at viahickHz
QPO is detected above a certain significance threshold epiedd
on frequency. Second, if' is constrained, kHz QPOs, either the
lower, the upper or both may reach the significance threstiallyl
over limited frequency ranges. This directly implies tha¢ ©b-
served distribution of frequencies or frequency ratios stilongly
depend on the way the data are considered.

When dealing with frequency distributions, two main types
of analysis have been applied so far, both suffering fromirint
sic biases. Methods consisting of averaging large amoudtaf,
based on some selection criteria, e.g. spectral colorgjqoalong
a color-color diagram (e.d -002 for GX5-8ne
type of QPO falling in a glven frequency interval, as for tnéfts
and add procedure (elg,_M_Qn_dﬂz_&ALan_dﬂLlKhs_iZOOO for Sco X-
1), erase the underlying distribution of frequencies anthoabe
considered for this purpose. The first applicable methodiden
ers observations of similar durations. This is the case itiquéar
when data are analyzed ObsID per ObsID, whose durationsware |
ited by the RXTE orbital period to typically 2 — 3 kseconds (by
definition, an ObsID corresponds to a single observatiorra/bb-
servation refers to a temporally contiguous collectionaibdrom a
single pointing). This method will obviously bias the distrition of
frequencies or ratios at frequencies where the two QPOse&drb
tected simultaneously on a typical ObsID timescale. Suckthaod
was recently applied to 4U1636-536 t @boaaga
reported a clustering of ratios at 3/2 and possibly at 5/4|1820-
303 by| Barret & Bouteliér| (2008) who found a clustering of ra-

ferent ratios. Later o MW) monitored 436-536

for 1.5 years, during regular 2 kilosecond pointings separéy

2 days, and found that the distribution of lower QPO freqigsic
differed from the previous one. In particular, the frequedistri-
bution of the lower QPO extended down to 600 Hz and the overall
distribution was flatter than previously measured. They atticed
that when considering one frequency per segment of 2 ksecond
the upper kHz QPO was detected only between 520 Hz and 950 Hz
with an even distribution. All this led Belloni etlal. (200%) con-
clude that the kHz QPOs in 4U1636-536 did not show intrirlkica
preferred frequencies.

In this paper, we measure the frequency dependenceg and
show how it affects the distribution of frequencies meaduwvéh
the two methods discussed above. This paper extends oropsevi
work by.b) who did not directly computg but
rather scaled its value as the productr@f/+/Av: the frequency
dependence ofs andAv was recovered for 4U1636-536 by inter-
polating the values reported by Barret, Olive, & Miller (320, i.e.
derived from the analysis of a subset of the data considezegl h
Here, we have chosen three systems 4U1636-536, 4U0614+091
and Sco X-1, as being representative of low and high luminos-
ity neutron star QPO sources, both in terms of RMS amplitudes
and quality factors. Both sources have been extensivelgroed
by RXTE; several hundreds of ObsIDs spanning over more than
10 years, thus minimizing any biases in the frequency Oistri
tion of their QPOs that could arise as a result of a non uniform
sampling of the source states. This matters because Bellail
dZEIb) have shown that a time limited and sparse sampllng of
a source, whose QPO frequency was modeled by a random walk
could produce peaked frequency distributions. In addjtaandis-
cussed b @07), in the case of 4U1636-536|dhg
term evolution of the source intensity may also affect theeobed
frequency distributions.

In the following section, we present the histogram of fre-
quency ratios, as derived from the homogenous processing of
all archival data available to date for both 4U1636-536 and
4U0614+091. We then describe the analysis scheme usedterec
n. over the full frequency span of both the lower and upper QPOs.
Then, knowingn,, as a function of frequency, assuming an uniform
distribution of frequencies for the upper QPO, we show thatan
reproduce, without any further assumptions, the clusgeoinfre-

tios of simultaneous twin QPOs around 4/3 and to 4U0614+091 quency ratios seen in the data. We also illustrate how théodet

by Boutelier, Barret, & Miller|(2009). In both studies, it éound
that the distribution of ratios computed from the singledo\@PO
frequencies, estimating the upper QPO frequencies fromlthe
ear relationship differed from the distribution of ratiossimul-
taneous twin QPOs, as expected if the condition for detgdtie

lower QPO differed from the one for detecting the two QPOs si-

multaneously.

of optimizing the PDS integration time introduce strongseisin
the histogram of ratios. Finally, we then extend our analisiSco
X-1 before concluding.

2 DATA ANALYSIS

As to increase the number of detected frequencies, the sec-We have first considered all archival data from the Rossi ¥-ra
ond method minimizes the PDS integration time to detect dne o Timing Explorer for 4U1636-536 and 4U0614+091. Our analy-
the two QPOs (generally the lower QPO) and computes the miss- SIS bunlds upon previous work by Barret, Olive, & Millér (ZBilb,

ing frequency through the linear relationship linking tbesér and
upper QPO frequencies. This method will bias the distringiat

-7) for 4U1636-536 and by Boutelier, Barret, & Mille

) for 4U0614+091. Data are considered per ObsID. Fdr ea

frequencies where the lower QPO is easy to detect (e.g. viken i ObsID, we have computed 16 second PDS with a 1 Hz resolu-

RMS amplitude/quality factor reaches a maximum). It wasduse
by|Belloni et al. [(2008b) who averaged a variable number 0c&PD
(with integration time ranging from 64 seconds to 1280 sdspn

tion, using events recorded between 2 and 40 keV. The PDS are

normalized according 83), so that the 90is
noise level is constant around 2. As previously shown for@Raét
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Figure 1. Histograms of ratios estimated from the frequencies ofiadjle lower QPOs, all lower in twin QPOs (area in grey), aligie upper QPOs, all upper
in twin QPOs (area in grey) and all twin QPOs. In the case ofglsiQPO, the frequency of the other was computed from tleatifunction linking the two
frequencies. 4U1636-536 is shown on the left and 4U0614-60ahe right hand side. Each frequency in that plot corredpoaughly to a similar integration

time of the PDS (a typical ObsID duration).

536, the lower QPO can be so strong and so narrow that in somenificant QPOs in. For those averaged PDS in which only onéfsign

ObsIDs, the frequency drift within the ObsID can be corrdcte
for using a tracking procedure similar to the one described i

[Barret, Olive, & Millef (2005a). Whenever possible, all thésec-

icant QPO is detected, we identify whether it is a lower or pper
by placing the QPO parameters in a RMSand quality factor—
v diagram following Barret, Olive, & Miller|(2006). In adddh to

ond PDS are then aligned to the mean frequency of the lower QPOthe histogram of ratios derived from simultaneous twin QP& f

within the ObsID, to produce one single ObsID averaged PES (o
erwise they are averaged directly). This enables us torobtaan-
ingful parameters (width and amplitude) averaged over thelD,
helping us to detect the upper QPO in some case, and in ali,case

quencies, using the nearly linear relationship betweetother and
upper QPO frequencies, it is possible to compute the hiatogr
of ratios estimated from the frequencies of all single |o@&0s
and all single upper QPOs. The histograms are presentedume-i

to identify wether it is a lower or an upper kHz QPO (see below) [II; the frequencies entering the histograms are the meaneineq
In 4U0614+091, the QPO is not strong enough to enable such acies over the ObsID. The clusters previously found by Kabal.

analysis. The ObsID averaged PDS is then blindly searcheskfo

M) around 1.5 and 1.25 for 4U1636-536 are reproduced an

cess power between 300 Hz and 1400 Hz using a scanning tech-clearly the histograms computed from either the single toare

nigque, as presented OO). Each excess ¢at m
the 2 strongest) is then fitted with a Lorentzian with threzfpa-
rameters; frequency, full width at half maximum (consteairto
range from 2 to 1000 Hz), and amplitude (equal to the integrat
power of the Lorentzian). The Poisson noise level is fitteuhse
rately above 1400 Hz and then frozen when fitting the QPOs (the
fitted noise level is generally close to 2, indicating no gigant
deadtime). Errors on each parameter are computedAvith = 1.

As in previous papers in this field, our threshold for QPOseis r
lated to the ratio (hereaftdt) of the Lorentzian amplitude to itsr
error (R was often quoted and used as a significance). In this paper
our threshold forR is 3, meaning that we consider only QPOs for
which we can measure the power of the Lorentzian with an accu-
racy of3c or more. Such a threshold corresponds to 8.5 — 6o
excess power in the PDS for a single trial, equivalent-tdo sig-
nificance if we account for the number of trials of the scagnin

procedurel(van der Kl[s 1989).

2.1 Histograms of ratios

At the end of this first stage of our analysis, we have a set sf@b
averaged PDS (i.e. of comparable durations) with one or fgro s

single upper QPOs is different from the one computed fromukim
taneous twin QPOs. A cluster of simultaneous twin QPOs cedte
around 1.5 is also seen from 4U0614+091.

2.2 Frequency dependence of QPO significance

We now wish to estimate how the significance of kHz QPOs varies
with frequency. For this purpose, we apply the shift-and-teth-

nique (Mendez et dl. 1998). As originally discussed, thifitéque
enables us to combine large amount of data, so that bothwres lo

*and upper QPOs can be detected simultaneously (this isbi®ssi

for some ObsID, but generally requires longer integratiores of
the PDS). We shift-and-add all ObsID averaged PDS, corieigler
all those with a QPO of the same type falling in the same freque
interval. The width of the frequency interval has been chdase
group enough PDS as to detect the two QPOs simultaneousty, wi
a high significance. The large amount of data in the RXTE =echi
makes possible to consider interval of 30 Hz for 4U1636-53% a
50 Hz for 4U0614+091. Obviously, not all frequency intesvabr-
respond to the same total PDS integration time, so we naretli
the significance using equatibh 1 to the square root of theroivg
time of a typical ObsID, which we assumed to be 3 kseconds (thi



4  Martin Boutelier, Didier Barret, Yongfeng Lin & GabrieloFok

L S B B B S B B B S I B | B S s S B e S Sy B B S B |

I Lower QPO ------- ] [ Lower QPQ - - ]
40 F s Upper QPO ] a0 Upper QPQ R
L H I r 4
C i 3
s L s
op o ] 30 .
S C i L ] N :
s | : -
g I o i ] g I
< L i ! ] < r
s [ - i ] 3 r
12F ! i . 7 20F ]
& T i ! 5 ot
%] Kl ! n
i
i
i

400 600 800 1000 1200 400 600 800 1000 1200
QPO Frequency (Hz) QPO Frequency (Hz)

Figure 2. The significance of the PDS excess power in 4U1636-536 @eit) 4U0614+091 (right) against frequency, as recovered aftplying the shift-
and-add technique and normalizing the significance to theszbserving time, assumed to be 3 kseconds, i.e. compdoadlgpical ObsID exposure. The
significance is compute froOO). It is eqlidnt to the significance given in equation 1 with a 1/4 sgatioefficient. The horizontal dashed
line indicates the 5.5 sigma (single trial) statisticahgfigance threshold used in our analysis. The same way thatlfocequency bins correspond to the same
PDS integration time, not all frequency bins correspondéosame number of active PCUs. To account for this, the signifie has also been normalized to
the mean number of active PCUs over the whole frequency $paicdlly around 4). Neither the lower or upper QPO can bedtet over their full frequency
span on such a timescale, considering a threshold of. Srbparticular, the gap in the distribution of frequencidégte upper QPO visible in 4U1636-536
@am._QIm.ﬁ_MﬂLd@B) and in 4U0614+09h._LB_o_u_LelL&a.LLe_L_&_MJJJ_e_|‘m) is now explained, as being causedhgygignificance being lower than
the threshold generally used in previous analysis. We essame scale of the y axis to show that the lower QPO is mucérgagietect in 4U1636-536 than
in 4U0614+091.

is about the mean duration of all ObsIDs from 4U0614+091siti 3 SIMULATIONS
closer to 2.5 kseconds for 4U1636-536).

The result of such analysis is shown on Figlite 2 for both Now we wish to visualize the influence of the frequency depen-
4U1636-536 and 4U0614+091, which shows the frequency depen dence of the significance of the QPO on the observed disiibut
dence of the QPO significance (excess power in the PDS, singleof ratios. For this, we assume an uniform distribution ofjfren-
trial) normalized to the same integration time. Figlite 2 dem cies for the upper QPO which spans a wider range of frequencie
strates that neither the lower or upper QPO are detectedtlosier than the lower QPO. For example, for 4U1636-536, the upp&d QP
full frequency span, for a commonly used single trial sigaifice frequency spans from 550 Hz to 1250 Hz, while the lower QPO
threshold of5.50. As discussed earlien,, depends orf, rs and frequency varies only from 550 Hz to 950 Hz. Obviously, byweta
Av, how those quantity vary with frequency for the lower kHz ing a uniform distribution of frequencies within the rangettoe
QPO in 4U1636-536 is shown in F[d. 3. The maximummgfcorre- lower QPO frequency, one would miss all the single upper QPO
sponds to the maximum of and the minimum ofAv (or the max- frequencies below 800 Hz (those QPOs populate the right part
imum of the QPO coherence). From the lowest QPO frequency to of the histograms of ratios predicted from the upper QPQ, atsd-
the highest one, the mean count rate increases by less thatoa f  dle panel in Figurgl1). For each upper QPO frequency so genkera
of 2. we compute the frequency of the lower QPO, from a linear fonct

For the upper QPO, as shown in Figliler3, is rather flat: Vupper = & X Viower + b With a = 0.70 andb = 520 for 4U1636-
the decrease ofs is compensated by a decrease/of and an 536 anda = 1.0, andb = 320 for 4U0614+091 respectively. The
increase ofS. There is a local minimum around 1100 Hz in both a and b parameters were derived for each source by fitting twin
sources. For 4U0614+091, Boutelier, Barret, & Miller (2péave QPO frequencies detected simultaneously over the sameDODbsI
shown that this was related to a local decreasesof-or 4U1636- We have checked that the parameters are consistent witfodzah
536 (and also for 4U1820-303, Barret & Boutelier (2008))isit when fitting the twin QPO frequencies recovered from thetshif
associated with a local increase of the width of the upper QPO and-add procedure described above. Instead of fitting wlitiear
(see Fig[B). This local minimum provides an explanationtfar function, we have also considered a power law function,itepd
gap in the distribution of frequencies of the upper QPO \gsib  to very similar results, as expected since the two functameses-
in 4U1636-536/(Barret, Olive, & Miller 2006) and in 4U0614D sentially identical in the range where the two QPOs can bectied
(Boutelier, Barret, & Miller 2009) (when data are analyzed Pb- simultaneously. We discard those predicted lower QPO &rges
sID). After the local minimump, reaches a local maximum, en-  falling outside the range of detected frequencies, i.aw&00 Hz
abling us to detect twin QPOs over a narrow range of freqesnci  and above 950 Hz. We interpolate between the values shown
which in turn produces a second cluster of ratios, e.g. bél@sn in Figure[2 to estimate the corresponding significance foget-
4U1636-536. erated lower and upper QPO frequencies.
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Figure 3. The RMS amplituder(s), the width (Av), and the mean source count rate (normalized by the meanerwhbperating PCUs) for the lower (left)
and upper (right) QPO in 4U1636-536, as averaged over frexyueins of 50 Hz and 75 Hz respectively. This is the combamatf these three parameters as
described in equation 1 which explains the dependenee; afiith frequency shown in Figuid 2. The local minimunmvef around 1100 Hz visible in Figure

[Afor the upper QPO is related to a local increase of the QP@hwid

3.1 Histograms with a constant integration time

We first consider the case in which the significance of each @PO
computed for a similar integration time (3 kseconds), eproduc-
ing the case where the real data are analyzed ObsID per Oth&D (
frequency generated represents the mean QPO frequendy aiith
ObsID). The results of this simulation, considering a digance
threshold of5.50, are shown in Figurel 4 in a form similar to Figure
[2. What is striking from this figure is that, even this overgiified
simulation, reproduces the shape of the histograms andubec
ing of ratios seen in the data. For example, the second claéte
ratios of twin QPOs in 4U1636-536 below 1.3 corresponds ¢o th
local maximum of then, curve for the upper QPO around 1150
Hz. Finally, it is obvious that the distributions of ratiosmputed

produce an histogram with all the detections, keeping indntirat

not all detections correspond to the same PDS integratiog. thn
example of such simulation is shown in Eig 5. The histogramaef
tios is strongly peaked around 1.3, as found in data analyydide
same method by Belloni etlal. (2005b): the main peak was found
at 1.30t0.02 for v = 856 =+ 2. Such histogram (which just re-
flects the variation of., with frequency) is much more biased than
the histogram of single lower QPO computed from detectioes o
similar integration times (see Figurk 4, left hand sidepaeqanel
from the top).

3.3 More realistic simulations

from one of the two QPO frequencies are also not complete and YWe have also added complexity to our simulations by modeling

not representative of the underlying distribution. The djagree-
ment between the simulations and the data clearly indi¢hédshe
observations performed by RXTE over thel0 year period have
provided a close to uniform sampling of the kHz QPOs overrthei
entire frequency span.

3.2 Histograms with a variable integration time

We have simulated again a uniform distribution of lower QP® f
guencies, generating 590 random frequencies correspptal590
ObsIDs of 3 kseconds (as is the case for 4U1636-536). Usigig Fi
ure[2 and equation 1, it is possible to compute the minimum PDS
integration time, required for the QPO to exceed a signifiean
threshold of5.50, hence the number of detections associated with
each segment of 3 kseconds (e.g. for 4U1636-536, at 850 Hz, th
significance reaches 400 for 3 kseconds: this corresponds to

5.50 in about 60 seconds, hence a segment of 3 kseconds will con-

tribute 50 frequencies around 850 Hz in the histogram). ktavi
the lower QPO frequencies, the upper QPO frequencies dre est
mated with the linear function described above. From this, can

the parallel-track phenomenon (or the frequency depermrdeith
count rates), the spread of the ObsID exposure times ardwaid t
mean value and a varying number of active PCA units (therlatte
two quantities being obviously not frequency dependeng.have
also included a jitter in frequency along the linear cotietabe-
tween the two frequencies. In all cases, this does not cleiggi-
cantly the histograms simulated, it just increases slght spread

of the clusters, making them more similar with the data. Tit
lustrated for the case of 4U0614+091 in Figlre 6. The gapdetw
1.4 and 1.5 in the ratio distribution is now filled in.

4 SCOX-1

Building on the above findings, it is worth looking back at the
historical case of Sco X-1, and see whether the same effect ca
provide an explanation for the clustering of ratio claimedL&

(Abramowicz et all. 2003a). For this purpose, we have ressem:
all the available data from the RXTE archive, extending edata

used by van der Klis et al, (1997); Méndez & van der Klis (2000

We have used all science event and binned mode data with a time
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4U0614+091 are shown on the left and right hand side respéctiThe main peaks as well as the secondary peaks of thevedseistributions are nicely
reproduced with the simulations, even with our simplifiegasptions.
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Figure 7. Left) The histogram of ratios from all lower, all upper antitalin kHz QPO frequencies. In the top two panels, the hisiogin grey is the one
derived from simultaneous twins. As can be seen, twin QP®gemerally detected simultaneously for Sco X-1, and ther@@a occurrence where the lower
kHz QPO is detected alone (unlike in the two other sourceshe middle panel, note that there is one single detecti@nsafgle upper QPO, at a frequency
just above~ 750 Hz, corresponding to a ratie 1.8 (this is the lowest upper QPO frequency reported for thecgoso far). The gap in the ratio distribution
corresponds to a frequency gap about 100 Hz. Right) Thefisignce of the PDS excess power in Sco X-1 against frequesagcavered after applying
the shift-and-add technique over frequency intervals oHzZ0and normalizing the significance to the same observing,tessumed to be 3 kseconds, i.e.
comparable to a typical ObsID exposure. The lower QPO saamifie is always lower than the upper QPO significance. Therl@PO is detected over a
relatively narrow range of frequencies abeut300 Hz wide. The first bin of the upper QPO histogram, where theifitgnce reaches a maximum, contains
only one ObsID (the upper QPO frequency is at about 750 Hz)
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Figure 5. Simulated histogram of ratios estimated from the frequesnoi
all single lower QPOs, assuming a uniform distribution efjiuencies, and a
variable integration time of the PDS for detecting the QPkk fistograms
peaks at the ratio which corresponds to a frequency af50 Hz for the
lower QPO, i.e. where it can be followed on the shorter tiralesc The
shaded region delimited by a dashed line corresponds tatiochistogram,
expected from the uniform distribution, and considering &requency per
observation.
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Figure 6. Simulated histogram of ratios for 4U0614+091 for a more &ph
ticated simulation, which accounts for the fact that theagrof count rates
at which QPOs are detected increases with frequencies dtladied tracks),
for a spread in the exposure time between 2 and 4 ksecondssfoead in
the number of active PCUs (between 3 and 5) and finally for a A {ittér
in the relation linking the two QPO frequencies. As a restk, simulated
clusters show a wider spread more in line with the real daa Fsguré1L.)

resolution better than 250s. We have again computed 16 sec-
ond PDS with a 1 Hz resolution, using events recorded between
2 and 40 keV. The analysis here is complicated by deadtineeteff
which we have to account for in the PDS analysis. We have mod-
eled the modification of the PDS with a power law of index close
to zero at high frequencies, and fitted the QPOs with the ndetho
described above. Over our data set, we have detected abdut 10
QPOs from the source on a typical ObsID timescales. Likefaise
the two other sources, we identify single QPOs by placingnthe
on a RMS/quality factor versus frequency plot. The lower QPO
frequency varies from 550 Hz to 800 Hz, while the upper QPO
frequency varies between 750 Hz and 1100 Hz. Previous asalys
(van der Klis et all 1997; Méndez & van der Klis 2000), based o
a smaller data set, found the upper QPO frequency to range fro
about 850 Hz to 1150 Hz. We report for the first time, an upper
QPO at a frequency of 750 Hz, detected in the ObsID 93067-01-
01-02 recorded on July 3rd, 2007 at 10:33 am. Next to the 750 Hz
upper QPO, the second lowest upper QPO frequency 4s 850
Hz, implying a gap of 100 Hz in its frequency distribution.€This-
tograms of ratios are shown in Figure 7. As previously foumal t
histograms cluster around 1.5. We have then applied theani
add technique to the ObsID averaged PDS as described albalve, a
computed the average statistical significance of both QR®ish
we then normalized to a PDS integration time of 3 kseconds. Th
results are also shown on Figlre 7. In Sco X-1, the lower QPO
is detected on such a timescale only in a narrow 300 Hz interva
whereas the upper QPO is always more significant and detected
over a slightly wider frequency span 350 Hz wide (note however
that there is only one ObsID in the first histogram bin whee th
significance reaches a maximum). Note that the narrownethe of
frequency range for the both QPOs limits by itself the rarfgeos-
sible ratios between 1.3 and 1.6. FiguFe 8 shows Bows andAv
depend on frequency for both the lower and upper kHz QPOs. As
can be seen, the 750 Hz QPO follows the same trepdand Av
as upper QPOs detected above 800 Hz, and is therefore vely lik
a single upper QPO. Note also that the mean count rate varies b
less than 20% of the mean, across the frequency range oveh whi
both QPOs are detected.

As for the two other sources, in an attempt to compare with
the observations, we have simulated a uniform distributibap-
per QPO frequencies between 850 Hz and 1100 Hz where the
bulk of the upper QPOs are detected (van der Klis &t al.|199@).
have computed the histogram of ratios using a linear funatiibh
a = 0.81 andb = 416, which is equivalent to a power law relation
Viower = A(Vupper/1000 Hz)E, with A= 717 and B= 1.78 in the
range of frequency considered. We have also included adjmea
the count rate, exposure time, number of PCUs and a jittenein f
guency along the correlation line. The results are showrignre
[@. Clearly, the simulations reproduces nicely the obsedigtibu-
tions, in particular the strong clustering of ratio arounsl We thus
conclude that as in the two other sources, the apparenediugiof
frequency ratios in Sco X-1 is also consistent with a unifalist
tribution of frequencies between 850 Hz and 1100 Hz. Howeérer
Sco X-1 the clustering seems to be amplified compared to tier ot
sources, by the fact that both QPOs can be detected simoitsiye
over an narrower frequency range.

5 CONCLUSIONS

We have shown that, because of the way the significance of kHz
QPOs evolves with frequency, as a result of the QPO RMS ampli-
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Figure 8. The RMS amplituder(s), the width (Av), and the mean source count rate (normalized by the meanerwhbperating PCUs) for the lower (left)
and upper (right) QPO in Sco X-1, as averaged over frequeimsyd§ 25 Hz. This is the combination of these three parameterdescribed in equation 1
which explains the dependenceraf with frequency shown in Figufd 7.

tude and width being frequency dependent quantities, isitaty
limited observations the observed clusters in frequentpgaf
simultaneous twin QPO frequencies, in particular aroursg dre
consistent with an underlying uniform frequency distribat In

is worth stressing that non linear resonance was invokeutkfoiron
star QPOs by interpreting the 3/2 clustering of frequentipsaas
reflecting a non uniform distribution of frequencies alohg tine

of correlation predicted by the model (Abramowicz et al. 200

other words, this implies that the clustering of ratios doespro-
vide any evidence for preferred frequency ratios in thoseesys. A
similar conclusion was reached 007) wanaonid
that the distribution of frequencies could be significamtifferent
from one data set to the other. The clustering is a consequaiice
fact, that albeit always present, the lower and upper QP@sicky
be detected together on the same integration timescales dive-
ited frequency range. The clustering of ratios is more puoiced
in Sco X-1 because the range of simultaneous detection divte
QPOs is narrower~¢ 250 — 300 Hz instead of 400 Hz). This con-
clusion applies to a sample of systems representative ¢yis
of QPO sources. As said above, clustering of ratios causeghby
incomplete sampling of the source states, whether or nQ@QR©
frequency follows a random wal5b) is mand

more unlikely, as more and more data become available.

This is the reason why the results presented in this papekemea
the case for a resonance mechanism at the origin of neutaon st
kHz QPOs, as they indicate that even a uniform distributifines
quencies will produce peaks in the ratio distribution ab@r2.
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Any models, attempting to reproduce the clusters of ratios,
must therefore predict first a nearly linear relationshipameen
the two QPO frequencies in the range where the bulk of QPOs
are detected, as most models do, including non-linear ees@n
based models (Abramowicz et al. 2003b), and second, a set of Abramowicz M. A., Bulik T., Bursa M., Kluzniak W., 2003a,
well matched QPO parameters (RMS amplitude and width) which  A&A, 404, L21
allows the two QPOs to be preferentially detected on similar Abramowicz, M. A., Karas, V., Kluzniak, W., Lee, W. H., & Re-
timescales over limited frequency rang@mm&)ady busco, P. 2003b, PASJ, 55, 467
pointed out that at frequencies corresponding to the 3i8, riite Barret D., Boutelier M., 2008, New Astronomy Review, 51, 835
RMS amplitudes of the lower and upper QPOs as measured in the Barret D., Olive J.-F., Miller M. C., 2007, MNRAS, 376, 1139
2-40 keV band are equal (this is where the significance ofutloe t Barret D., Olive J.-F., Miller M. C., 2006, MNRAS, 370, 1140
QPOs are comparable, around 600 Hz, 900 Hz for the lower and Barret D., Olive J.-F., Miller M. C., 2005a, MNRAS, 361, 855
upper respectively, see Figuré 2). In the framework of the-no Barret D., Olive J.-F., Miller M. C., 2005b, AN, 326, 808
linear resonance model proposed by Abramowiczletal. (2003b  Belloni T., Homan J., Motta S., Ratti E., Méndez M., 2007, MN
this has recently been discussed as a possible signatureesf a RAS, 379, 247
onant energy exchange between the two QPO mk et al. Belloni T., Mendez M., Homan J., 2005a, in Baykal A., Yerli
M). Although such a possibility should be investigatether, it S. K., Inam S. C., Grebenev S., eds, NATO science series |l
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