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ABSTRACT

Black hole X-ray transients show a variety of state traosgi during their outburst
phases, characterized by changes in their spectral anaigtipnoperties. In particular, power
density spectra (PDS) show quasi periodic oscillations@&Rhat can be related to the ac-
cretion regime of the source. We looked for type-C QPOs irdise-dominated state (i.e. the
high soft state) and in the ultra-luminous state in the RXTdhizal data of 12 transient black
hole X-ray binaries known to show QPOs during their outsurgfe detected 6 significant
QPOs in the soft state that can be classified as type-C QPQkerltlee assumption that the
accretion disc in disc-dominated states extends down sedmthe innermost stable circular
orbit (ISCO) and that type-C QPOs would arise at the inneeeafghe accretion flow, we
use the relativistic precession model (RPM) to place cairgs on the black hole spin. We
were able to place lower limits on the spin value for all thes@@rces of our sample while we
could place also an upper limit on the spin for 5 sources.
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1 INTRODUCTION

Black hole (BH) low-mass X-ray binaries (LMXBs) are doubjss
tems harboring a stellar mass black hole that accretesmfratte a
Sun-like companion star. The vast majority of BH LMXBs a
sient systems, i.e. they spend most of their life in a dimesecgnt
state (Ix ~ 10°°-10* erg’s), occasionally interrupted by bright out-
bursts during which they show large increases in lumingsésch-
ing occasionally the Eddington limit) and remarkable wéoias
in their spectral and fast variability propertieBe{loni & Motta

(see, e.gMotta et al. 2012 While the hard states are characterized
by higher variability (36- 40% rms in the LHS and 520% rms in
the intermediate states), the variability in the ULS ancdhim HSS

is very low (around and below 5% rms, respectively).

The different states are defined based on the spectral proper-
ties of the source and on the inspection of the power dengég-s
tra (PDS), where changes in the fast time variability canlearty
observed. The most remarkable features detected in the RDS a
narrow peaks known as quasi-periodic oscillations (QP®lpse

2019. These changes can be described through the Hardnesscentroid frequency are thought to be associated with dycelmi

Intensity Diagram (HID) Homan et al. 2001Belloni et al. 201},
where hysteresis loops can be identifiblilyamoto et al. 199pand
different branches of a g-shaped track roughly correspondte-di
ent spectrdtiming states. Most active BH LMXBs show five main
different states: the Low Hard State (LHS), dominated by Comp-
tonized emission; the High Soft State (HSS), where the therm
emission from an accretion disc dominates the spectruntiénd
Intermediate State (HIMS) and the Soft Intermediate SBlEIS),
where the spectrum shows the contributions from both theetion
disc and the Comptonized emission, but where the most diamat
changes in the timing properties are observed. A few souawe h
also shown aanomalousr ultra-luminous state (ULS), which can
be seen as a soft-intermediate and hard-intermediateistatéch

the luminosity is significantly higher with respect to thbet states
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time scales in the accretion flow. The origin of QPOs is stilt u
der debate and several models have been proposed to exgain t
existence (se®lotta 2016for a review). However, it is commonly
accepted that most QPOs originate in the vicinity of the lbtzae,
thus they potentially carry information on the properties ano-
tion of matter in a strong gravitational field.

QPOs are usually divided in two groups based on their fre-
quency: low frequency and high frequency (LFQPOs and HFQ-
POs, respectively). LFQPOs have frequencies typicallyingr
from a few mHz up to~ 30 Hz and are further divided into three
types - type-A, type-B and type-C - based on their prope(ges.
peak frequency, width, energy dependence and phase latjgnan
the associated broad band noise in the PDS (shape and total va
ability level, Wijnands et al. 1999Casella et al. 20Q5Motta et al.
2011). According to the classification éfoman & Belloni(2005),
Type-A QPOs are commonly found in the SIMS and are charac-
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terized by a weak and broad peak around 8 Hz.! Their ori-

gin is still under debate. Type-B are usually seen in the SIMS
(which is defined by their presend®elloni & Motta 2016. They

are characterized by a relatively strong and narrow peaknar6

Hz (Motta et al. 201} and it has been suggested that they are as-
sociated with relativistic jets during the transition frahe hard

to the soft stateRender et al. 2009 Type-C QPOs are found es-
sentially in any spectfdaming state (including the ULSMotta
2016. They are characterized by a strong (up to 20% rms), nar-
row (v/Av > 3, but often much larger) and variable peak (its fre-
quency and strength varying by few orders of magnitude akong
outburst; see, e.gMotta et al. 2015 superposed on a flat-top noise
that steepens above a frequency comparable to the centesid f
quency of the QPO. Type-C QPOs appear at low frequencies (fro
a few mHz up to tenths of H&lotta et al. 201} in the hard state
where the disc is thought to be truncated at a large radius (te
to hundreds of . They increase their frequency during the tran-
sition from the hard to the soft state, reaching their maxmio

the HSS, where they show frequencies around 30NAztta et al.
20143 Motta et al. 2014h HFQPOs are fairly rare in BH binaries
(while they are commonly observed in NS systems, where trey a
referred to as kHz QPOs, sean der Klis 200§ and have been de-
tected only in a few source®¢lloni et al. 2012 HFQPOs seem

to appear preferentially in the HSS and in the ULS, even thoug
observational biases could be at play because of the low eumb
of detections currently availabl&emillard & McClintock (2006),
using a diferent classification (Table 1 McClintock et al. 2009,
showed that most HFQPOs have been detected in observatittns w
a substantial power-law contribution.

There are dferent models that attempt to describe the ori-
gin of QPOs in LMXBs. The relativistic precession model (RPM
is one of those. This model has been originally proposed by
Stella & Vietri (1998; Stella et al.(1999 and was recently revis-
ited by Motta et al.(20144ab); Ingram & Motta (2014, to explain

three types of QPOs: type-C QPOs, the lower and the upper HFQ-

POs. In the RPM, the centroid frequency of threfedent types of
QPOs is associated with the frequencies of a test partibliéray a
spinning black hole, as predicted by the theory of Gener&tiRe

ity. The Lense-Thirring (LT) frequency is associated whik type-

C QPO, the periastron precession frequency with the low&)PB
and the orbital motion corresponds to the upper HFQPO. Thé RP
predicts that the expected values of these frequenciendeodely
on the fundamental parameters of the BH, i.e. mass and gpuin,
on the radius at which the particle motion occurs (i.e. whbee

a

able to rigidly precess around the compact object spin a@ds.
cording to this model type-C QPOs are produced by the Lense-
Thirring precession of a radially extended portion of thé inoer
accretion flow that produces a modulation of the X-ray flu; di
ferently from the RPM where a test particle is responsibtettie
QPO. In the first case, the QPO frequency is a weighted average
of the free precession frequencies at the various radii.d¥ew for

the disc to precess rigidly, its radial extent must be narfmms

of Ry) (Lodato & Facchini 2013Franchini et al. 2016Nixon et al.
2016. In particular, in the HSS, where the accretion disc in@er r
dius is expected to be close to or coincident with the innetmo
stable circular orbit (ISCO, e.dounn et al. 201)) the inner hot
(geometrically thick) accretion flow is expected to be axiedy
narrow (its outer radius determined by the inner thin disoda-

tion radius). Therefore, its precession frequency is neaisly well
described by that of a test particle orbiting at the ISCO .sTiuthe
HSS and in particular close to the ISCO, the RPM and the riggd p
cession are practically coincident and the RPM represegtsd
approximation of the rigid precessiolmgram & Motta 2014.

The measurement of the black hole parameters is a major is-
sue in astrophysics. While the mass can be estimated thiadftegh
complex dynamical studies, the spin can only be inferredhima
direct way. In the HSS measurements of the spins can be ebtain
through X-ray spectroscopy by modelling the thermal disisem
sion in the spectrumMcClintock et al. 20112014 Steiner et al.
201Q 2011 2012. In the hard and intermediate states, the spin
is instead measured by modelling the disc reflection spectiu
particular by modelling thefBects of the spin on the Iron<Kline
(Miller 2007; Reynolds 2018 Both methods rely upon identifying
the inner radius of the accretion disc with the ISCO. In additfor
the spectral continuum method, one must also know the maks of
black hole, the inclination of the accretion disc (gengraisumed
equal to the inclination of the binary system) with respecthte
line of sight and the distance to the binary. For these reasuth
methods are oftenfiected by large systematic errors and in a few
cases they have lead to inconsistent values of the blackspate
when used on the same sour&héfee et al. 2006 The RPM, on
the other hand, is based only on measurements that can beethfe
through very precise X-ray timing measurements (i.e. tleeipion
of the measurement of a QPO centroid frequency is only lanite
by the time resolution of the data used, which is usuallyeswerly
high). Therefore, the RPM can be used to estimate BH spires ind
pendently from other methods.

In this work we apply the RPM to QPOs detected in the HSS,

QPOs are produced). Based on this fact, once a type-C QPO and-&- Produced close or at the ISCO, placing limits on theloleale

two HFQPOs are observed simultaneously, one can obtain-a pre

cise measurement of the fundamental parameters of the htdek
spin and mas3d\otta et al. 2014ha A spin measurement can also be
obtained when only two simultaneous QPOs of the relevargstyp
are detected and when an independent mass measurement, for i
stance determined dynamically, is availalMo(ta et al. 2014h If

the mass is unknown, the RPM still allows to place limits oae th
mass and spin of the black hole (dagram & Motta 2014.

Ingram et al. (2009 proposed a model based on relativis-
tic precession that requires a geometrically thin accneticsc
(Shakura & Sunyaev 197 &uncated at some radius (the inner disc
truncation radius) filled in with an inner hot accretion flovat is

1 However, we note that more recent work&e(loni et al. 2011 Motta
2016 Belloni & Motta 2016 placed this type of QPOs in the HSS, since
they typically appear at total fractional rms below 5% in B$4B

spin of a number of sources by making reasonable assumptions
the mass, when this is not knovarpriori.

2 OBSERVATIONS AND DATA ANALYSIS

Based onMotta etal. (2015 we analyzedRXTEProportional
Counter Array (PCA) archival observations of 12 transiehtB3
showing QPOs. We selected those sources that show a standard
HSS among the 14 sources consideredvimtta et al.(2015. We

did also include observations in the ULS for those sources th
showed this kind of state during their outbursts. In this kyave
excludedSwift J1753.5-0127 since it has not shown a HSS in the
RXTEera Soleri et al. 2013 and XTE J1720-318, which did not
show QPOs during the outburst observed®¥TE We looked for
QPOsin the HSS and in the ULS, where they are thought to be pro-
duced at or close to the ISCO (skotta et al. 2012Motta et al.
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2015. We analyzed all the observations in tRXTE catalogue

in the HSS and ULS that have not been includedviotta et al.
(20144ab, 2015. Then we added also the QPOs found in the previ-
ous works.

We computed the PDS using a custom software under IDL in
the total and hard energy band @ — 37 keV, absolute channels
0-64, and~ 6 — 37 keV, absolute channels 14-64, respectively).
Since QPOs typically show a hard spectrudololewska &Zycki
2006, producing the PDS using only hard photons maximizes the
chances of detecting a faint signal, whose intrinsic vditgtzould
be diluted by the non-variable photons from the accretign,dhat
dominates in the soft states and emits mostly below 6 ke\sifor
ilar reasons, we did not consider the photons above chadnéh®
efficiency of the PCA drops dramatically abov80 keV and the
variability coming above this energy is mostly Poisson eois ad-
dition, in the HSS the energy spectrum is typically very gtedth
very little or no signal above 20 keV. In a few cases we could not
produce PDS in the hard band since the data modes did notigllow
therefore we only analyzed the total energy band PDS (ch&ane
64 if available, otherwise channels 0-249). We used 16 g-ilater-
vals and a Nyquist frequency of 2048 Hz to produce the PDS;lwhi
were then normalized followingeahy et al(1983 and converted
to square fractional rm®glloni & Hasinger 1990 We measured
the integrated fractional rms (i.e. the rms from the entiSIPin
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wherer is the radius (in units of the gravitational radiig =
GM/c?) at which the frequencies are producads the dimension-
less black hole spin parameter, akdis the black hole mass. The
signs plus and minus refer to prograde and retrograde priits
spectively.

According to the RPM, type-C QPOs are associated with
the Lense-Thirring precession frequengy, the lower HFQPO
to the periastron precession frequengy and the upper HFQPO
to the orbital frequency,. Under the hypothesis that when ob-
served simultaneously, these frequencies are producéke aame
radiusr, the equations above - linking the black hole parameters
(spin and mass) to the QPO centroid frequencies - form a sys-
tem of three equations in six variablea; i, r, vy, vper, vi7). There-
fore, when a type-C QPO and two HFQPOs are detected simul-
taneously, one can solve the RPM system of equations exactly
(Ingram & Motta 2014, obtaining precise values fa, M andr
(Motta et al. 20141a).

In this work we assume that the highest frequency type-C QPO
detected in the HSS or ULS for each source corresponds to the
Lense-Thirring precession frequency of a test particla@i$CO.

The radius of the ISCOrsco), as predicted by the theory of Gen-
eral Relativity, is only a function of the black hole dimemdess
spin parameter (see, e.&tella & Vietri 1998. Therefore, substi-
tuting the expression afisco into the equations above, allows us

the 2-15 keV band and between 0.1 and 64 Hz. From now on, if not to remove the variable from the RPM system and thus to obtain

otherwise stated, by rms we refer to the integrated fraations.

equations that only depend & anda. This implies that, if either

Then, we inspected all the PDS selecting only those where we the mass or the spin are known, one can obtain an estimate of th

detected one or more narrow peaks and fitted them using the sta
dard XSPEC fitting package with a one-to-one energy-freguien
conversion and a unity response matrix. FollowBelloni et al.
(2002, we fitted the noise components with a number of broad
Lorentzians and the hints of QPOs with narrow Lorentzians
constant component was added to take into account the loontri
tion of the Poisson noise. We estimated the statisticalfsignce

of these peaks and we excluded all features with singlegigaif-
icance below 3. Then we considered also the number of trials in
the calculation of the significance and we discarded all tekp
that resulted not significant after this analysis. We rejeéetiso the
peaks with quality factor (i.e. the ratio between centroédjifiency
and FWHM of the QPO peak) < 2. Since in the HSS both type-C

other parameter detecting just one QPO and using the rekiéd
equation. While BH spin measurements can be obtained only in
directly and are oftenféected by large uncertainties, BH masses,
instead, can be inferred through dynamical studies. Thealitire
includes to date mass measurements for a few tens of comipact o
ject in binary systems, including several stellar mass BMs.can

thus make reasonable assumptions on the mass range spanned b
the BHs hosted in the systems of our sample. This means tieat, e
without a dynamically determined BH mass, we are now able to
place limits on the black hole spin using the RPM. In pringjphis

could be done with any QPO relevant for the RPM (type-C QPO,
upper or lower HFQPO). However, type-C QPOs are much more
common and easier to detect than HFQPOs and can be detected in

QPOs and HFQPOs can be seen, we classified the QPOs we foundbasically all spectrgiming statesotta 2016, including the HSS

following Motta et al.(2011) andMotta et al.(2012.

3 THE RELATIVISTIC PRECESSION MODEL:
CONSTRAINING THE SPIN

The fundamental frequencies of a particle orbiting a spigtilack
hole are given by (from lowest to highest frequency):

VIT = Vg []_ — (1 ¥ 4ar—3/2 T 3a2r_2)1/2] (1)
= -1 -3/2 5 _\1/2
c 1
: 3

T *%GMrZz1a

2 Type-C QPOs sometimes show significant harmonic contereély in
the hard states. However, a single Lorentzian is alwaysgintaffit type-C
QPOs in the HSS.
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and ULS.

In order to place limits on the spin in those cases where
a dynamical BH mass is not available, we choose a conserva-
tive range of masses, based on the mass distribution of BHBs
(Casares & Jonker 201:43—20M,,. The smallest dynamically con-
firmed stellar mass black hole is GRO J1655-40, with= 5.4M,
(Beer & Podsiadlowski 20021n a similar way, the upper limit is
based on the fact that the heaviest dynamically confirmdthiste
mass black hole in a Galactic binary system is the one in GRS
J1915-105 (Reid et al. 2014 with a black hole of 12IM,,. There
is no evidence for heavier stellar mass black holes (evamgtha
binary with two 3M, BHs has been recently detect&ldbott et al.
2016, therefore we assumed a conservative upper limit on the mas
of 20M,,.

We explore the range between 3 and150 Hz for the LT
frequency. The lower limit is chosen based on the obsemailtio
evidence that all BHBs show type-C QPOs reaching at least 3 Hz
(Motta et al. 2015 Even if type-C QPOs are typically observed
below~30 Hz, we decided to conservatively explore a wider range
of frequencies. Indeed, it is worth noticing that a type-CQQP
produced around an almost maximally spinning black holg. (e.
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Figure 1. Couples of mass-spin values that give the LT precession fre-
gquency. The numbers are the frequencies evaluated in Hh. [Bacis ob-
tained numerically solving ed.assuming a frequency range from 3 to 147
Hz.

a = 0.98 obtained for GRO J1655-40 using spectroscopic meth-
ods) should have a frequency above 100 Hz. Since in prinaiple
type-C QPO these high could be detected, we choose a widge ran
of frequencies to explore this possibility and in order tauguntee

an unbiased analysis.

GRS J1915105 shows HFQPOs around 67 H&drgan et al.
(1997) while the other sources show this type of QPOs above
150 Hz. Therefore, for periastron precession frequeneied 6r-
bital frequency, coincident with the periastron precesfiequency
at the ISCO) we assume a lower limit of 50 Hz and an upper
limit of 350 Hz since this is the highest observed HFQPO so far
(Strohmayer 2001Belloni et al. 2012 We stress that, according
to the RPM, it is possible to distinguish type-C QPOs from the
HFQPO associated to either orbital or periastron motiooesihere
is N0 mass-spin combination that gives the same frequendyofth
motions.

In Figure1 we show the Lense-Thirring precession frequency
vit evaluated at sco for every mass and spin couple within the
ranges 81, < M < 20M; and O< a < 1 (i.e. we considered only
prograde orbits). Note that for clarity we only show Lenggriing
frequencies spaced by 9 Hz. For comparison, we also shovgin Fi
2 the periastron precession frequencieggio with the same spin
and mass ranges.

In order to place limits on the spin value, we selected thi-hig
est frequency type-C QPO for each source (considering lhath t
QPOs we found in this work and the QPOs reporteilaita et al.
2012 2014ah, 2015 and then solved eql) for the spina after
substituting the expression gco. We used either a known value
for M (when available in the literature), or we assumed the mass to
lie in the range given above.

4 RESULTS
4.1 QPO Classification

Plotting the total integrated fractional rms versus thetroedh fre-
quency of a QPO is a useful method for distinguishinfjedent

20

18

MM

0.2 0.4 0.6 0.8

Figure 2. Couples of mass-spin values that give the periastron psiEces
frequency. The exactly same plot is obtained considerirgottbital fre-
quency at the ISCO. Indeed, at the ISCO there is no radidlatsm in the
frequency, thusper = v4. The numbers are the frequencies evaluated in Hz.
Each line is obtained numerically solving é&pssuming a frequency range
from 50 to 350 Hz.

types of QPOs, which in a rms vs frequency plot are known to
generally form diferent, well defined groups (see eGasella et al.
2005 Kalamkar et al. 2011Motta et al. 2012 In particular, type-

C QPOs are known to correlate well with the rms, forming in a
frequency versus rms plane a curved track with rms decrgésin
increasing frequency, breaking ateax ~10 Hz. The slope is al-
ways steeper for the high-frequency half of the correlatiack
(see, e.g.Motta et al. 201Zor the case of GRO J1655-40). HFQ-
POs, instead, form aflierent group of points at significantly higher
frequencies and rms comparable to that of type-C QPOs faund i
the soft state (Motta et al. 2016, in prep).

In Fig. 3, we plot the integrated fractional rms versus the cen-
troid frequency of the QPOs for each source of our sample.e&le s
that for most of the sources the QPO centroid frequency lkede®
well with the rms, forming a curved track. In the plot we marikhw
black dots the QPOs reportediotta et al.(2012 2014ab, 2015
and with red stars the type-C QPOs found in this work.

4.2 Evidence of QPOs in the soft state

It has been shown that for two sources in our sample, GRO 31655
40 and XTE J1550-564 (se®aito et al. 200For GRO J1655-40
andKubota & Done 2004or XTE J1550-564), the accretion disc
inner radius remains constant for most of the HSS, providing
strong evidence for the accretion disc having reached t@OIS
(see alsdSteiner et al. 201,IMotta et al. 2014aPlant et al. 2014

It is worth noticing that the QPOs in the HSS of these two sesirc
stand out in terms of very low rms and high Q factor (see Table
1). Given the behavior of the sources of our sample (and of tran
sient BH X-ray binaries in general) in the HIDs, it is readaleao
assume that the inner disc radius does indeed reach the IBLO a
time a source is observed in the HSS, which is basically theesa
assumption used for the spin measurements based on spepiros
(see e.gMcClintock et al. 2014and references therein). Since the
type-C QPOs detected in the ULS have frequencies very ctose t
those observed in the HSS (see &lotta et al. 2019, we extended

MNRAS 000, 1-10 (2016)



Type-C QPOs in soft state 5

" 4U 1543-47 100 4U 1630-47 100 GRO J1655-40 0 GX 339-4
® Mottaetal. (2015) E F
% Type-C (this work) r 1 r
oe 1 3 1 e et o e m,.o:.. 'y
. 1 0 . 10 ~ ool
. .
10! 4 W' e 4 w0k "o“ 4 'k -
* ] r s ] r % [ ] E *
] L ] L - ] L
10-2 el ] g el vl g vl g T | .
10° 10! 102 107! 10° 10! 10 107! 10 10" 102 107! 10° 10! 102
10-1 XTE J1817-330 100 XTE J1550-564 100 H 1743-322 100 XTE J1859+226
@ ] 3 E E E
£ 1 u ] L ] r
E *e 1 :o Lol TN % ] f’ . XY ) o‘o:,.. 1 C . c e,
S 1 e e, Y
9 1 1w - 0k o 0l E . E
g E 3 E F E L
3 . !
©
> LX)
o
Ejpe Ll ] g il Ll T il ] g .
10° 10! 10% 107! 10" 10! 10 107! 10" 10! 10° 10!
10 XTE J1650-500 100 (XTEJI748288 XTENT7S2228 100 MAXI 1545-564
10 b ‘eew . | , e .
o o Mo g E o E . . .
LT Y . ] F ] | ° - .
L ] .
.,
101 101 . . R 10-1

10° 10! 10° 10!

L PR 10 2
10° 10! 10! 102
centroid frequency (Hz)

Figure 3. Integrated fractional rms versus QPO centroid frequenaghEpoint corresponds to a singRXTEobservation. Each panel refers to a single source
of our sample.

this assumption also to the ULS. However we decided not toepla  obtained applying the RPM to our sample in Talldn the first
upper limits using type-C QPOs in the ULS since they might be column are listed the source names and the second conta&ns th
underestimated. We describe below in Secdd®ithe uncertainty Obs-ID of the highest detected type-C QPO. The third, foartt
in the spin estimate produced by using this assumption. fifth columns contain the highest type-C QPO frequency arad-qu

If the highest type-C QPO is detected in the HSS, we can ity factor and the total fractional rms respectively. Thelscolumn
therefore assume that it was produced at the ISCO and thae pla indicates whether the highest type-C QPO was detectedsrothi
a lower and an upper limit on the spin assuming a lower and an in previous works fotta et al. 201220143ab, 2015 Homan et al.
upper limit for the mass. For those sources for which we did no 2005. The last two columns contain the state in which the highest
detect a type-C QPO in the soft state, we can still use the-high type-C QPO was detected and the spin limits obtained respbict

est frequency type-C QPO froMotta et al. (2012 2014aDb, 2019 We would like to stress that we performed a systematic search
to place a conservative lower limit assuming a lower limit ioe for type-C QPOs in the HSS and ULS. For those sources for which
mass since these QPOs probably corresponded to radii ku@er e did not detect any type-C QPO in these states we used tae typ
the ISCO. In these cases an upper limit on the spin would bamea ¢ QpOs reported iMotta et al.(2015. For completeness we were
mglesg (andin f&}Ct not correct) given our assumptions. made aware of the fact that there are two QPOs at even higher fr
F|g. 4 contains the HIDs of the 5 sources that showe_d type-C guencies missing iMotta et al.(2015 for XTE J1859-226 and
QPOs in the HSS. The red dot_s represent th_e observation® of th xTE 31650-500. Thus our lower limits for these two sources ar
newly detected QPOs. By looking at these diagrams and the rmsgjightly underestimated. We decided not to add these QPOsrin

values in tableA\1 it is clear that the type-C QPOs in GX 339-4, 4U  \york since we do not want to bias the analysis performed.
1543-47 and XTE J1817-330 were detected in soft stategddst

the type-C QPOs in GRO J1655-40 and 4U 1630-47 have been de-
tected in the ULS. We can reasonably assume that also int#tes s
the accretion disc inner radius reaches the ISCO since¢hedn-

cies of type-C QPOs in the ULS are similar to those detected in
the HSS. In the 4U 1543-47 HID we marked with red dots the two
different type-C QPOs we detected that slightly overlap wittheac
other. Thus these HIDs contain all the 6 new QPOs found in this
work.

For most of the sources of our sample there is no independent
mass measurement, thus we assumed the mass to lie in the range
3 - 20M,. In a few cases, however, we have better constraints on
the black hole mass and thus on the spin value. The lower limit
for the black hole mass in GX 339-4 idv (Hynes et al. 2003
Mufioz-Darias et al. 2008Thus we can place a stricter lower limit
on the spin valueaoyer = 0.16. Since we are assuming BH masses
up to 2V, the upper limit for the spin of GX 339-4 &pper =
0.38.

For both GRO J1655-40 (31 + 0.07 M, Motta et al. 2014pn
and XTE J1550-564 (2 + 0.6M, Orosz et al. 201lwe have a
good independent mass measurement. Using these dynaneisall
We placed lower limits on the BH spin for each source of our-sam timated mass values, we can narrow significantly the spigean
ple as described in Secti@ For the sources with the highest type-  of values for the two sources (see Talhje The spin values found
C QPO detected in the soft state we did also place an uppér limi by Motta et al.(2014ab) (a = 0.290 + 0.003 for GRO J1655-40
(assuming an upper limit on the mass). We summarize thetsesul anda = 0.34+ 0.01 for XTE J1550-564) are, as expected, in good

4.3 Constraining the spin

MNRAS 000, 1-10 (2016)
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Figure 5. Relative change in the spin estimate assuming that the QPO is
produced by an extended rigidly precessing structlmgrém et al. 2009
rather than a test particle at ISCO, as a function of the raditent of the
precessing structungt/rin, whererqy is the outer radius and, = risco

is the inner radius of the structure.

agreement with the range we inferred using the RPM with tgk-hi
est type-C QPO at the ISCO.

As mentioned above, there might still be the possibilityt,tha
even in the soft state, the disc does not extend down to th®]SC
but somewhat close to it. In this case, one can still relaaeQRO
frequency to the spin of the black hole, because we expett tha
the hot inner flow would have a finite and small radial extent
so that it would precess as a rigid bodpdgram & Done 2011
Franchini et al. 2016 Thus, we can assume that the hot inner flow
extends from the ISCO to an outer radiRg:, and then compute
the spin value that would reproduce a given QPO frequenaygusi
for example eq. (1) inngram & Done(2011). In this way, we can
thus estimate the associated change to the spin value ettom
the RPM model, as a function &,,. For instance, using the high-
est type-C QPO detected in GRO J1655-40 (i.e52Hz) together
with the mass estimate for this source, we can evaluate tberun
tainty with respect to the value obtained using the RPM. Esealts
in this case are shown in Figube The x-axis is the ratio between
the outer radius of the inner accretion flow and the ISCO ard th
y-axis is the relative change in the spin value. A similar itgsalds
also for diterent QPO frequencies.

5 DISCUSSION

We analyzedRXTEobservations of 12 black hole transients that
showed a transition to the soft state. We considered oltsemga

in the HSS and ULS of these sources. We then assumed that the
highest frequency type-C QPO has been produced at the IS@O an
we applied the RPM in order to place limits on the spin valugsT

is done either using a known value of the black hole mass or as-
suming the mass in a reasonable range of values, deaigeidri
(3—-20M in our case).

This method is based on the assumption that the inner disc
truncation radius is constant and coincident with ISCO when
BHB is observed in the HSS or ULS. Demonstrating the coinci-
dence of the inner disc truncation radius with ISCO is pnoble
atic and involves spectroscopic measurements that areagne
affected by large uncertainties. Therefore, our assumptiostzo
tutes a relevant caveat. However, both observations andations
provide strong evidence about the stability of the innec dislius
over time in disc-dominated states of BHBs (evizClintock et al.

MNRAS 000, 1-10 (2016)
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Table 1. Spin limits inferred from the highest frequency type-C QRTSLO according to the RPM. Both limits are evaluated asegraiblack hole mass
in the range 3- 20M,,. In the case of GX339-4 the lower limit corresponds M6 For XTE J1550-564 and GRO J1655-40 the limits corresporiti¢o
measured massesla 0.6M; and 531 + 0.07M, respectively Klufioz Darias et al. 20tMotta et al. 2014fa). The first column contains the name of the
source, the second is the Obs-ID of the highest type-C QPé€zet The third, fourth and fifth columns contain the progerof the QPO, i.e. frequency and
the Q factor, and the total fractional rms. The sixth columdigates whether the highest type-C QPO has been detedtaid imork or the previous ones. The
seventh column indicates the state in which the QPO wastddtead the last column contains the spin limits.

Target Obs-ID Vmax (HZ) Q rms New ? state spin limits
GX 339-4 92085-01-02-03 189+0.18 346+0.50 505+0.03 yes HSS 0.16-0.38
4U 1630-47 80117-01-07-01 ®BD+0.28 217+0.27 95+ 04 no ULS >0.12
4U 1543-47 70133-01-01-00 1 +0.18 257+0.27 42 +0.03 yes HSS 0.13-0.47
XTE J1859-226 40124-01-14-00 .B6+0.06 276+0.18 124+ 04 no HIMS >0.07
XTE J1650-500 60113-01-13-02 .83+ 0.05 805+ 1.23 208+ 0.3 no HIMS >0.06
XTE J1817-330 91110-02-32-00 .82+ 0.5 293+0.82 57+0.1 yes HSS 0.08-0.36
XTE J1748-288 30171-02-01-00 35+0.13 600+0.42 102+ 05 no HIMS >0.23
XTE J1752-223 95360-01-11-00 .46+ 0.13 36+11 234+12 no HIMS >0.06
XTE J1550-564 40401-01-48-00 18+ 0.06 19+ 4 6.2+0.1 no HSS 0.31-0.34
MAXI J1543-564 96371-02-02-01 .B2+ 0.04 102+14 273+12 no HIMS >0.05
H1743-322 80135-02-03-00 B 0.2 126+ 6.3 44+0.2 no ULS >0.12
GRO J1655-40 91702-01-17-01 .81+0.13 44+ 21 27+0.1 no HSS 0.29-0.31

2014). Tanaka & Lewin(1995 showed that the inner radius is re-
markably stable also if the thermal flux of the source stgadi-
creases on timescales of months by one or two orders of nuaignit
Similar evidence for a constant inner disc radius in the stfte
has been demonstrated for many sour&Emg et al. 200And ref-
erences thereirRlant et al. 2014Plant et al. 201p According to
Tanaka & Lewin(1995), the constancy of the inner radius suggests
that it is related to the ISCO. More recen@teiner et al(2010
found another evidence of a non varying disc inner radius tves

for the source LMC X-3, unfdected by the high variability of this
source. Nevertheless, since we cannot be certain of theideimce

of the inner disc radius with ISCO for all the sources of oungke,
excluded GRO J1655-40 and XTE J1550-564 (for which the coin-
cidence has been demonstrated explicitly), we advice tdereto
consider the inferred limits with caution.

The rigid precession of the inner accretion flow as an ex-

frequency for a given source results in an underestimatidroti
upper and lower limit of the spin. In other words, when estima
ing the spin range from a type-C QPO that is not the highest in
frequency, we would be following the wrong track in Fig.that
would be found to the left of the track corresponding to thieiac
highest frequency type-C QPO. Thifext is larger for QPOs that
are not detected in the HSS, therefore produced at a raditissth
almost certainly larger than ISCO.

We note that the dierent tracks in Figl tend to lay closer
to each other for high frequencies (i.e. above 80 Hz). Thuss, t
error on the spin estimate might be dominated by that on thesma
if the QPO frequency is very high. In general, the two unéetya
that contribute to the error on the spin value are that on thekb
hole mass and the identification of the highest type-C QP®. Fo
instance, if the actual highest type-C QPO was produce@wat36
Hz instead of being detected at 21 Hz, the error that we cormmit

planation of type-C QPOs has been supported by several stud-the spin estimate is of the order of a few percent.

ies (ngram et al. 2009Ingram & Motta 2014Ingram et al. 2016
The rigid precession model tends asymptotically to the RBM f
radii approaching the ISCO, therefore, given the stabiitythe
disc inner radius in the soft state, the RPM represents a gped
proximation of the rigid precession for truncation radieice hot
flow outerradii) very close to the ISCQrfgram et al. 200p

The approach we used in this workfférs from that of
Ingram & Motta (2014, which always requires that at least two

5.1 Comparison with other methods

For some sources of our sample the spin has been also measured
through X-ray spectroscopy by fitting the thermal disc emiser
by modelling the disc reflection spectrum. F&shows the spin
measurements found in the literature obtained from X-ragcsp
troscopy versus the spin values we inferred from timing ysisl

QPOs are detected simultaneously (the type-C QPO and onejn this work. The black line marks the position where the mea-

HFQPO) in order to place an upper or lower limit on spin andsnas
depending on the case considered. Here we assumed thagjthe hi

surements should fall if there was perfect agreement betweec-
troscopy based measurements and timing based measurements

est frequency type-C QPO is produced at the ISCO. Thus the RPMtwo out of five sources (XTE J1550-564 and 4U 1543-47) the spin

system of equations is reduced to just one equation (i.¢1pdbhat
gives either a lower limit (if the highest type-C QPO was net d
tected in the HSS) or a range of spin values. The ranges aad fro
there is no independent (e.g. dynamical) mass measureweiht a
able, or significantly narrower if the mass is known. The oeas
that the uncertainty on the spin is completely dominatechieyetr-

measurements obtained with spectroscopy and timing dceagre
In particular, Morningstar & Miller (2014 obtained a spin value
a = 043932, in agreement with our values, for 4U 1543-47 us-
ing both the spectral continuum fitting method and the irom i
fitting method simultaneouslgteiner et al(2011) used data from
the BHB XTE J1550-564 to model the continuum and to fit the iron

ror on the mass (much larger than the error on the QPO centroid jine obtaining two diferent spin measurements, that combined re-

frequency).

In principle we can never be completely sure that the type-C
QPO we assumed to be the highest is actually the highest geddu
by the source in the soft state. There is always the podgiltiiat

sulted in a spin o& = 0.497323 which is marginally consistent with
the spin range that we report (see Table
For 4U 1630-4King et al.(2014 measured the spin by fitting

the continuum spectrum of the source, obtaining 0.985739%,

an even higher frequency type-C QPO has been produced and notvhich is in principle compatible with our lower limit (i.e..1R).

detected. Using a type-C QPO that is not at the highest gessib

MNRAS 000, 1-10 (2016)

For XTE J1752-223 and GX 339-4, spectroscopy returned high
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spin values using both continuum fitting and the reflectiordeho
(Reis et al. 2011 Miller et al. 2002 Reis et al. 2008 Reis et al.
(2011 found an intermediate black hole sgn= 0.52 + 0.11 for
XTE J1752-223 while for GX 339-4 an almost extreme spin value
a = 0.935+0.010 has been inferred. While for XTE J1752-223 we
were able to place only a lower limit on the spin thus our figgin
are still consistent with the results obtained using spsctipy, the
spectroscopic estimate of the spin in GX 339-4 is not coasist
with the range obtained using the RPM.

Motta et al.(20149 measured with unprecedented precision
the mass and spin of the BH in GRO J1655-40 applying the
RPM using the three QPOs that have been simultaneously ob-
served Motta et al. 2012Strohmayer 2001 They inferred a mass
M = 531+ 0.07M, and a spin valua = 0.290 + 0.003 that is,
as expected, in good agreement with the range obtainedsipahi
per. Through spectroscopic studiedfelient, much higher, values
of the spin have been inferred. By modelling the thermal spkc
continuumShafee et al2006 found a spin ranga = 0.65- 0.75.
Reis et al(2010 placed a lower limia = 0.9 by fitting the strong
reflection features in the spectrum avidler et al. (2009 obtained
a highly spinning black hole with = 0.94 — 0.98 using the same
method. Both the spectroscopic methods rely on the assompti
that the inner edge of the disc corresponds to the ISCO, which
might not be a correct assumption in all spectral states tfeac
black holes (see, e.done et al.(2007). Furthermore, in order
to use the spectral continuum fitting method, one must alswkn
the black hole mass, the inclination of the (inner) accreticsc
with respect to the line of sight and the distance to the soukt
these factors introduce large uncertainties and possiphifieant
biases in the spin measurement. For instance, as alreaelg hypt
Motta et al. (2014 in the case of GRO J1655-40, the disagree-
ment between spin measurements inferred throufjardint meth-
ods might be due to the high inclination of the inner accretisc
with respect to the outer disc (i.e. the orbital inclinaji@md to
the line of sight. When such misalignment is not taken inte ac
count, the final spin measurement can be largely biased. Piv R
method does not depend on any of these variables, and inske ca
where 3 QPOs are simultaneously detected, it allows to istlf
consistently mass and spin of the BH. The precision on thezried
parameters is only driven by the precision in the QPO fregiesn
measurement.

L0 o 1 T T
08 |- _
0.6 _
54
% -0
3 |
04 |- _
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02 o XTEJ1550 ||
e (GX3394
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Figure 6. The horizontal lines represent thdtdrent ranges of spin values
obtained in this work for each source. The black, red, greehcgan lines
refer to 4U1543, XTE J1550, GX 339-4 and GRO J1655 respégti@n
they-axis the dots represent the values obtained using spegpiasmeth-
ods with the correspondent error bars. The black line repissthe case
Aspec= ARPM-

then applied the RPM. This choice is justified by the fact thaéite
HSS the disc is expected to extend down or very close to th®©ISC
As a consequence, the inner accretion flow is extremely wamo
this state and we assumed that its Lense-Thirring frequeagyoe
well described by that of a test particle at the ISCO. Acaggdd
the RPM, we associated the highest frequency type-C QPO with
the Lense-Thirring precession frequency of a test partitléhe
ISCO. We then inferred lower spin limits for all the sourcésuor
sample and upper limits for the ones that showed type-C QROs i
the HSS or ULS, assuming a reasonable range of black holeemass
or using the actual mass value for those source where a dgabmi
mass measurement is available. We successfully appliciRihé
to all the sources in our sample that showed type-C QPOs in the
HSS or ULS.

Our results are in good agreement with those inferred using

More spectroscopy-based and timing-based measurements obther spectroscopy-based methods (continuum fitting ndesimal

the spin are necessary to confirm the validity of the RPM nttho
and to test its consistency with other methods. New gererati
satellites (such as eXT#Zhang et al(2016)) will provide more and
better data to test this and other methods for spin measuatsme

Finally, as already noted bMlotta et al.(20148, we would
like to stress that the RPM is a simplified model aimed at dleisicy
rather complex physical conditions, such as those encmdia
the innermost disc regions around an accreting compactiofjee
RPM does not include yet a production mechanism for the QPO
signals (but se®saltis & Norman 200@r Schnittman et al. 2006
for possible mechanisms), which remains an open questide to
investigated in the future.

6 SUMMARY AND CONCLUSIONS

In this work we placed limits on the value of the black holendjir
several binaries through the sole use of X-ray timing. Irtipalar

we looked for type-C QPOs in the soft state for a number ofeasir
selected based on the presence of type-C QPOs in their P@S, an

the K« line modelling ) only in two cases. Next generation satel-
lites, characterized by a higher signal-to-noise ratiohmlgelp in
solving the issue of spin measurements.
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APPENDIX A: POWER DENSITY SPECTRA AND
PROPERTIES OF QPOS

FigureAl shows a selection of PDS containing a type-C QPO de-
tected in the HSS and in the ULS. From top to bottom, the PDS
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ObsID v(Hz) Q rms
GX 339-4
92085-01-02-03 10.59 3.46 0.05
4U 1630-47
70417-01-09-00 12.3 2.15 0.033
4U 1543-47
70133-01-01-00 15.37 257 0.042
70133-01-05-00 15.0 3.75 0.046
XTE J1817-330
91110-02-32-00 9.6 293 0.057
GRO J1655-40
10255-01-05-00 10.7 2.7 0.011

Table Al. Properties of the QPOs found in this work divided by source. F
each QPO the first column contains the ObsID, the second isethieoid
frequency, the third is the quality factor Q and the last ané integrated
fractional rms.

come from GX 339-4, 4U 1543-47 and GRO J1655-40 respectively
The first two QPOs are characterized by a strong and narrolw pea
at frequencies of the order of 10 Hz. The third is a small tfoug
significant (3.96-, single trial) peak at 23 Hz.

We report in Tabl&\1 the properties of the new QPOs detected
in this work: the ObsID, the centroid frequency, the qudiégtor
and the integrated fractional rms. Note that the total fometl rms
measured for the observation where a given QPO is detectdd is
ways< 5%, which shows that all these QPOs were detected in soft
states. As noted elsewhere, this implies that the inner rdiditis
is close or coincident to the ISCO and the RPM can be applied to
obtain a constrain on the spin of the central black hole.
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