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1 INTRODUCTION

ABSTRACT

We demonstrate a new method of variability classificationgiebservations of black hole
X-ray binaries. Using ‘power colours’ — ratios of integrdtgower in diferent Fourier fre-
quency bands —we can clearhfférentiate dierent canonical black hole states as the objects
evolve during outburst. We analyse 2400)Rossi X-ray Timing Explorer observations of 12
transient low mass black hole X-ray binaries and find thatpiitn taken around the power
colour-colour diagram as the sources evolve is highly ctest from object to object. We
discuss how the consistency observed in the power coldorcdiagram between fierent
objects allows for easy state classification based on ordwabservations, and show how the
power-spectral shapes can be simply classified using aespaghmeter, the power-spectral
‘hue’. To illustrate the benefits of our simple model-indegent approach, we show that the
persistent high mass X-ray binary Cyg X-1 shows very sinplewer-spectral evolution to
the transient black hole sources, with the maiffiedlence being caused by a combination of
a lack of quasi-periodic oscillations and an excess of Imgdiency power-law noise in the
Cyg X-1 power spectra during the transitional state. We e¢sopare the transient objects to
the neutron star atoll source Aquila X-1, demonstrating thataces a dierent path in the
power colour-colour plot. Thus, power-colours could be fiaative method to classify newly
discovered X-ray binaries.

Key words: X-rays:general - X-rays:binaries - X-rays:individualgwus X-1, Aquila X-1

blackbody-like component, associated with an opticaligktac-
cretion disc, becomes stronger. In addition the peak tiadesdor

The X-ray emission from black hole X-ray binaries shows dis- the power spectral features shorten and the variabilitgines con-
tinct changes over time, interpreted as evidence that thetste centrated in a narrower frequency range (0.1-10 Hz). Thigpis

of the accretion flow and the X-ray emitting regions closeht® t  cally close to the peak flux of the outburst and is classifiethas
black hole evolve over the course of the outburst. For the-tra hard-intermediate state (HIMS). The reduction in timessdias
sient, black hole low mass X-ray binaries (LMXBSs) this bebav been interpreted as evidence for the inner edge of the distgo

is classified into a series of common “states”, accordingdthb  closer to the black hole. As the disc inner edge moves claser,
the energy spectral and timing properties averaged overban o creased disc photon flux incident on the hot corona causdisgoo
servation (see reviews by Remillard & McClintock 2006; Bell thus making the power-law steeper (see 2607)
[2010b). LMXBs rise in flux out of quiescence in a hard state some point the broad-band variability disappears leavorgidant
with the energy spectra dominated by strong power law eorissi  quasi-periodic features, often with a fundamental compbaé~
This emission is interpreted as originating from Comptoatsc 6 Hz and some weak variability on short timescales — this mark
tering within a hot, optically thin component close to thameo the transition into a soft intermediate state (SIMS) (sgé@elloni
pact object (see em@om). In the lightcurvaakids M). Little evidence for distinct filerences is found in the en-
ity is observed over a wide range offdirent timescales with sharp  ergy spectra between the HIMS and the SI 2010),
quasi-periodic features representing strong variatiores a nar- even though these dramatic changes in the broadband Viyiabi
row range of frequencies and broader, less coherent comone are observed. After this point the energy spectra are tipioa-

(see e.g Wijnands & van der Klis 1999; Klein-Wolt & van der i served to be dominated by the disc blackbody component and th

2008).

Both the energy spectra and the power spectra show evolu-
tion within the hard state as the X-ray flux from the source in-

level of variability is very low g 3 per cent fractional rms). The
source flux decays whilst the object is in the soft state aadth
ject eventually transitions back into a hard state befaraméng to

creases. The energy spectra become softer and emissionafrom quiescence. The spectral evolution of BH LMXBs over timeyjs t
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ically illustrated using a hardness-intensity diagramrttdo et al.
[2001;[Bellori 2004). In this simple plot, the ratio of hardsoft
X-ray flux when compared to the total emission follows a hieste
sis curve as a LMXB goes through an outburst (see e.qg. figure 1 i
[Klein-Wolt & van der KIi$ [200B)).

Given the clear evolution of variability properties thrduidpe
different states, it is interesting to see how timing-basedifica-
tion can be used, not only to identify states but also to hedm-i
tify the physical changes linked to the spectral and timingle
tion. Recently, Mufioz-Darias etlal. (2011) demonstrated it is
possible to describe the evolution of the power spectraguaim
rms-intensity diagram (Mufioz-Darias etlal. 2011; Heillé2812),
where the rms is calculated as the square-root of the intsjra
area underneath the power spectra. Although the rms-ibtgoist
clearly demonstrates the evolution of the total power, g#sloot
contain information about the shape of the power spectruishwh
makes direct comparison betweerffelient states in objectsfii
cult, since changes in rms due to changes in power-spebtpks
cannot be disentangled from changes due to power-spedral n
malisation.

An alternative to simple rms variability measurement is to
fit the power spectrum with an empirical model, typically hwit
a series of Lorentzians of fiérent widths or bending or bro-
ken power laws (see e.OO). These models do not
have a strict physical model underpinning them (althougéa se
9) but they describe the power spectralestzay
well. Common correlations are observed between the pequdre
cies of the Lorentzians as the source evolves throuerdnt states
(Wijnands & van der Klis 1999). In the hard and hard-interiats
states all peak frequencies for the components are obserird
crease together as the flux increases (seé e.g. Axelssd{e0&t
Klein-Wolt & van der Kli$|2008). However, there are soméfidi
culties in fitting models which are not underpinned by phasic
descriptors. Firstly, The definition of characteristicouencies is
clearly strongly dependent on the model chosen. Secontlggfi
is complicated in observations when the signal to noise istiow
as it can be dficult to discern which features are present. Finally,
whole-scale global changes to the power spectra, such as tho
commonly observed in transitions around the intermeditttes
make identification of individual componentdfiitiult to track and
identify. All of these features complicate attempts to melkect
comparisons betweenftérent objects and states.

Therefore, to address the complications with current nastho
of classifying timing behaviour, and inspired by the use of e
ergy spectral ‘colours’ or hardness ratios we develop i fa-
per a simple ‘colour based’ approach to classifying powecsp,
by defining ‘power colours’: ratios of integrated power (ivari-
ance) measured overftiirent Fourier frequency ranges. We apply
this approach to the huge archive of observations of trahbiack
hole LMXBs obtained by th®ossi X-ray Timing Explorer (RXTE).
Power-colours can be measured as long as the rms-variandeca
measured in all set frequency bands, meaning that iffectve
even in observations with low signal to noise (i.e. even witen
power is very low but just above the Poisson noise). We fintktea
different objects follow a distinct and consistent track in a gew
‘colour-colour’ diagram and show that this track lendslitse a
single-value parameterisation of the power-spectralekapd thus
source state), which we call the ‘hue’ of the power spectrbin.
nally we demonstrate that the method allows for direct caispa
of the behaviour of dferent classes of source, namely the LMXBs
and the high mass black hole X-ray binary Cyg X-1, as well as th

Source Name Total Obs.  Good Obs.
1) (2 3)
GX 339-4 619 457
XTE J1118-480 65 48
GS 1354-64 7 7
4U 1543-475 51 21
XTE J1550-564 268 201
XTE J1650-500 97 41
GRO J1655-40 438 312
XTE J1720-318 85 10
H 1743-322 451 179
XTE J1752-223 143 64
XTE J1817-330 129 26
XTE J1859-226 107 44
Cygnus X-1 1465 1414
Aquila X-1 529 238
Total 4454 3062

Table 1. (1) Source Name; (2) Total number of observations going into
the sample; (3) “Good” observations, defined as those whereariance is
constrained as non-zero at a3vel in all four frequency bands. Combined
observations are counted as a single observation

State Start  Stop
1) (2 3)
Hard 340 140
Hard Intermediate 140 220°
Soft Intermediate 220 300
Soft 300 20°

Table 2. Approximate angle or ‘hue’ ranges around the power colalowr
diagram for various states. Angles are derived from a seajonaxis de-
fined at a 45 angle to the plot axes from position 1 in Figlie 2b. Definition
are based on observed power spectral shape.

accreting neutron star atoll source Aquila X-1, revealimgiguing
similarities and dferences with the black hole LMXBs.

2 DATA ANALYSIS

We use the extensive database of RXTE observations of 12 tran
sient Low Mass Black Hole X-ray binaries and all observagioh
Cygnus X-1 and Agl X-1, the selected objects and number aftebs
vations for each is shown in Talilé 1. Power spectra werectgtia
from RXTE PCA (Proportional Counter Array) lightcurves binned
up to /128 s with 512 s segment size such that the lowest frequency
was ¥512 s. The broad-band energy range was chosen to be that
closest to 2-13 keV, dependent on the mode the observatisn wa
taken in and correcting the channels chosen for changes igetin

of the instrument over time. The lowest energy bin was exadud
due to known calibration issu004)°.r8ictic
event modes (i.e. Event and Good Xenon modes) were preferen-
tially chosen due to their superior time resolution, butestfic
binned modes were used when these were not available. Imaene
measurements were taken for single observations, howetielirb

the soft states and the low flux hard states where the vatatsil

© 2002 RAS, MNRASO00, [IHI0
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Figure 1. Power-diagram for the ratios shown for all observationdefttansient black holes included within our sample. Allealt are individually colour-
coded according to the legend. PEYariance in 0.25-2.0 Hz0.0039-0.031 Hz and PC2variance in 0.031-0.25 H2.0-16.0 Hz

close to the Poisson noise level, it was necessary to conthene  pendence on a value describing the fractional rms which raay v

power spectra for multiple observations in order to redhesetror from object to object. For example, the use of ratios of iratsp

on the rms-variance measurements. These groupings wesercho power ensures that théect of any constant component within the
carefully primarily on the basis of similarity in positiomohe HID lightcurve, which will dfect the observed variability amplitudes, is
(each group fell within a 5 % range in hardness) and time {wih removed.

days of each other) but we also avoided grouping obsensatidtt We then took the ratios between the variance values in dif-
obvious diferences in power spectral shape or rms. ferent frequency banddfectively measuring power-colours. The

Four broad geometrically spaced and contiguous frequency €Tors for each point were propagated in quadrature. Tiogiérecy
bands were selected, each band spanning a factor of 8 irefiegu bands are chosen to cover equal areas in log-space. Consiggue
The bands cover the range from 0.0039-16.0 Hz and are defined a When the power spectra can be described by a power law index of
0.0039-0.031 Hz, 0.031-0.25 Hz, 0.25-2.0 Hz and 2.0-16.0THe across the chosen frequency bands, the power-colour rdtalso
variance was measured in each of these bands by integratifey u be 1. The ratios were only calculated for points where thetifsaal
the power spectra and removing the Poisson noise coniei- variance was constrained at a-3evel in all 4 frequency bands in-
rors were calculated in a standard manner baseld on van der Kli Volved (these observations are classified as “good” in Table
@) (see the appendix al. 2012, for further itsta
The Poisson noise level was estimated through fitting theewhi
noise within the power spectra in order to reduce systersatims 3 RESULTS
caused by deadtimefects in the detector.

Comparison of the rms-Intensity diagrams in figure 4 of
Heil et al. mIZ) reveals that sources ifffélient states can have  The power colour-colour plot is a quick, simple way to evédua

3.1 Power-colour Analysis

similar amounts of fractional rms over a broad frequencydb&or the shape of the power spectra without requiring detailedepo
this reason we choose to compare ratios of power, therefata-e spectral fitting. We go on to demonstrate that it has the wniqu
ating the shape of the power spectra but removing the ekgkei property of showing a well constrained shape for all BH LMXBs

© 2002 RAS, MNRASD00, IHI0
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Figure 2. a: Graphic illustrating where various states appear withepgbwer-colour diagram. The area of overlap between theebimhd softest states is
also indicatedb: Power colour-colour plot for all observations of the tramsiobjects within the sample with labels indicating 20+degazimuthal or ‘hue’
regions from which the power spectra givencimere found. The plot is colour-coded for each 2n with the same colours used inc: Example power
spectra for each of the 20 degree ranges of hue around the poleer-colour diagram. Colours and indices refer to thé @gular bins used ih. Further
examples are given in the Appendix.

allowing easy state classification for new sources with @nliyn- in 0.031-0.25 Hz 2.0-16.0 Hz. These particular ratios not only

ited number of observations required. compare all four broad frequency bands used in the initialyan
Figure[l shows the power colour values for two particular fre SIS, making the most of the available data, but are also atgzar

quency ratios, Power colour ratio 1 (PC1) is defined as veeian N frequency. This plot is colour coded according to objetd

in 0.25-2.0 Hz/ 0.0039-0.031 Hz and ratio 2 (PC2) is variance the similarity in power-spectral evolution throughout flmurtsts be-

© 2002 RAS, MNRASO00, [IHI0



tween diferent sources can be clearly observed through the simi-
larity in tracks traced. Log axes are used in order to hiditiggnall
changes in power spectral shape during source evolution.

The evolution of objects around the power colour-colour dia
gram during an outburst takes the form of a loop and can belgimp
described in terms of a single dimension by measuring anwdhih
coordinate of each data point (plotted in terms of the ldbariof
the power-colours), relative to some central point. There¢point
used is the mid point of the x and y extent of the plot, with posi
tion [4.51920, 0.453724] in linear units. The semi-majdsadx de-

5

We now go on to discuss the position of observations in spe-
cific states within the power colour-colour diagram withtmardar
reference to how the gradual evolution of the power spectuaes
a loop around the parameter space.

Hard Sates: In this state the variability is strong and visible
over awide range of frequencies, as such the power spectsést®
of very broad approximately flat-topped noise, an exampietath
is shown in Figur€l2c plot 1. Due to the broad nature of theejois
the power-colour ratios are both approximately 1.0. Cousgtiy,
the points appear in the upper left hand corner of the powkrc

fined at a 45 degree angle to the x and y axes. By analogy with the diagram. This is illustrated by the yellow shaded region @ufe

‘colour-wheel’ representation of colours, we call this Enground
the power colour-colour plot the “hue”. To simplify the chéfsca-
tion we group the power-spectra according to their huettsmgithe
hue angles into 18 sectors, each corresponding to 20 degfrass
which are indexed on Figufé 2b, example power spectra fdr eac
segment are given both in Figlire 2c and the Appendix. Thessang
of hue position for the dierent states are given in Talile 2. For
an in depth discussion of power spectral evolution for miétob-
jd%over the course of an outburst see Klein-Wolt & van déef K

).

Defining the radial central point in the power-colour diagra
in an objective way is diicult due to the radial scatter and relative
sampling of diferent states, with most of the measurements being
obtained from the longer lasting ‘pure’ hard and soft stathih
populate the top left corner of the diagram. Thus the mategoin
we use for defining this radial point is practicality. Fiysthe posi-
tion of the radial centre should be relatively free of datafs so
that a continuous progression in timing properties foll@wson-
tinuous progression in hue rather than jumping sharply éetw
disconnected values of hue. Secondly, the radial centraldmot
be so far from the hard and soft-state data points that they bl
completely together into just a narrow range of hue. We firad th
our definition of the radial centre satisfies these condwairell.
Slightly different, but still reasonable, values of the radial centre
(up to 0.2 in log(power-colour) in the horizontal and 0.1he ver-
tical) give slightly diferent values of the hue for the observations,
but also lead to the same key results: namely, that the theidro
rms observed during the transition through the hard intdrate
states occurs at approximately the same hue for all objedtthat
the transition in energy-spectral hardness from the hatbde@oft
state is well defined for all objects and also occurs at theedaue
(see Figuré13 and Heil, Uttley & Klein-Wolt 2015 for furtheisel
cussions of these points). We also note that the averageoertbe
hue for the observations is Harger than the dierences expected
from small changes in the assigned central point.

For some observations there may be variation in power-colou
within the observation (see ile_Homan etlal. 2001; Mottalet al
|2012] Heil et al. 2012). This is particularly likely téfact the inter-
mediate states, with strong frequency shifting or pardicabmpo-
nents appearirdisappearing rapidly within an observation. In this
case there may be some intrinsic variation which is not fodlp-
tured by the current error bars on points within the powdowe
colour plot. However, by testing for intrinsic variation ghape
within a large sample of single observatio tm
demonstrated that this only appears fieet a small sub-set of
power spectra from BHBs. Whilst we could have measured singl
power colour points per orbit rather than per observatioarder
to limit this effect, this lowers the signal to noise and thus increases
the errors on each point. These points are then typicallyctdént

[Za. As the flux from the source increases as the outburstgsses,
the strongest variability becomes concentrated into alenmfaé-
guency range, this behaviour can be seen in power spectria 2-7
Figure[2c. Due to the more peaked nature of the broad-barsé noi
objects transition along the light grey path illustratedrigure[2a
until they reach the HIMS, we note that there is gradual eiahu

in the power spectra from the hard state into the HIMS withrze d
matic diferences between the two. Thefdience is more clearly
observed in the energy spectra, which now start to becontersof

Hard Intermediate Sates: In the HIMS (PSDs 8-11 in Figure
[Zc) the power spectra reach their most strongly peaked shthe
most power concentrated in the two highest frequency bdhaks.
to the fact that this is the most strongly concentrated tiabroad
band noise becomes, these observations can be found inttbenbo
right-hand corner of the power colour-colour diagram. TypetC
quasi-periodic oscillations are particularly strong \itkthis state
and, as they are found with a range offelient amplitudes in var-
ious objects, they can likely explain some of the spread whan
be observed in the power colour-colour diagram in this state
explore this point further in Heil et hl. (2014).

Soft Intermediate Sates. The transition to the SIMS is char-
acteristically only strongly observed in the variabilitsofn the
source. The peaked broad-band noise disappears, leaWntype-

B QPOs and weak low-frequency power-law-like noise. There i
huge variation in variability properties within this stagmme of
which is illustrated in the power spectra for positions B#iboth
[Pc and the Appendix. Evolution within the SIMS is not strdigh
forward. Sources may pass through the SIMS multiple timras; t
sitioning into a soft state or returning to a hard-internagelistate.
Consequently objects do not evolve around the SIMS partef th
loop marked out in Figurél 2a in a linear fashion, but typicakss
through this region very rapidly as they transition. Theletgrin
power spectral shapes within the SIMS explains the wideibist
tion of points in the power colour-colour diagram withingtre-
gion. However, we can still use the power colour-colour thay

to interpret what individual observations may look like é@@n
their measured hue. All observations in this state containoamgly
peaked high frequency component with the majority of the grow
above~ 1 Hz, they also contain a weak power-law like component
at low frequencies. The stronger this low-frequency conepoithe
further clockwise observations can be found on the powesurel
colour diagram. Figurgl 2¢ illustrates this point, movingnfr posi-
tion 13 to 15 a large dlierence in relative normalisations between
the low and high frequency components can be observed.

Soft states: The soft states typically show low frequency vari-
ability with an approximate power-law of -1 bending to a pere
power-law at high frequencies 6 Hz), examples can be found in
plots 17 and 18 in Figuild 2c. Although the strength of thealzki
ity in this state is much lower than that of the hard state®)06 vs.

in the diagram anyway, so we choose to continue averaging the <3%) the power-colour method removes any dependence on power

power spectra over all orbits within an observation.

© 2002 RAS, MNRASD00, IHI0
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sured in the 0.004-16.0 Hz band as used for the power coldatxc dia-
gram the full range of states is clearly visible as it folloavsvell defined
track around the power colour-colour diagram.

states appear in an identical area of the power colour-caliz4
gram to the hardest hard states (Fiddre 2c plot 1). This apéslin
the yellow shaded region on Figlrk 2a. The states of thesr-obs
vations can be easily separated by either total rms or hasceed
consequently their true states are easily identifiable.

Once objects begin the return back to the hard state theyfoll
an identical path around the power colour-colour diagratvirban
anti-clockwise direction. This is demonstrated in Figlresere
all observations follow a very well constrained path botto iand
out of outburst. Simply put, objects initially transitionoand the
power colour-colour diagram in a clockwise direction froosjion
1-18 in FigurdRb, and then return back towards quiescene® in
anti-clockwise direction (although the exact path found dach
object is clearly dependent upon the range of states sarhpldt
observations during the outburst).
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Figure 5. Power colour-colour plot binned according to the hue pasiti
around the curve for each object. Points in adjacent andpittear are con-
nected and the central point for the hue calculation is nthrke

Other frequency bands or ratios will clearly tracefefient
paths around the power-colour-colour plot. Not all pathes raec-
essarily loops, but these particular bands have been sédlecor-
der to sample the broad-band changes in the power spectiacéf b
hole X-ray binaries using observations taken with RXTE. &te
vantage in the ratios used here is that almost all stateseceleanly
separated, which is not necessarily the case when othereiney
bands are used. In addition we note that the power spectra ob-
served from black hole X-ray binaries are known to show some
dependence on energy, this is particularly visible in thermedi-
ate states, with high frequency variability being stronaieharder
energies and some low frequency noise stronger in the softsha
(see i.e. figure 6 Gierlihski & Zdziarski 2005; Wilkinson &itley
@). As such the power-colour-colour plot will show songe d
pendence on the energy band taken. The current energy badd us
(2.5-13 keV) is fairly broad, but narrower soft bands mayvsho
some shift, for instance in a harder energy band power spéettr
the HIMS become even more strongly peaked and consequbatly t
points around 180 degrees of hue will shift both farther ®right
and down.

Using the assigned 20 degree hue ranges we can also bin the
power colour-colour diagram according to source in ordetesd
how similar the power colour-colour paths are foffelient objects.

It also allows us to identify whether the spread observeche t
lower-left-hand corner is purely due to a spread betweéerént
objects. FigurEl5 shows the results for all transient blatksstud-
ied. Although single objects show significant ‘radial’ geatn the
power-colour-colour diagram their mean paths are cleanlar
with most points falling within 3 sigma of each other (for ttan-
dard error on the mean). There are some notalfferdnces, XTE
J1550-564 and H1743-322 appear to follow fiedent path out of
the hard state than other objectslMt@OM) weahem
strate that this deviation is caused by the particularlgrgfrQPOs
present in the lightcurves from these sources, direct casgraof
the power spectra at positions 6,7 and 8 (see both Figurecthan
Appendix) shows that these features are clearly much strang
these objects in this particular state than in GX 339-4. Wettal.
M) demonstrate that thisfifirence appears to be due to the
inclination angles of the sources, XTE J1550-564 and H1323-

© 2002 RAS, MNRASO00, [IHI0
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Figure 6. Power colour diagram for H1743-322 for all ‘good’ observas Figure 7. All observations of Cygnus X-1 (purple) and the transiemichl
included within the sample with observations known to showswal prop- holes (black) the similarity in power colour-colour evadut between the
erties highlighted. Observations are colour-coded adegrit hardness go- two object types is clearly visible.

ing from green-red as the source evolves from hard to s@ftsShow points

with additional low frequency QPOs and the square is an ghten with

occultation dips indicating that this is a high inclinatiobject. diagram of H1743-322 with these points identified. As thifeob
is relatively faint there are few observations when the ponvevell

constrained in all bands during the low-hard state, so thevo-

lution is not visible. However the colour-coding shows ttiese
three observations are clearly separated from their cosutis
with similar measures of hardness, the value of the ratio @@1-
taining the lowest frequency band) is smaller. This denatess

i f ob i ith simil tral sh rodel that the power colour-colour diagram can be used to ideptfyer
eters of observations with simiiar power spectral shapermoee spectra with unusual features without the detailed fittimgd) imves-

independent manner. Figdre 3 shows that there is a sligfitishi tigation often required to find them when they would not be- eas

hue for some observations of XTE J1550-564 and H1743-322 be- ily identifiable using other methods (dee Altamirano & Stratyer

tween~150 and 200 degrees, although this shift is not universally 2012 . . f .
-201 , for a discussion of the points with low frequenc POs
observed for all observations. We explore this point in nueil P q v Q

ithin the HID).
in|Heil et al. (2014). withi )

Although outbursts of individual sources follow constexin
paths around the power colour-colour diagram, overall thig 3.3 Exploring the comparison of other object typesto the

have higher inclinations than GX 339-4 and stronger QPO iampl
tudes.

We can also see this deviation, caused by the QPOs, in Figure
B In this plot we demonstrate the true power of the powerwrelo
colour diagram in that it allows us to directly compare theapa

are very similar and the power colour-colour diagram iskatgly black holetransients
consistent for a wide range of objects. It is already wellimaohat ) _
the evolution of characteristic frequencies in the powercspim Power colours can be measured for a range fiédint accreting

is highly consistent both betweenfidirent outbursts of the same  ©objects, from neutron star X-ray binaries and cataclysraiables
source and outbursts of many objects (Klein-Wolt & van degKI  to Active Galactic Nuclei. The consistency observed in thegr
[2008). However, the similarity in power-colour evolutionrther colour-colour diagram for the transient low mass black &ialeg-
demonstratem a model-independent way that the relative frequen-  gests that it may be a suitable method to classify new objpats

ciesand amplitudes of power-spectral components must vary in a ticularly given the low levels of signal to noise requirechteasure
consistent way. a power-colour ratio. We now go on to make initial explorasio

into how other X-ray binary types’ power colour-colour diags

compare to that of the transients. Specifically we make compa
3.2 Outlying points isons to a high mass black hole X-ray binary Cygnus X-1 and an
atoll type low mass neutron star X-ray binary Aquila X-1.

Since the paths followed by all objects as they transiticuad
the power colour-colour diagram are so consistent we sheld
able to identify unusual observations as they are likelyeddut

of place” relative to i.e. other points of similar spectrattiness. In 3:3.1 Comparing the transient black holes to Cygnus X-1

order to test this hypothesis, we identify the position oé&obser- Figure[T shows the power colour-colour plot for all obseorat
vations of H1743-322 within its power colour-colour diagrawo in the LMXB sample (black), with the power colours for thedXa
of these observations have very unusual low frequend.Q1 Hz) hole high mass X-ray binary (HMXB) Cygnus X-1 over-plotted

QPOs|(Altamirano & Strohmayar 2012), which have only been ob  (purple). The example power spectra from observations giGyt
served from this source, and the third is known to show a hgrd d  are shown in the Appendix. The x-axis extent of the powerwslo
MILZ_QQS), which is associated with the high iratlom colour path for Cyg X-1 is slightly dierent to that of the transients

of the system to our line of sight. In all of these cases thews: (discussed further below), however the overall shape issierilar.
ditional power in the lowest frequency band relative to othteser- The power colour-colour plot of Cyg X-1 appears to indicate
vations in a similar state. Figufé 6 shows the power colalowr that the power spectra of this source show all states olsbénve

© 2002 RAS, MNRASD00, IHI0
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the LMXBs except the most extreme low-flux hard states witly ve
broad noise. As such it is possible to discern between thiekar
and softest states at the top of the power colour-colourradiag
Energy spectral analysis suggests that Cyg X-1 does notaappe
to ever reach a true soft state (Belloni 2010b), where theggne
spectrum is dominated by a disc blackbody component andanly
weak power-law tail is present. However the power colodowo
diagram demonstrates that the shapes of the power speetsarar
ilar to those observed from the LMXBs (see power spectra from
regions 17 and 18) even though the total variance (i.e. theale
isation of the power spectra) is higher for Cyg X-1 in the ssift
states. It is clear that the PC2 ((0.031-0.25 k226 Hz)) power-
colour of Cyg X-1 rarely reaches values greater than 1.5s i

in contrast to the transient objects, which show obsematisith
ratio values up to 2.3 in the hard state and 3.7 in the softnUpo
further examination we find that the soft state observatioos

the LMXBs with y-extent values on the power colour-coloua-di
gram greater than those observed in the soft-state obgeTyaif
Cyg X-1, are all from an unusual state of GRO J1655-40 which is
not observed from Cyg X-1, they are discussed further ineytél
Klein-Wolt (in prep.). Since Cyg X-1 does not reach the briuad
luminosity hard states observed from the BH transients wgéeoe
these states from the discussion below. This point alsetitities
why the power colour-colour loop for Cyg X-1 begins at a large
hue than the transient objects, there are very few in the siate
with the very broad-band noise observed in PSDs from pasitio
in Figure[2b.

Although the shape of the power colour-colour loop followed
by Cyg X-1 is similar to that of the transient black holes weetve
that there is some deviation between the parameter spaeeecbv
by the two loops in the HIMS. The LMXB points are clearly delin
eated from those of Cyg X-1, moving further down and to thhtrig
In order to create this deviation either the variance at legtden-
cies must be higher in Cyg X-1 than the transients or theret mus
be higher variance in the LMXBs at high frequencies. As ttase
the states in which the QPOs are strongest and are in facbthe d
inant feature within the power spectra, the obvious explanas
that this deviation is primarily caused by the extra var@apresent
in these coherent features, which are not visible in thetdigtves
from Cyg X-1. However inspection of the power spectra reveal
that this is not necessarily the complete explanation. Going

of the atoll source Aqgl X-1 to make a brief comparison between
this object and the black hole X-ray binaries. Figlre 8 shtivas
the states of the neutron star cover a similar region in theepo
colour-colour diagram to the transient black holes (an@&tiCyg
X-1), but part of the path is shifted. The observations of Xefl

in the island (1S), lower-left banana (LLB) and lower ban#hB)
states correspond to the hard path followed by the blacksholdy
translated downwards on the power colour-colour plot, taesla-
tion is particularly clear on the binned version of the ploiver
panel). This is due to extra 2—16 Hz noise present in the orutr
stars, a dierence first identified in power-spectral comparisons by
Sunyaev & Revnivtsev (2000). At first glance the softer stéigp-
per banana; UB) from the atoll source, correspond closelthen
power colour-colour diagram with those observed from treekl
holes, however comparison between objects reveals that ofios
the overlapping observations are either from anomalousssatie
observations of GRO J1655-40 (discussed in Uttley & KleiakW
in prep). Although they are dominated by power-law like rois
low frequencies<0.1 Hz) in a similar manner to the soft state black
hole observations, they show a drop in power abe¥eHz. Con-
sequently some observations in this state do not appeainwité
sample, as there is no power measured above the noise irgtie hi
est frequency band.

The diferences between the black hole X-ray binaries and the
neutron star Agl X-1 in the power colour-colour diagram sesjg
that this diagram can be used as a diagnostic tool, aidinden-i
tifying whether newly identified objects are neutron starblack
holes in a fast manner.

4 CONCLUSIONS

We have demonstrated a simple, model-independent method fo
evaluating the shape of power spectra. By comparing power-
colours — ratios of integrated power (rms-variance) ffedent fre-
guency bands — we can evaluate how the power spectra evaves b
tween diferent states. This method also allows for direct compari-
son between dlierent objects independent of the total amplitude of
the rms-variability within the lightcurve. We have founath

e The power colour-colour diagram shows that, across the
LMXBs the power spectra evolve over an outburst in a very simi

the power spectra of Cyg X-1 in locations 10, 11 and 12 to those |ar manner. If the power-spectra are represented in termsutif-

of the transients reveals that when the amplitude of thedbbaad
noise under the QPOs in the highest two frequency bands iksim
to that of Cyg X-1, there is consistently more power at low fre
quencies in Cyg X-1 than in the transients. Axelsson let 81052
found that an additional power law was required at low frepies

in order to fit the power spectra of Cyg X-1 in these states; ind
cating that the deviation between the power colour-col@ih f
Cyg X-1 and the transients is likely to be due to the stronger |
frequency power-law noise in Cyg X-1 together with the pnese
of the QPOs in the LMXBs.

3.3.2 Comparing the transient black holes to Agl X-1

ple components (e.o. Klein-Wolt & van der Klis 2008), thesasm

evolve similarly in both frequencgnd amplitude.

e The general evolution can be simply parameterised in terms
of the angle along the power-colour-colour track, which vad c
the ‘hue’. For a given power-spectral hue there remainsfsignt
scatter in power-colours in the intermediate states fovargob-
ject, but the mean power-colours are similar foffelient objects,
again indicating a common evolution.

e \We can use the power colour-colour diagram to identify un-
usual or ‘out of place’ observations. These include higHiriae
tion objects with dips in their power spectra and additioiosf
frequency features.

e The overall shape of the power-colour-colour track shown

It has been shown in previous work that the power spectra mea- by the persistent black hole HMXB Cyg X-1 is similar to that

sured from observations of neutron stars show distinctlarmi
ties to those of the black holes (Wijnands & van der|Klis 1999;
\Sunyaev & Revnivtsév._2000;_Belloni etal. 2002; van der!Klis
[2006; | Klein-Wolt & van der Klis| 2008), with the neutron stars
showing an additional high frequency component extendihsg t
broad-band noise above 100 Hz. We therefore take all oltsamga

seen in the transient LMXBs. Cygnus X-1 shows nearly all the
broad power-spectral shapes observed in the LMXBs exagptin
those seen in the low luminosity hard states which Cyg X-lenev
reaches.

e The power-colours of Cygnus X-1ftir from those observed
in the LMXBs when the objects are in hard intermediate states

© 2002 RAS, MNRASO00, [IHI0
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Figure 8. All observations of the black holes (black) (including CygrX-

1) and Aquila X-1 (green). The lower plot shows the same pdiitined at
20 degrees of hue. Symbols are the same as those used in Eigate that
the binned Cyg X-1 points are illustrated with diamonds. Teetral point
for the hue calculation is marked on the binned plot.

The diference is due to a combination of stronger low-frequency
power-law noise in the Cyg X-1 power spectra, combined with t
presence of strong QPOs in the LMXB power spectra.

e \We find that parts of the power colour-colour diagram of the
Atoll source Agl X-1 difers from that of the black holes, suggesting
that this method could provide a simple new tool to help idgnt
the nature of newly discovered X-ray binaries.

The power-colour and power-spectral hue is a purely engliric
classification, but due to its simplicity and model-indegemce,
it should prove extremely useful in comparing timing evimnt
with other observables, which will help to unlock the phgsiari-

gin of the diferent states. Furthermore, the broad frequency bands

used to determine the power-colours can be used for faioteces
where detailed power-spectral measurements may not bélgoss
Assuming that the Poisson noise power dominates the soaveerp
in this range, the minimum rms-squared variance faral8tection
of variability in a frequency band of widthy in an observation of

lengthTopsis:
A
Tobs

> _6(S+B)
min — g2

(o

whereS andB are the source and background photon count rates

respectively. Thus for the 2—-16 Hz band, where we expecuthe |
est signal-to-noise, we expect in 10-100 ks to detect \ditiab

© 2002 RAS, MNRAS000, IHI0
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from sources through the hard and intermediate states, down
count rates- 10 count st (assuming negligible background). This
will enable the power-colours used here to be measured igintbr
X-ray binaries in nearby galaxies with current imaging X-tele-
scopes. It would also be interesting to extend this teclaigqstudy
other types of variable object.
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APPENDIX A:

Example power spectra for each of the 18 positions illustram
Figure[2b. Power spectra were chosen randomly from the -obser
vations of transient black holes in order to illustrate thage of
power spectral shapes observed from the black hole X-rayrieis
Power spectra of Cyg X-1 are also shown for each positiorhén t
position where hard and soft states overlap (18) hard spetetrs

are labeled HS and soft state SS.
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