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The X-ray variability of blazars has been observed for maggrg. The X-ray emission mecha-
nism is now reasonably understood, and, following obs@matsuch as the lag of the IR emission
(ie the synchrotron component) by the X-rays, is usuallyl@red as synchrotron self-Compton
emission from the jet. The X-ray emission is observed to waamy rapidly, usually in a non-
linear way. Sometimes large outbursts can be modelled mgtef a shock propagating down
the jet but, even if a shock is the correct physical explamadif the event, what is the source of
the underlying variations which drive the shock, and aldeedthe smaller variations in blazars?
We may be able to learn something from the studies of the X+aability of non-beamed sys-
tems such as Seyfert galaxies and X-ray binary systems. ogetBystems there are a number
of observations, such as the linear relationship betweenvamiability and flux, and the scaling
of characteristic timescales with black hole mass and selgrwith accretion rate, which have
provided some clues as to the source of the variations. Isetkgstems the variations can be ex-
plained quite well as originating as accretion rate vawiagiin the accretion disc which propagate
inwards and eventually modulate the X-ray emission regidmus the key point is that the origin
of the variations and the source of the X-rays are physicaparated. Here | examine the X-ray
observations of blazars such as 3C273 and 3C279 and shoth#yahgree very well with the
same model which explains the variations in Seyfert gataaied X-ray binaries. In particular,
the characteristic timescale in 3C273 scales very well lithracteristic timescales from Seyfert
galaxies. There is no need to adjust the timescale to takeuatof time dilation, thereby im-
plying that the origin of the variations (note - not the sauaf the X-rays) lies outside the jet.
Thus | propose here that X-ray variations which we see fromzdnls originate in accretion rate
fluctuations in the disc which then propagate inwards, matthg any central non-moving X-ray
emitting corona, and then carry on and modulate, or posgitgluce, the X-ray emission region
in the jet.
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1. Introduction

There is considerable evidence that the emission from tdazises in a relativistic jet oriented
towards the observer (eg [9]). In the radio through optiGaids the emission is usually ascribed
to synchrotron emission and in the X- and Gamma-ray bandsrtfission is agreed to arise from
Compton scattering of some seed photon population by thévistic electrons in the jet that were
responsible for the synchrotron emission. In the X-ray bifwedseed photon population is probably
the synchrotron population (ie synchrotron self-Comptamssion, SSC) but in the Gamma-ray
band, the seed population may be ambient UV photons fromdtretton disc (external Compton
emission, EC). These mechanisms have been described byauthoys, eg see [9] and references
therein.

The origin of blazar variability is, however, less well unsteod. It has generally been de-
scribed in terms of outbursts or flares, with each flare bdiogight of as a separate, independent,
event. There are many papers in the literature which analyshk flares and attempt to derive the
parameters of the underlying emission region (eg [25]). fllies have often been attributed to
shocks in the jet and shocked-jet models do provide a gooldueation of the main observational
facets of large flux variations (e.g. [10]).

There is, however, a deeper question. Even if the emissimn the jet does come mainly
from shocked regions, where do the original variationgyfmhich the shocks are generated, come
from? In this paper | explore the possibility that the orgimariations arise outside of the jet and
that the jet can be thought of merely as a transfer functioobgbly non-linear) which converts the
external variations into observable flux variations.
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Figure 1: 2-10 keV RXTE lightcurve of 3C279 [2]. Here the lightcurve has been fittedtee sum of a
number of outbursts. Whilst such fitting can certainly be@dhe question we are addressing here is ‘What
is the origin of the outbursts?’
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2. What we can learn from Galactic X-ray Binary Sources and Sgfert Galaxies

Over the last decade there have been many observations &g variability of Seyfert
galaxies and GBHs witRXTE and considerable effort has been put into modelling thesereb-
tions. Itis now clear that X-ray variability is a red-noismpess, with coupling between variations
on long and short timescales. We understand how varialititgscales scale with mass and ac-
cretion rate and we have a model which can explain the orifjthevariations. In the following
sections | will discuss the main diagnostic observationglvhave lead us to our present under-
standing of GBH and Seyfert galaxy variability and | will télse observations of blazars against
those diagnostics. In particular | will discuss the rms-ftalationship and the scaling of charac-
teristic timescales. | will also briefly mention the measnemt of the lag between the hard and
soft X-ray bands as a function of Fourier frequency, althoiig interpretation is somewhat more
complex in the case of blazars. | will concentrate here ortileebest observed blazars, ie 3C273
and 3C279.

3. The rms-flux relationship

3.1 Non-beamed black hole systems

Following discussions regarding the relative merits of sugig powerspectra in terms of
absolute power or rms power, it was found that the rms vdiigtmf GBH lightcurves (ie the
integral of the PSD over the observable frequency range@vinearly with flux (Fig.2, left panel,
from [22]). It was also found that a linear rms-flux relatibips applies to Seyfert galaxies (eg
Fig.2, right panel, and [17, 15]).
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Fig.2. Left Panelrms-flux relationship for Cyg X-1 [22]Right Panel rms-flux relationship for NGC4051 [17]
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The fact that short timescale variations (ie those thatrdete the rms) decrease in amplitude
when the long timescale variations (ie those that deterrtiieanean flux level) decrease means
that there must be a link between variations on differenésioales. Thus the overall flux variations
must be the result of a multiplicative, rather than addjtpmcess. A model which can produce
such variations was proposed by Lyubarskii [7]. In this mMadeiations are produced in annuli in



Explaining X-ray blazar variability

the accretion disc and propagate inwards where they madiatemission from annuli further in,
thereby producing a linear rms-flux relationship. The Isigeavelength which can be produced
depends on the radius of the annulus and shorter waveleagghdamped as they travel inwards.
Thus we can effectively associate smaller radii with shiditeescales of variability.

The variations travel inwards where they eventually hit ¥xeay emitting region, causing
variations in the emitted X-ray flux [6, 3, 1]. The criticalpest of this model is that the source of
the variations is separated from the source of the X-rays.

We note that the previous popular shot-noise model for thdymtion of variability, where the
lightcurve is made up of many independent and randomly tistexds, does not easily produce a
linear rms-flux relationship. If all the shots are identiead expect a constant rms.

If a lightcurve was made up of the sum of many different congos, then the central limit
theorem would lead us to expect a ‘normal’ or Gaussian bigion of fluxes. However a multi-
plicative link between components implies that the distiiin of fluxes should follow a log-normal
distribution [24]. Indeed it is possible to show that if theg@litude of variations on any timescale
is multiplied by the amplitude of variations on all longem#iscales, then the eventual observed
lightcurve will be the exponential of an underlying lineaghtcurve, thus again leading us to ex-
pect a log-normal flux distribution. In Cyg X-1 such a log-mai flux distribution is indeed seen
(Fig.3, from [24]), which strengthens our confidence in thepagating fluctuation model.

The multiplicative relationship between variations orfetiént timescales directly implies that
the lightcurves will be non-linear, as can also be seen flloenfact that the observed lightcurve
can be expressed as the exponential of an underlying lirggaclirve. The sources with the largest
fractional rms variability, ie with the greatest modulatsoof shorter timescale variability (eg Nar-
row Line Seyfert 1 galaxies, NLS1s) will therefore be the imamn-linear, as is observed [24].
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Figure 3: Flux distribution of Cyg X-1 fitted to a log-normal distribianh [?, from]]uttley05

3.2 Blazars

Here | concentrate, for the moment, on 3C279 (Fig. 1) and 3GEQy. 4). Whilst 3C279 is
accepted by all observers to be an archtypal blazar, theeotiads of 3C273 are sometimes ques-
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tioned. 3C273 certainly contains a relativistic jet, angesluminal motion is detected in its radio
components [21]. Also the synchrotron (IR) component ldhdsX-rays [11, 12] by about a day,
showing that a substantial fraction of the X-ray emissiosesr by synchrotron self-Compton emis-
sion, which is probably from a jet, rather than by thermal @bonisation such as is expected in the
X-ray emitting non-beamed corona of a Seyfert galaxy. Aitelaliscussion regarding the relative
contribution of the unbeamed X-ray emission in 3C273 has lpeesented[19] which concludes
that the blazar contribution usually dominates, partidylabove 2 keV. As that is the band which
is sampled byRXTE and which we discuss here, we proceed assuming that theitpajbthe
RXTE flux discussed here is of blazar origin.
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Figure 4: RXTE 2-10 keV X-ray lightcurve of 3C273.

Amongst the blazar community it is often said that ‘sourcay wnore when they are brighter'.
That statement is entirely consistent with the rms-fluxtieteship and so here | have calculated
the X-ray rms-flux relationship for the blazars 3C273 and BZ&ig.5). In both cases we note a
strong linear relationship, implying that the same basacpss is driving the variability in these
blazars as in the non-beamed Seyfert galaxies and GBHsapekation of the fit to zero rms
leaves, in both cases, an offset on the flux axis, as is seée indn-beamed objects. Thus either
the linear relationship breaks down at low fluxes and bendshgéo the origin (which we are
unable to measure), or there is a component of the X-ray @nisghich does not take part in the
variability process. The origin of any constant componsniriclear but may arise in an extended
jet which is much larger than the variable component. | nbtg,trelative to the peak measured
flux, the constant component is larger in 3C273 than in 3C2itbraay come from the extended
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X-ray jetin 3C273 [4].
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Fig.5. Left Panelrms-flux relationship for 3C273 derived from the X-ray lightve shown in Fig.4.
Right Panelrms-flux relationship for 3C279 derived from the lightcuisteown in Fig.1

4. Powerspectra and Scaling of Characteristic Timescales

The X-ray powerspectral densities (PSDs) of GBHs and Seglaxies can be described
very well as red-noise processes, such as would be prodycttebvariability process described
above. Seyfert galaxies, in particular, have PSDs whicloyafrequencies are described by simple
powerlaws, ieP(v) O v—% with o ~ 1. Above a particular frequencyg, or timescalelg = 1/vg,
the PSD steepens t > 2. This timescale may correspond to the viscous timescalecited
with the inner edge of the accretion disc and the overall PB&ps is quite consistent with the
Lyubarskii/Kotov/Churazov emission model.
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Figure 6: PSD of 3C273, derived from observationsBXTE EXOSAT, and many previous observatories,
unfolded from the observational sampling pattern.
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There has long been speculation regarding the scalifg ofith black hole mass [14, 18, 23,
8] but there is a large scatter g for any given black hole mas$) [17]. As the high accretion
rate NLS1s have the shortest valuedgffor any given black hole mass, it was suggested that the
scatter may be attributable to variations in accretion A% and a recent detailed analysis [16]
shows that, for both Seyfert galaxies and GBRs[1 M /e, wheremnie is the accretion rate in
Eddington units. It has been shown that this scaling redatigp applies to almost all nhon-beamed
accreting objects [5].

We have recently computed the PSD of 3C273, using a combmafiRXTE data and data
from previous satellites going back to the 1970s. The rasttPSD which, on long timescales, is
probably has the best defined of any active galaxy, is shovaging. The PSD looks exactly like
that of Seyfert galaxies such as MCG-6-30-15 [15] and NG@4@hd Cyg X-1 in the soft state
[17]. In Fig. 7 | plot the expected vs. observed value3gfor a sample of AGN and GBHSs, using
the best-fit scaling relationship betwe@&n M andme from [16] and here | add 3C273. It can be
seen that 3C273 fits the relationship derived for non-beabteszk hole systems extremely well.
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Figure 7: Observed PSD bend timescal&s,compared with the expected bend timescales calculated from
the scaling relationship betwedp black hole massM) and accretion ratentg) for Seyfert galaxies and
soft-state GBHs [16], ids 0 M112=%%8. The red circles are Seyfert galaxies which were included in
the fit and the green squares with upward pointing arrows digaod limit on their upper observed bend
timescales) are three Seyfert galaxies which were not dwedun the fit. The blue crosses represent Cyg
X-1 and the magenta square is GRS1915+105 in a radio quiet 88273 (black filled circle) has not been
included in the fit and is simply plotted here. We can see tii#73 agrees very well with the fit for the
non-beamed black hole systems.

At first sight, itis surprising that 3C273 fits the relationsfor non-beamed black hole systems
so well. We might have expected that, as the bulk of the X-raisgion comes from a jet which
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is moving towards us at a relativistic velocity, that the eved timescale might be contracted
by relativistic time dilation and so would be shorter thae ttmescale predicted using the black
hole mass and accretion rate. That does not appear to beghe €ae implication then is that
the clock which is producing the variations (ie the sourcehef variations) does not lie within
the jet, but simply modulates the jet emission. For examiplee were to stand outside the jet
and tap on it at a particular frequency, a distant observexsaméng that frequency would measure
the same frequency as we originally imposed in our rest fra@ely if the clock producing the
variations were inside the jet would an external observeasuee a time-contracted frequency. The
agreement between the scaling relationships for non-bédmaek hole systems and for 3C273 thus
strengthens the proposition that the variations originathe accretion disc and then propagate
inwards, modulating any non-beamed X-ray emission regidrether over the inner disc or in a
central corona, and continue out to modulate the X-ray eondsom the jet.

5. Hard-soft X-ray Lags

The lag between the hard and soft X-ray emission providegflgiagnostic of the emission
geometry in GBHs and Seyfert galaxies. Although the gedoadtnterpretation of lags is more
difficult in the case of blazars, it is still useful to examitmeir application to non-beamed X-ray
sources as they can, in principle, still provide some diagomf the emission geometry.

If the X-ray source has a radial energy profile, e.g. with bighnergy photons being prefer-
entially produced closer to the black hole, then in the pgapiag fluctuation model lags will be
expected between the soft and hard X-rays correspondirigettrhe it takes variations to propa-
gate from the centroid of the soft X-ray emission to that &f llard X-ray emission. Thus the hard
X-rays will lag behind the soft X-rays. If we measure the lagaafunction of Fourier timescale
then as long as the timescale originates from a radius whigkell outside all of the X-ray emis-
sion region, the lag will remain relatively constant witingéscale. However once the timescale
corresponds to a radius which is within the X-ray emittingios, then the effective centroid of the
soft X-ray emission which can still be affected by pertuidnad at that timescale, ie the centroid
of the soft X-ray emission within that radius, will move obwgo the effective centroid of the hard
X-ray emission. Thus the lags will decrease. Thus for GBH2eyfert galaxies, where the X-ray
emission region may either lie above the inner part of theedion disc or perhaps be in the form of
some central corona around the black hole which extendsngetyee inner radius of the accretion
disc, then a characteristic lag pattern may be expecteckiXtfay emission. Just such a pattern is
seen in many GBHs and AGN [17, 15, 13].

There is an additional complication in interpreting obs¢ions of Fourier resolved lags (ie
lag spectra) in that the emission process itself (eg Congrition) may add its own lag to any lag
which is produced by propagation time (ie emission geomeahguments. Indeed some researchers
consider that all of the lag may be produced by the detailb@&imission mechanism but the fact
that the shape of the powerspectrum and the shape of thedatyem can be simultaneously fitted
by the same propagation model (eg Fig 8 from [13]) does sthemgthat model. Nonetheless, in
standard thermal Comptonisation models, such as are coiprmmoked to explain Seyfert and
GBH spectra, we expect the hard X-rays to lag behind the sefiys as more scatterings are
required to raise the seed photons up to the higher energigis.lag is in the opposite sense to
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Figure 8: X-ray PSD (bottom panel) and lag between the hard and sofi ftap panel) as a function of
Fourier frequency for the NLS1 Ark564 [13]. Here a positiag means that the hard X-ray band lags behind
the soft band. The PSD is described by two Lorentzian shapexgbanents, shown as dotted lines. The lag
spectrum is relatively constant at both high and low fregiesbut note how the rapid change in lag occurs
at the frequency at which the PSD changes from one Lorentziarponent to another.

that expected from the propagating fluctuation model. It,rhaywever, dominate on short fourier
timescales where the propagation lag should be very snralkdd it is seen that the hard X-rays
do lag the soft X-rays in Ark564 on the shortest timescalktspagh another possible explanation
for the soft lag is that the soft X-rays result from reprodegsn the accretion disc.

In the case of blazars the interpretation of lags is likelypéomore difficult. If the variability
arises largely as a result of perturbations being imposed apsteadily emitting jet, then the lags
may indeed represent the travel time between the hard ah&gafy emission centroids. As the
hard X-ray emission region will lie closer to the black holee expect the hard band to lead, but
the lag should be constant for all Fourier timescales. Thd band leading is, indeed, what is
usually observed, e.g. [20]. Alternatively, if we believeat the X-ray emission arises entirely
from discrete events (eg shocks, which may have been teddeay the fluctuations entering the jet
from the corona) then again we will expect the hard band td,leay.[10], as the small emission
volume containing electrons with an initially hard energgtdbution, evolves into a larger vol-
ume dominated by lower energy electrons. In this case thertzay be longer for longer Fourier
timescales, corresponding to larger emission regions. é¥ewdetailed modelling is required to
produce guantitative predictions.
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6. A Possible Scenario for Blazar X-ray Variability

I have shown that there are a number of similarities betwhenxXtray variability properties
of beamed and non-beamed black hole systems. These sidauggest that the same process
is driving the variability in all systems. This process abble fluctuations in the accretion flow
through the disc. These fluctuations could modulate anyyXeraission region above the disc,
or around the central black hole. The fluctuating accretiow ftould then propagate out into
the jet where it could produce variable X-ray emission, exithy modulating the emission from
the ‘quiescent’ jet or perhaps by generating the emissiarskibcks (eg [10]). The exact process
by which the X-rays might be produced in the jet is still uacland so it is represented, in the
schematic Fig 10 simply by the box labelled ‘jet physics;tiopar response’.

| conclude by encourage observers to test the diagnosticshwihave described above, and
which were derived from observations of non-beamed systéonislazars, to determine whether
the underlying emission process is the same in all accretijects.

Accretion rate fluctuations at various disk radii

X-ray
Emission
region
in jet

X-ray emitting
disc corona

..or X-ray emitting
central corona

Figure 9: A possible geometric scenario to explain blazar variabilWariations are generated within the
accretion disc and propagate inwards to modulate inneryenaitting regions and also the X-ray emitting
region in the jet.
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Figure 10: The X-ray emission scenario shown in Fig.9. explained indsor
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