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Objectives of this talk

| will aim to provide

* Some motivation for examining X-ray spectral variability

* Predictions of “toy models” for atomic features and continua
» Data sources past, present and future

 Different ways to look at spectral variability

* Plenty of references for further reading
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Observations of the black hole region

rISCO corona accretion disc

black hole
/‘
Spatial (X,)') — unresolved (until interferometry)
Photons (mainly EUV + X-rays) < | 'Me (¢) N S .
Energy (E)
| Polarization (PA) - possible with future missions
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A priori ... timescales or frequencies
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[assuming o ~ 0.1, h/r ~ 0.1, r/r, ~ 6]
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A different figure of merit: count/timescale

Timescale
Light crossing
Dynamical
Thermal

Viscous
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Take care when interpreting AGN data in terms of XRB “states”

only ~0.25 sec for 10 M
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What can be done with this much data?
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What can be done with this much data? Time series analysis
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What can be done with this much data? X-ray spectral fitting
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X-ray reflection and reverberation
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Spectral variability “toy models”: disc reflection & reverberation

r accretion disc
ISCO

<+

“reflected” X-rays
“primary” X-rays
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Spectral variability “toy models”: disc reflection
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The “diskline” model

Kerr disk

1

Photons/cm® s keV
0.5

Newtonian

Special relativity

General relativity

Line profile
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Transverse Doppler shift

Beaming

Gravitational redshift

A. Fabian et al. (1989)
K. Chen et al. (1989)
A. Loar (1991)

A. Fabian et al. (2000)
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A long look with XMM-Newton (circa 2002)
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How we should all be plotting our data (after M. Nowak 2005)

Response matrix

Observed (ct s7) Effective area (cm?)

\ / Source spectrum
— (ctstcm2keV)

C(i) :J'R(i, E)A(E)S(E)dE

(channel i energy j)

N
Discrete version Ci — Z RIJ AJSJ
j=1

S=C, /Z Rij Aj A “best efforts” unfolded spectrum

xspec> model powerlaw

Index: O
Or see SAS task Norm: 1
EFLUXER xspec> plot eeuf

Or use ISIS \
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Some XMM-Newton (EPIC) spectra of bright Seyfert Is
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Some XMM-Newton (EPIC) spectra of bright Seyfert |s

MCG-6-30-15
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Higher resolution (Chandra/HETGS and XMM/RGS) spectra of bright Seyfert |s
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Iron line “reverberation”

reverberation - the X-ray light echo
that propagates across the
Armitage & Reynolds (2003) accretion disk due to the finite
speed of light.

= These reverberation signatures

# ﬂ', encode detailed information about
4 the spacetime geometry, and might

allow for a quantitative test of

General Relativity in the very

strong field limit.

Reynolds & Nowak (2003)

Energy (keV)

10 20 30
Time (inner period)
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Iron line “reverberation” ... not quite

MJD-51,000
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Flux resolved spectra

Energy (keV)
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Difference spectrum
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Light bending model in Kerr spacetime
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*Light bending model in Kerr spacetime
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Light bending model in Kerr spacetime: line-continuum relation
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Narrow and shifted iron lines

. High NGC3516

‘Low

Observed Energy {(keWw}

6 7
Observed Energy (keV)
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NGC 3516 (K. Iwasawa et al., 2004)
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Fourier resolved spectroscopy

RETE/PCA

~003-0 05 Hz
&
R

~4 5—6 6 Hz

Energyv, keV

Fig, 1. The ratio of the energy spectra of Cyg X-1 indifferent frequency
bands to a power law model with the photon index o = L5, Spectra
corresponding o 0.03-0.03 Hz and 23-32 Hz were rescaled for clarity.
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RXTE/PCA

Equivalent Width, eV

il btiiiis] IR |
.1 1 10
Frequency, He

Fig. 2. Dependence of the equivalent width of the Aluorescent Fe line on
the frequency, For the spectral approximation the powerlaw-+gaussian
line model was used (3—13 ke enerey band, the centroid energy and
the width of the line were frozen at the valoes 6.4 ke'V oand 0.1 ke
respectively).
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Broad-band X-ray spectral variability
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Rms spectra: a “simple” problem

* Turner et al (2002}

= XMM-Newton

ol
Energy {kaV)

T

1 2

Energy {keV}

Figure 8. Mormalized rms spectrum based on EPIC pn light curves. The F,
valwes were caleulated using 500-5 binned data.
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Rms spectra: more complex sources
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Fourier resolved spectroscopy
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Fig, 1. The ratio of the energy spectra of Cyg X- 1 indifferent frequency
bands to a power law model with the photon index o = 1.8, Spectra
corresponding to 0.03-0.05 Hz and 23-32 Hz were rescaled for clarity.
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Flux-flux plots
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The rms-flux relation... in XRBs and AGN

- NGC 4051 (XMM-Newton,2001)

Cyg X—1 low state
rms—flux relation

0.1-10 keV rms {counts/s

0.1-10 keV rate {counts/s
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Power spectrum of NGC 405

brightest 33%
|7

=
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Vaughan et al. (201 1)

11 |||||| |||||||,|,| |||||||,|,|_|_‘

T IIIIIIII T IIIIIIII T IIIII|'|'| T IIIII|'|'|_|:

o
o
-_l._l

I

wn
-
[ ]
N
-
e
[4¥]
=
o]
al
>
o
@
e
Lo

T

]
g_
Ll

0.0010
Frequency (Hz)

o f
o
f—

X-ray spectral variability (a scrapbook collection) Winchester 20% July 201 |



Power spectrum of NGC 405

brightest 33%
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Rms-flux relations (see Uttley, McHardy & Vaughan 2005)

[-10 mHz
0.2-10 keV

Vaughan et al. (201 1)"

10 15
Flux (ct s™)

0.0 Lg
0
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rms-flux relation...a tool in spectral dissection

Vaughan et al. (201 1)
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rms-flux relation...a tool in spectral dissection

Vaughan et al. (201 1)

—_—
|
=
i)
-
T
w0
q
E
o
cC
o
-
o
-
o
e
ol
=
ih]
=

X-ray spectral variability (a scrapbook collection) Winchester 20% July 201 |



rms-flux relation...a tool in spectral dissection

Vaughan et al. (201 1)
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rms-flux relation...a tool in spectral dissection

Vaughan et al. (201 1)
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Cross spectral methods
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Cross spectrum

Consider two time series x(t) and y(t) — e.g. from “soft” and “hard” energy bands
Compute their FTs: X(f) and Y(f)

How are these two related? (Compare with cross-correlation in the “time domain”)

C(f) =< X"(F)Y(f)>

#(f) Zarg[C(f)]zarctan(_Im[C(f)]j

Re[C(T)]
_ Bendat & Piersol (1986) Random Data
r(T)=¢(1)/ 24 Nowak et al. (1999): Cyg X-|
V2(f) = IC(f)[ Vaughan et al. (2003): MCG-6-30-16

IX(F)P><Y ()] >
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BH XRBs: Time lags (cross spectrum)

(0-3.9 keV) vs.
(6.0-8.2 keV)

Nowak et al. (1999)
See also Miyamoto et al. (1989; 1991)

1.0
Frequency (Hz)
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AGN: Coherence and lags

Mrk 335

* 0.2—-0.4 vs ©—10 keV -

0.2-04 ve 0.4—0.6 keV

frequencv|Hz
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The emitting region as a variability filter

‘Response Function’ 0

Kotov, Churazov & Gilfanov (2001) \

Arevalo & Uttley (2008) Flux emitted per unit

radius

Travel time delay from origin of signal

Accretion rate fluctuations at various disk radii ‘ - ;
i {
£ !

In any type of propagation model, the signal must be convolved with the response function of
the emitting region. This will:

Observed X—ray
emission

» Suppress signal at high frequencies due to travel time across region

» Introduce Fourier-frequency dependent time lags between bands if different bands have
different emissivity profiles
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Reverberation/lags in AGN and BH XRBs
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At low frequencies: disc fluctuation propagation

accretion disc

Fsco

<+

hard X-rays

Soft X-rays

At low frequencies, variations in mdot are produced at larger radius in disc,
modulating disc emission before propagating in to the corona on the disc
viscous time-scale; a graduated corona produces soft before hard emission
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At high frequencies: disc reflection & reverberation

accretion disc

Fsco

<+

“reflected” X-rays
“primary” X-rays

At high frequencies, variations in mdot are produced at small radius in disc
or corona. Only a fraction of disc emission can respond, but all of corona does,
and coronal heating dominates variability = disc reverberation
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What to take away from this talk

Time-Energy analysis contains all the information we can get

Many different methods to try:
* spectral fitting — split by time, flux (phase)
e flux-flux analysis
* rms spectra = Fourier resolved spectra
* rms-flux offset
* cross-spectral time delays and coherence
* Principal Components [Vaughan & Fabian 2004]
* covariance spectra [Wilkinson & Uttley 2009]

Much to be gained if we combine what we know and can do with AGN with XRBs
(more counts/cycle vs. more cycles)

Beginning to understand two competing effects (reverberation and fluctuation
propagation) in some objects

But important details still an open problem in many cases (e.g. lack of Fe line response
in MCG-6-30-15 etc...)

Much more to do: new methods, models, missions.
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