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- Lecture I: Accretion onto compact objects, X-ray binaries,

black hole candidates, X-ray pulsars

- Lecture II: High-energy emission and spectra

- Lecture III: Time variability on all scales
- Lecture IV: Radio emission, jets, accretion/ ejection

- Lecture V: BH parameters & GR, AGN connection

- Lecture VI: Neutron-Star binaries + ULX + more




The full picture
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JET LINE AREA: HIMS:

w2 - 50% Lggq- g = Disk starts near ISCO. 4
= High-frequency QPOs (after) . . = Transition starts around 2 - 50% Lggg. A Belloni et al. (201 0)
= Type A & B QPOs (after). = Type C QPOs.
= See radio ejecta (fast) each "crossing"” of jet line. = IR drops.
= RMS drop ("The Zone") associated with ~0.2 Hz = Radio starts going optically thin :
lowest freqgency Lorentzian, close to ejecta time. and variable (new ejecta?). 4 r
. <2

Soft Intermediate

SOFT STATE:

= Optically nuclear thin jet Hard
radio emission observed lntemtodlatel
initially, but quenched by
at least 20-50x by full

transition. . )(
Detected radio z
flux not nuclear? \
=Type C QPOs.
= Non-thermal )(
power law

HARD STATE:
= Disk moves in to ~ few R, by
10% Lggqg-

Soft Jetline ' = Lorentzian/broad noise

- @ components.

? * High RMS variability.

= Flat spectrum jet up to

Hard IRIopt.

K_/' Intermediate = Compact jet
extending to ~MeV. b - ;c::g’ilral&s:::solved.

= Thin disk ~0.1-1.0 Lggq at comelafons.

ISCO. s_oﬂ Haﬁi » Reflection "bump".

Spectral Hardness

(spectral slope, soft=steep, hard=flat)
T. Belloni D. Maitra . .
JRNoM  D-EaS HIMS: QUIESCENCE:
S.Corbel  |. McHardy Same as upper branch but: = Thin disk recessed to > 102 R,,.
R.Fender M. Nowak = No optically thin radio flare. = BB component seen in UVlOpgtIcal.

5‘. ?,:':&e I'::-g&t'::ghun‘:gt = Radio recovers close to hard state. +Disk 10-100x more luminous than

E.Kalemci J.Wilms = Lower flux level (hysteresis). LX. By ~10™ Lggq.
*No iron lines?
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‘ W E"’"‘ Probing the Accretion/Outflow Connection in
' l =-ne  X-Ray Binaries and Active Galactic Nuclei
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SRAVITY F

-XPERIMENTS

Strong fields
e Accreting binaries
eNew missions ahead

Extremely weak fields

e| aboratory |
- *Cosmology: A =|= STRONG CURVATURES

"WEAK CURVATURES
® Galactic center, M87
e[vent horizon telescope

\Weak fields

eSolar system
eBinary ms pulsars

eMergers, GRBs
§ eBH formation
o |[GO/NVirgo

,
Y

SPACE TIM]

oNGO/LISA
o SKA ms radio pulsar
@ Sgr A*

g L, —
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RISTIC TIME SCALES o

CHARACT

( GR+OBJECT | ( ACCRETION
* Neutron stars: spin frequency - Radial light-crossing
- Keplerian frequency - Radial sound-crossing
+ Relativistic precessions: * Free-fall
* Periastron precession * Viscous
_* Lense-Thirring precession _* Thermal y

compact
star .
disc disc




STRONG GRAVITY

oo

1200 Hz S00 Hz

» Keplerian frequency 100—100%2

Innermost Stable Circular
Orbit (ISCO) - Black hole spin

Timing and spectral approach

+ Periastron precession | %*7 O(HZ

Weak limit: Mercury, Double
Pulsar

Need timing

» Lense-Thirring precession 1-90 Hz

Weak limit: Gravity Probe B

Need timing




TIME SCALES: EXAMPL

103; ~ Viscous
- |10Mo BH |
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Clean environment

Not so extreme
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Direct mass measurement

# Evidence of BH

. 4 Mass function is indirect

? Empirical methods:
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Direct mass measurement

# Evidence of BH

4 Mass function is indirect . —

O Be STAR + N.S.

© BLACK HOLE CANDIDATE
JE)/? x{o $CO X-1 LIKE

A BURSTER

< ACCRETION DISK CORONA

T TRANSIENT

® OTHER

? Empirical methods:

SOFTNESS RATIO

# Ultra-sott spectrum

HARDNESS RATIO

White & Marshall (1984)
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# Evidence of BH L T

5 Barret et al.]
(1991) _
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4 Mass function is indirect

Photonslcmzseckev

b ¢

? Empirical methods:

[ EXOSAT (E<10 keV), Apeit 1985
- SIGMA (E>35 keV), March-April 1990

% Ultra-soft spectrum

# Hard spectral tails &

e

5 D’Amico et al. }
(2001) .
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# Evidence of BH

—
e ]
[N

P.S.D. {(arbitcary)

4 Mass function is indirect

Power Density

Inoue (1992)

510
Frequency (Hz)

# Empirical methods: o
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frequency {Hz)

e h s e e mcm e S s e

|

-
o

0.1

7( Ultra-soft spectrum

. , g
Nov. 4-8 1986 E "N Aug-Sep 1992 3
+ 02-20 keV 1 - ~ ]

< 35-60 keV
+ 75-175keV 3

0.01
o
=
3
(=]

-

% Hard spectral tails

1072

<
(=
—_
(=3
o

107

Squared Fract. RMS / Hz

o
8
—
[=)

% Strong BLN noise

Squared Fractional RMS (RMS/I)?> H

PP ITPPURPI P PSPPI IR

2l n AT |
1 10
Frequency (Hz)




. L~ ; S - P o KN N -’ : . * Come
- e R e . o ~F \ P ~ X
v‘ __‘P ." - - -

-

~

.y R . ~'_-_'_.__‘. : . 4 -y ! 3 it w T 1
LN - o - o Sy - .- .. - . - . ) g ' ) i . LB =
Rt Yo e e : L% ’:_ ) N . g - 7 g A LR A . b § . 1 R >
R N - 1 - > - ’ A\ . < A - =y 2 ) ' -~ he.
1) -~ > A g - - - ) - TNt
- X - : o . 3 : . . i &
o~ - . B . & 4 X \ - '+ ) i T Y-x X
X S - ’ : ) et . S DDDRSTE S, e
REAS xe 38 T~ 2 ’ ) - AT T Sk .
> s TS o i . A g A A A 3
- " g . g . E . - \ - 4. .S - *
. . s SR - - X .
: - v - . . . n -
op v . - : - ) - B - “°
7 \ D - : - . ! o o3 i AN Sk H

Neutron star

# Systems are not that different

# We need a more physical
approach

Non-rotating black hole

ISCO

oy —

region

# Presence of a surface

# Inner disk radius




Reason is evident

Ebisawa et al. (1990)

%
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# Disk-blackbody model
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# Early attempts
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# Model shape

.
o

@

% Full spectrum

o

# Data o

Mar26 Oct12 Apr29 Nov 15 June3 Dec 20
1987 1988 1989




# Disk-blackbody model: F, =

r2

| oA in
# Inner disk: N — D2 cos 6

& Absolute value: need D, need 6

A7h cos iv> / Rout RdR

22 R, eMIFT(R) _]

# Need precise model U

# Need precise temperature (hardening factor)

# Need knowledge of absorption




% Ablack hole has only two parameters

# Accept dynamical masses

# Go for the second (more elusive and interesting) parameter

4 Black-hole binaries / black-hole candidates
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Spin I: continuum spectra

ot R a R S A R
2

# If you know your model..

# ..you can do it

v

vF (ergs em™@ s7')

- # But:

©
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=
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1.0 10.0
Energy (keV)

N [ = e

# Do you know your model?

»)

@ Instrument? Ny?

# Complete model?

MIDDLETON ET AL. (2006)




- . T Sa— . ™, & - Al as W - o " b »
. -1, L, "\ Ly g = <z s ) D - < rr. R
—~ays W : o - N .
-

5'.-.{ RTTe - . .~ . 7 : . ) . —— p A Ty .~
E . - i . ' : : P . ol - TR e e - -3 4 . J 5 2
. - D:f%f.x il AR S e W iNs
~ - 3 s e 5 - -
-\

Spin II: iron lines

Hard Reflected

# Narrow lines expected Compioni e

Thermal
disk

# Relativistic distortions: s

Doppler effect

Relativistic aberration s

N incident
N \porvrer-lnw

light bending

redshift

counts per unit energy (arb.)

1 1.1 I 1 i il 1 1 11 L I
1 2 5 10
Energy (keV)
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Broad line expected

Broadening can be used

Relativistic effects

GR evidence

(Fifth lecture) now

- Newtonian

. Special relativity

- General relativity

! Line profile

et b e ®

Spin II: iron lines

i

’

Wi
/

Transverse Doppler shift

Beaming

Gravitational redshift




Spin II: iron lines

~ Schwarzschild disk @
0 B8m—30m
- 0§

# Inclination of disk

- Blue wing

|
i
i
|
|
|
|
i
|
|
|
{
|
|
1
|
{

2

Photons/cm” s keV

- Red wing

The blue wing gives you

the inclination

FPIIVD IV IPTEIV STV SPEEREIES S PSP GO SORSTE SUSSSEY DU SO SN

Fabian (2002)




| Kerr disk
Inner disk radius | -

Blue wing

1

m skeV

.,

~ Photons /c

- Red wing

The red wing gives the

inner radius

Again: continuum effects | Fabian (2002)




2 Tricky points

# Ratio plots

# These are “not” lines

50 .
Energy (keV)

MILLER, ET AL. (2008)

P | A
10 20
Energy (keV)

EusldA (kep)

‘5.0‘

MILLER, ET AL. (2004)

5
Energy (keV)

Eweldh (kep)
2




- Examples

# Cygnus X-1

# Narrow lines: reflection

in outer disk

# Broad line

# Consistent with

# Also consistent with Gaussian




- Examples

# XTE J1650-500
# Very broad skewed line
& Ry,=124R,

@ a=0.993

e

| Miller et al. (2002)




Iron-line & timing

@ In GRS 1915+105: line varies with oscillation Miler & Homan (2005)

# Flux & equiv. width vary

L

8

=

high phase

low phase

3
~N
i
3
o
:




:;.':g SN

Light bending

MINIUTTI & FABIAN

# In some AGN, line &

continuum vary

independently

# Light is bent

# Variable height

# Seen in XTE J1650-5007?

T

-

5

Direct Continuum Flux (PLC)

Fe Line Flux (cgs)

i

PR |
1

2 5
Power-law flux (7-20 keV, 1 E-9 ¢gs)

AL £ (hrC)
= o

10 15 20 25 30 3B 0

. 30 <3

<0

' ROSSI ET AL. (2005)
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- Spin III: timing features

# What do all these QPOs and noises mean?
» We are not sure
- In NS, highest frequency: Keplerian?

- Lower frequencies?

. Unified models needed from correlations

NS connection
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- Relativistic precession

# A “model”

. % Take a test particle in a field

Nodal Precession
@—Frequency Periastron Precession Frequency: Vnod

Vg Frequency: Vper (or 2Vnod)
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@—Frequency

Vg

Neutron Star LMXB
(High Flux)

Stella, Vietri & Morsink (1999)

Periastron Precession

Frequency: Vper

Nodal Precession

Frequency: Vnod

(OI" ZVnod)

F' N

Frequency
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= NS /

Nodal Precession
@—Frequency Periastron Precession Frequency: Vnod

Vo Frequency: Vper (or 2Vnod)

T

Neutron Star LM XB
(Low Flux)
_I_

Black Hole Binary | " | . . % .

0.100 1.000 10.000 100.000
Frequency (Hz)

Stella, Vietri & Morsink (1999)




Relativistic precession |

# Correlations...

1 1 T 1T TTTT 1 1 Illllll 1 1 llllll'
Z sources

: Atoll sources
‘W XX Work E »Cir X"l

BHCs

4 Successes and ...

# .. limits of “model”
NS: EOS AU, m=1.95

1 Illllll 1 Illllll 1 1 IlIIIJl

10 100 1000

v, (Hz)

Vper

Stella, Vietri & Morsink (1999)
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- White dwarfs again

Warner, Woudt &

— RReaaie o Pretorius (2003)
# Dwarf nova oscillations e —————

100

L IIYYII]
Ll lljllll\

# Problem:s...

LA '11'1"
Ll lllllll

T '11'1"
L1 lllllll

# Same oscillations?

LA 'IT'VYI L | 117[]'[
i1 lllllll 11 lllllll

¥ ll"ll
L1 1 llllll

100 1000
Vhigh (Hz)
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@ CVs?

# Blobs as test particles? Q problem

# Excitation mechanism?

# More advanced model required: " Godon & Livio (1999 '
# Disk annulus response Psaltis & Norman (2000)

# Vortices in the viscous disk Vietri (2001)
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- Other models

- Disk oscillations and trapped modes
- Disk warping (nodal precession)
- Parametric epicyclic resonance

- Titarchuk’s model within sub-keplerian region

- All relate to GR frequencies

Strong regime!
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Abramowicz & Kluzniak (2001)

2:3 ratios, fixed frequencies

- Resonance between orbital and epicyclic frequencies

. It could work...

. ... but not for neutron stars

Which should not be a problem

10 100
Frequency (Hz)

- -‘
b

- vy s




GRS 1915+105

£ 5 y
L -

Belloni & Altamirano (2012) g:;g:;::g:x;::;

# of detections
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GRO J1655-40: UNIQUE SOURCE

Only source which shows simultaneous type-C and 2xHFQPO

’a
2>
;520 -g’ 1.92
£ g .
i
-%10 Z‘ @ 9
L type-C § g
- )
o yp % © 10’ o
. i TE % 1.86
X I3 C o
4 N 1.84
ok frequen /)] 1 L i A A " o 4 J
= 200 300 400 500 600 700800
= | Frequency (Hz) |
(o)
(a
107 10° 10'
Frequency (Hz)

MOTTA, BELLONI ET AL. (2014A)



MODELS CAN BE TESTED

The Relativistic Precession Model
(RPM) predicts three frequencies

Relativistic frequencies: keplerian,
nOdaly I—ense‘Thlrrlﬂg AR aslevise.

AC radial epicycle |ur]
BC periastron precession [vg-ur]

We have three frequencies A v Ttrc

BC nodal precession [vg-ve)

llower = 298 +/- 4 Hz
upper = 44| +/- 2 Hz

S —

STELLA &VIETRI 1998; STELLA,VIETRI & MORSINK 1999




THREE EQUATIONS

|
-
&

Vper

(1 ) (1 6f~\4 3a° (%)2 + 8a (g)m)l/z)
Vnod = g (1 . (1 + 30° (%)2 — 4a (¥)3/2)1/2)

We have the three frequencies, we can solve for a,M,r

MOTTA, BELLONI ET AL. (2014A)




THREE EQUATIONS

0.5/

0.45

0.15°

0.‘|:\'3

3.5

4

45 5 55
Mass (Solar masses)

6

6.5

7

MOTTA, BELLONI ET AL. (2014A)

M = 5.4 +/- 0.3 Mo|




ISCO AND MAXIMUM FREQUENCIES

rsco = M3+ Z2F(8-2%)@+ 2% +22))"?)
2\ 1/3 1/3 1/3
Zy = 1+<1—a—) <<1+3) +(1_£> )
Tg g Tg
2 1/2
Tg

No frequencies above maximum values
Few HFQPO, ~same frequency
Lots of type-C QPO 0.1-28 Hz

MOTTA, BELLONI ET AL. (2014A)



ISCO AND

MAXIMUM FREQUENCIES
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MOTTA, BELLONI ET AL. (2014A)



NOISE FREQUENCIES FIT IN

Radius [Rg]
3
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MOTTA, BELLONI ET AL. (2014A)



QPO WIDTH

QPOs from the same radius
Width due to radius jitter?

We can jitter the radius: 1.74-2.4% is sufficient

QPO type simulated width (Av)  Observed width
|H z] | H z]
Type-C QPO 2.11-2.90 2.1-42
Upper HFQPO 41.58 - 57.66 21.54 - 57.70
Lower HFQPO 26.77 - 36.83 24.06 - 37.74

MOTTA, BELLONI ET AL. (2014A)



SPIN COMPARISON

Our value: a=0.29 +/- 0.0 MOTTA BELLONIET AL (2013)
Continuum: a = 065-0.75  SHAEEETAL(2006)

Refl +Cont: a =0.94-0.98 MILLER ET AL. (2009)

Reflection: 9> 0.9 MILLER ET AL. (2009)



SOURCE #2 + MODEL

GRO J1655-40 was the only source with 3 peaks (plus
mass to check

XTE J1550-564 has two peaks (type-C + HFQPO): plus
dynamical mass we have again three parameters

Use the mass instead of deriving it



XTE J1550-564: THE NEXT BEST

't shows simultaneous type-C and 1xHFQPO

typeC =13.08+-008Hz [ T m.e =
HFQPO = 183 +/ 5 HZ T ‘

mmmmmmmmm

MOTTA ET AL (2014B)



THREE EQUATIONS

' Solution for

a=0.34 +/- 0.01
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M = 9.1 +/- 0.6 Mo

MOTTA ET AL (2014B)



ISCO AND NOISE
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QPO WIDTH

We can jitter the radius: 5.3=5.7% is sufficient

OTHER MEASUREMENTS

Our value: a=0.34 +/- 0.01 MOTTA ET AL. (2014B)
Refl.+Cont:  a=0.49 (-0.20+0.13)  STENERETAL 2012)




INCLINATION EFFECTS

Fractional rms (%)

If a relativistic effect in the disk, dependence expected

Type-C QPOs
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MOTTA ET AL (2015)



INCLINATION EFFECTS

Type-C QPO: stronger at high inclinations: disk+GR
Type-B QPO: stronger at low inclinations: jet

Noise: no (weak) dependence: propagation in the disk

MOTTA ET AL (2015)



- Continuum spectra
- Broadened mission lines

- Timing features

- Compton reflection / light bending

- Need a consistent picture
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COMPARISON OF METHODS

Continuum Fe-Line QPO

Instrument , , *

calibration

Distance , * *

Inclination , , *
Detailed , , .
model

avsorption (D QD Y
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QUASAR MICROQUASAR

Must be similar
- Accretion/ ejection

- Different time Scales

- Scaling

Millions of Light Years
Light Years

ACCRETION

Many more systems | 3| [osxcim fom oK (10 km




Merloni, Heinz & Di Matteo (2003)
A LR 1S not ; " — , —— -

a good

measure
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" The fundamental plane
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GN timing

* Difficult techniqueé

* Important for AGN studies

* Analysis then timing

I1we (11D—10000)
800
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AGN power spectra

. All soft-state?

- Break: mass scaling?

. Does not work with AGN

- Dependence on both M and M?
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- Timing plane

# Best fit: T oc M?2! ngi%

# Radiatively efficient
(sot state)

Log Toauserved {days)

# Therefore Ly, <=M

y 1 1 1 ] 1 ] 1 ]
M E S

m/mEgdd




- Timing correlation

# Remember lecture 4

®o o XTEJ1118 Kérding et al. (2007)
mmm GX339-4

L/ Upper lme iS MCHar dy ¢ ¢ ¢ XTE J1550-564
| 444 GROJI655-40
ooo Cyg X-1HS

=& GRS 1915
e e e J1550 1998+2000

»» » XTEJ1650-500
++ + (G5 1354-644

0.100 1.000 10.000 100.000
Frequency (Hz)
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4 AGN extension Kording et al. (2007)

eee XTEJI118
EEE GX339-4

¢ ¢ ¢ XTE J1550-564
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= GRS 1915
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# NS extension

® ® ® NSXRBs
= m® BHXRBS
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—— Fitlow




Timing correlation

@ WD extension?

000 LHBHs
4%, NO 0 00 Soft+Trans BH
3 > NS with Nu_|
A A A Uncorrected WD
—— Fithigh

4 Emission not in X ~— Fitiow

# Large radius?
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ccretion/ejection?

A lee GRS 1915_|_105? A Marscher et al. (2002)
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~ AGN QPOs

# Only one serious case: RE J1034+396. Gierlinski et al. (2008)

# P=3,730+/-130s

S Q>16

# A HFQPO?

Count rate (counts s)
o




