Dynamical complexity in disk-wind
systems

fabrizio.fiore@inat.it mgaspari@princeton.edu paolo.tozzi@inat.it altredo.luminari@inat.it



mailto:fabrizio.fiore@inaf.it
mailto:mgaspari@princeton.edu
mailto:paolo.tozzi@inaf.it
mailto:alfredo.luminari@inaf.it

\
. .
\
..‘ \

W ,\"' »n VN

e - A
\. 5:’\,\-_ AN
. 5 LN

N
N
STRON Re

SRR

WA T
‘-,&‘\ i N
-\‘,‘ ‘(\ \-




-
- » . » - - A - " - - - . - = ;
% . i ’ . " 2 -
' . \ * < s v - » - 2 - g .
» 2 o ~
. ’ . ) : x
’ > - .
» " . - - .
. -
- - -
. . - ~
- 4 v — ) : -
» v : » -
» o » -
; ' - - ~ _
A
. F 4 - -
. ‘ ’I » >
. - e » 4 - 3 » -
4 » A " .. ’ 49 ' J - - ~
* » » LA -
A » ’ ’ ‘ . 4 5 ~ :
) J - ' "- s 0 of 4 o » 2 ; - - - - - ~ -
s L iy ; ;e — . - _— 5
. y ’ / 4 ’ / p - - — 2 -
» /5 ‘ .- - 3 x
. . g ! “ N EVES ’ / - . —— - - “a . =
» ' ~' g . ' » .” 4 g ; 4 -
4 . ’ ) - -
» " ’ » 2 '. ’ ’ ’ J - —
» . . . p,
° » E " ’ ‘ » ¥ 4 o ”~ e -
) . : ; e , ’ ' / p v P . . <
. " ,. . . ’ : Z . ‘ 3
- ' » » 4 ’;F » " ’ - . — ~ 4
' Y y m - , . S
; Py ~ '
. . . ‘ F ’ ’ " / S
. . 'y A ; ' / ‘ -
3 - ." : l. : ' / . : - :
- . s ’ . . \
\..'. . 3 ? p .. .0 ’ ' “ I‘ . ‘l / " .- X \
A 5 ' > ’ : e ¥ J , ; )
s ’ 4 4 y ’ ’ e . .
’ .4 y } - %
s ¥ S . s " » ’ ' ) 4 , - f
e » .. ) * 4 ' | l/‘ 3 y ” 3
' s ™ » s p ’ 4 4 7 -~ Z § >
5 ’ # / ‘
s ’ s ¥ ’ . i ) 22 ," , Z s / :
’ ’ ’ ' [ , » 74 , y / < \
. ’ ,
’ ’ r J . ¥ y ~
4 ’ 4 » ’ )
» -. s ’ 4 ’ ¥ L8 3 . ; \
0. y i » ./ 3 5 ,‘ " . / '
» ’ ’ ’ g . y \
» v ’ | x ' M s 4 J
' ' 4 » ' ’ \
» ' ’ ..n i N ’
' T ‘“. "y ’ !
» . ' } ’ 3 “I " ’ g J G .
' ' » s ’ ’ . . : \
y - . 4 . ,‘ ‘, 3 ' I / / ] l
.
’ ! .
) v .‘ 3 Ve ‘ ’ r ' ’ )
'  J
v Jd ' > g ¥ ' ' " : ! ' J \
' ' ) : / :
, ’ : ' ’ ' 4 ’
. " - ' g Al ! ' ') ’ ' ‘
»
i LA A5 :
. ’ ’ ’ v '
B : . ’ ] r ’
. ’ " ’ ,
. ' ; :
X J J
' L Y g ‘ ' ) ' '
. ~ _ l’ ' ' . .
. ‘ ' ' ! J
:
. .- ’ e ’ . ! |
. ' . ’ : ’ ’ P
~ L * ' ' '

!
: \ \ ,
'y s » ' ' A ) ' : .
’ “\ \ \ \ /
5
| I Ly
. s . . . ) ’ \ .‘
\ ) . \ : \ :
L . ‘. | . .
5 ’ 4 - ‘ . )
» ’ ) )
» . ’ . Y ' J » o\ ‘ N ! .
' | L \ | .
. 5
» " |
. " . . . ) . " . \ \ 3\
- 1 ‘
\
» . , ’ . ' 3 ' A\ ) L %) ’
. ‘n.' b . ) \ \ \ \ % - ) . ' "
‘ . /
) F
) \ &y \ /
‘ »
' ™ . s B . A ' \ \ \ \. 5 : : /
’ _ X A A" \ ; ,
\ .
\ . \ » K .
: " X e ‘ ) ; \ . \ \ N \ \ e
' ’
. > v I\' ' ) /
\ \ \ ) :
. , e \ \ A v 4
» » ) : . \ g F
. |\ \ - - 3
» 5 . y
. . ' \ \ E
» . . . . A
. - » ™ \ \
A N : #
» L » - 4
. ., ¥ \ I\ . 8 . \ - -
' v " ) " \ \ > - - 5 -~
X b . . . L \ 5\
v . v \ ’ . » " -~
’ . L \ ) ) <
» ™ \ N\ - . 3
» ’ . . NS . \ N - — -
» \

AN

»

NN

» . . ’» -
» S Y. : 4 x
- L - .
»
- - o . . o » -
’
-
»
- ‘. » - .
. .
- -
Lt - _
. ) k3
. 5 . _
. ’ . : »
5 > .'c -
- . . .
:
S LA | 4
-
. . ) ’
5 . ¢ -
) ’ b 5 ‘ 3
\\" Wi a
5\ » i " 5 .
§ : . . .2
v » : » : -
) » . .‘
. . N ‘ »
5 ) e !
\ e ) .
- . 5 - . .
. s N °
3 A\ . 4 ! y
« ) L, 1
3 : . . 3 : » »
LA Ta :
; \
- .
\ ‘ ' U Sous ) 5 .
- . s
. - »
» B »
) ) N ’ ' . u" . -
3 ) .
'
\ s . . 5 -
5 ‘a \ 3 9 ' = 0
| \ : »
\ » ) - I y
- . »
A \ ' . . ' .
\ ' ‘ .
\ ) L : . ’
5 .
\ \ > .
‘ »
A ) ' N '
" " 4 . ..I
\ )
. ‘ ’» ’ 3
. » 5 Y . »
' ) : . " v
| . »
\ ’ ‘3 '
. ) ) 'y
] g e
- - »
| ) ) : » 5 : " X .
' . .
" ' M .
) . . . s “»
3 '| ’ . » . ’ .
:
y ’ " | . . » »
" 5
' ’ : . » . é
) . o
. -
1) ) 'y ’ i '
} ’ ' - 3 -
' ) . ) .
' ’ ™ )
» L ‘ 3 .
' : 4
' ) 4 ' .
. .
[ ) ) | " . . 3
‘. \ ' » s
:
’ s ' . . L )
| ’ .
!
; »
J F : oo '. A
4
’ y s ’
/ y ’ ' .
' ' am
' . ’ . L "
y ’ » ’ '
I/ : > g '
/ ' . ' ) .
’ P . -
/ , ¥ .
’ / ;
’ - ' "
4 4
’ - »
’ ' ’ o '
’6 . ! N P "
» » »
’ ’ » . »
’ o’ ’ ’ . ’
. ' i ’
' »

-
-t

-
-



- »
v" >
’ , < : = . ) :
» ’ 4 7 —‘
of 2 ” - - - : - ‘ .
. - -~ -
- » » ’ ’ -3 - — - — R
) / - — :
’ p p 4 // - »
-p
’ ’ 4 2 -
» » ' 4 ; y ,‘/ = <
’ ' F
g - ' f s < -
’ / y
» ‘I -
4 ’ - / . 7
J y* ’, o ’ .
» ’ -
/ >

’

,, YAl
I' y “’
.,' ’
i y .

) ' .
’ 004 i
’
| ’ ’
¥ o
f ' J
.0
' . A" f "
' ' ' b ’
' /. e
’ . u
’ |
" \For |
/ a
|
:
|
! )
, | ’ ! ! |
i '
' ! i
) 3 '
v, ) |
5 ’
1
) \ \
\ ‘N
N A
\
\ \ |
! \ |
[
] : » L
\ \
'
y o\ \
. \
o\ ' \ \
| \
\ ' \ \
» 5 \ !
B
.\' \
\
s
. \‘ \
. "
. L
» N " .
" \
L | ‘ .
» W . s
. »
L
y . . L]

'

’

-~

~

/

/!

4
' 4

‘growth hormo

-

" .
- . ’ \
- . »
- - .
- 5 - - - - - . . »
\ )
~ \ , h
- \ 5 '\\
N \ . . N
N L . N | S W .
\ .
AN -
" - .
\ . . !
e
! .
\ A \\ ‘ \\Q‘ LB
' \

ne \of galaxy

. :
|
\
\ )
' ' .‘
1) ’
-' '
L ol |
o ! '
Y J
D"-' !
’
'
! , [/}
/
7001
g
, ’
'
4 / s
! J
/
. A ;
S 4 ’
/ / / /
: 7 A
- 4
.’ "
-~ / / / l
- ’
-~
' 4 J
- . F
—_ /‘ , i ’ ’
.-

\s
.
I‘ \
\\, v
»
\ 5
5 L
\ )
»
.\ \'a
LY
‘e
5 »
|
\
L
]
’
.
’
’
'
M
!
' !
J ! &
J ’
'
#
/I
’
f
/
»
f
I
»

-

-




...a first glance to the monster: active galactic nuclei

Luminosity 1041 - 1048 erg/s ~ - »> Lqal
Variability seconds - years ~ 14
Size R~ ctqy~ 1012-1018 cm << Rqal

Eddington Luminosity L.q4q = 4TEGMmpC/O'T= 1.26 x 1038 M/M;

= 1.26 x 104 Mg erg/s

Lace = 1.26 x 1046 Mg (Loce/Ledd) €rg/s Lace = eMc?
Critical accr. M = Legd/c2 =4 x 10-8 (M/Mo) Mo/yr

= 4 Mg Mo/yr if £=0.057



Fueling AGNs

Conversion of mass to energy with some efficiency n

L=nr.m:2 M= - =1.8x107° 2 M_yr~
nc 0
U 1 GMm deU 1 GM dm GMm_}nzl GM 1 0083 if
2 r a 2 r dt r 2 rc¢c 12

GM 13 o
R,=2 i 3x10° M,cm last stable orbit = 3 A,
and 1gnoring relativistic effects.

1 GM . . .
AU = 23R, energy available from a particle talling to 3R

N = 0.057 for a Schwarzschild metric and 0.42 for a Kerr metric (l.s.o.Z% R;)

' L . . _
me=—=¢ Critical mass accretion rate =2.2M,M_yr™

nc




X-ray spectrum

* Dissipate energy in optically thick disk — cool, no hard X-rays
 MUST dissipate in optically thin material so that E >> kT (Compton)

Magnetic reconnection above disk
Optically thin accretion flow — — no known alternatives at high L/
low L/LEdd OHIY! I—Edd!

Y
oA A

VIRV
(\

Inverse Compton scattering of lower energy photons by energetic electrons in a
corona surrounding the disk






Accretion disks In galactic nuclel

7 T 1 r 1| rr & rJ rrrr gy rrrr |17 rr 11 17 rrri1 * \’ ‘ e R T S \
: Emission from - ~«...Ensemble of all spots = .
°-5F single 1 ©
orbiting spot 3 >
< 6 = 4 x Y-
5 C . "
— : = 3
5.5 3 1 & 5.
) - . uCJ
ITR: 5
>F E .
45 E [ T N T N TR T TR T N | [ T N Y T T T Y T N B | -

[ T I T |
0 2.5 S 7.5 10 12.5 15 .

Time (ksec) Time (ksec)



Otyg&rvational evidences of supermassive BHs




Otyg&rvational evidences of supermassive BHs




Observational evidences of nuclear disks

e rn=1.8 £0.1 R, (1ISCO) ER

*a/M=0.93 £ 0.01
- KERR

£ <30 ergcm s
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Observational evidences of nuclear winds

Ultra Fast Outlows (UFO) with velocity up to a fraction of ¢ are observed in the central
regions of AGNS; they likely originate from the acceleration of disk outflows

shocked

wind

:
0
>
0
=
X
2
L

Observed Enerqy (ke



Observational evidences of nuclear winds

Ultra Fast Outlows (UFO) with velocity up to a fraction of ¢ are observed in the central
regions of AGNS; they likely originate from the acceleration of disk outflows

>,
g

0g6~3-6 T = )\
OgNH~22-24 s —
Vout~0.03-0.3 ¢ s =
rmax<Lion/NH¢~0.03 08
jlonization par.
rmin<2 GMBH/V20ut~0.003pcC
escape vel.
Mout=MpNHNVout~0.01-1Me/yr
Mass outflow rate

W g \\\f\\ iiiiii

1 D3RO 25710

Flux (keVcm = s 1)
T

Observed Enerqy (ke



A look at UFOs from a different perspective

e [ntimatedly related to mass accretion
because of the conservation of L

—h
W

x
=

<
=10
@©

)]
EE:

w
_O
~

» Transport momentum/energy/entropy:
feedback

5 10
Rest-frame energy (keV)

Flux (10712 erg s~1 cm~2)
N

* Collect UFOs observations and interpret
them in the framework of the MHDW

' - n-p L EE + ' Lty r BN AT o el TN .:_E.r.. e =y TN —
R AR W T TR TET ++ + HT+

O =i i
o O N

o Study their statistical properties as
complex dynamical systems

[
E2
O
=
d
g0
afnd
g0
QO

S 10
Rest-frame energy (keV)
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MHDWINAs

'jd o Minr(Q)QO o 'jfw = MothOT

. Bp
ol Q0(47Tp)0'5
e .Mw

Maccr
&_) — 11U




MHDWINAs

'jd o Minr(%QO o jw = MothOT

__ Bp
ol 90(471'/0)0'5
e .Mw

Maccr
&_) — 11U

A spinning
Black hole




UFOs
Krongold et al. 2007

Mw = 0.8my, f Ng VT = 6.3055 X 10_24Nva'rM@

. NH MBH ’Uw/C -

(Fmin) 1024 108 ( 0.1 ) o/Y"
. Nug Mpy (ve/c\ ™ (Lbol)—l €

adie) = O M
@Tmin) = 5037521 708 ( 0.1 ) 1055) piMelvr

Ng (v./c < EFEL™ &
=400 M
1024 ( 0.1 ) (0.1) 0.1 Me/ur



UFOs
Krongold et al. 2007

M, = 0.8m,, f Ngv,T = 6.3055 x 10724 Ngv,,rMg
Nu Mgy {’Uw/c\_l
10 10% % .l /

. Ny My (vw/c Lot \ 1 €
i) & 8 ( ) M
O(Tmin) 1024 108 ( 0.1 ) 0%) o.1Me/yr

Nug (vwleN" [ A\ e
=F % M,
1024 ( 0.1 ) (0.1) 0.1 Me/ur

w('r'mm) — (.88 = Mg /yr




UFOs
Krongold et al. 2007

Mw = 0.8my, f Ng VT = 6.3055 X 10—24NH’Uw’T'M@

Nu Mp (vw/c)
10 10% % .l /

. B Ny My (vw/C) Lot \ 1 €
@rmin) = 5037520 708\ 01 (1045) 0.1 Molyr

_ 53 (vu/e) R — Mo /yr
~ 00102 0L 0.1 L

w('r'mm) — (.88 = Mg /yr




UFO winds: statistical sample

=

M, )

1 w
—d X - _ S d
A Mgyq A

L] =

Ly = LI2M0° — B M

w = M,/M_. (e¢/0.1)"!

s = ML ; & 0.005 — 0. 01

0.01 ®

span 3 orders of magnitude = .
>> statistical+systematic error 0.01 = 1




UFO winds: statistical sample

M, A

1 -
—d X - _ S d
A Mg A

5

Ly = LI2M0° — B M

s = -j—wL— ; & 0.005 — 0. 01

span 3 orders of magnitude
>> statistical+systematic error

w = M,/M__ (e/0.1)1

0.1

0.01

® 00

\\

r MCDW

\\\,

0.01

A= Lbol/ Lgga



100 TTTT

£ 10
I3
A
B
Z.
1

-~ Mkn231
 PDS458

APM08279

IRAS11119

NGC7582

0.001

0.01

E 10
3
/\
i3
Z.
1

Cumulative distribution functions

100 ERLL

III| IIIIII | | lllllll | | |
y 7<0.3
- Mkn231
 PDS456
IRAS11119
- NGC7582 —
lllll | | Illllll | | lllllll | | llllllI ] | lllllll ] | I_
0.001 0.01 0.1 1 10
5=.MW/K48('}0!’




N(@>w, )

0.1 F

Binned distribution functions

Correcting for selection effects, z<0.3
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N(@>w, )

0.1 F

Binned distribution functions

Correcting for selection effects, z<0.3

w=M / M,M, >\-=M-/ Mma
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A distribution function

A . M. s Aw
Mggq @

At ~ @ if wind trust contrast gas
accretion at the Bondi radius

A X At scales as 4,

slope of 4, distribution = -1+0795

1000 |-

100 |

| PDF(AXAL)
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A distribution function

A . M. s Aw
Mggq @

At ~ @ if wind trust contrast gas
accretion at the Bondi radius

A X At scales as 4,

slope of 4, distribution = -1+0795

1000 |-

100 |

| PDF(AXAL)
— _____ PDF(A)

10 - | I 1 llllllll | 1 LLLLI

10

100



f the wind activity timescale is shorter than the AGN timescale, and if the
population functions are drawn from independent snapshots

wind activity history in each single sources can be statistically described by
the population functions

Many relatively small wind events for each major wind event in each AGN
activity cycle

fractal behaviour, as e.g. CCA

BH growth equivalent to constant 4 ~ 0.1 during AGN lifetime



A cellular automaton for disk-wind systems

Mineshighe et al 1994-1999



A cellular automaton for disk-wind systems

Set-up 1 —> Mineshighe original
setup, no feedback

Set-up 2 —> mass percolating ’
inward m;,, = m/(1 + @) mass in
the wind m,, . = m@/(1 + @)

Set-up 3 —> similar to set-up 2
pbut plus wind trust contrasting | . - -
accretion at the outer radius Mineshighe et al 1994-1999
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Theory of critical exponents
Bak et al. 1987, 1994: Kuntz & Sethna 2000; Sethna et al. 2001
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Toward

Self-Organized Criticality

Set-up 3

Set-up 2

Set-up 1




Residuals

Toward
Self-Organized Ciriticality

The residuals after subtracting the best t exponential model from the cumulative
distribution function of the waiting times

Set-up 1 Set-up 2 Set-up 3

Residuals




Complex dynamical systems

successful approach in evolutionary biology, neurology, condensed matter

Higher level

Next level MHD disk- Chaotic Cold accretion

winds Entrainment
"\, Wind phase

Black Hole

>
=
X
9
Q.
=
@
O

Low Level

T 5 6x105R,. Macro p
CZOO ] g

Spatial scale




Complex dynamical systems

successful approach in evolutionary biology, neurology, condensed matter

* Non-linearity and sensitivity to Initial conditions, stochastic variables

Higher level

Next level MHD disk- Chaotic Cold accretion

winds Entrainment
"\, Wind phase

Black Hole

>
=
X
9
Q.
=
@
O

Low Level

GM, Macro
~ E = 5.6x10 Rg Rgal ~ 10 Rg

Spatial scale




Complex dynamical systems

successful approach in evolutionary biology, neurology, condensed matter

* Non-linearity and sensitivity to Initial conditions, stochastic variables

* Emergent properties produce a hierarchy
of levels, developing power law scaling
laws

Higher level

Next level MHD disk- Chaotic Cold accretion

winds Entrainment
"\, Wind phase

Black Hole

>
=
X
9
Q.
=
@
O

Low Level

GM, Macro
~ E = 5.6x10 Rg Rgal ~ 10 Rg

Spatial scale




Complex dynamical systems

successful approach in evolutionary biology, neurology, condensed matter

* Non-linearity and sensitivity to Initial conditions, stochastic variables

* Emergent properties produce a hierarchy

. . Higher level
of levels, developing power law scaling -
- | 2
laws ovel S |E
. . . bbb als MHD disk- Chaotic Cold accretion

* Self-organization attained through c (] - e,

feedback. co-evolution in evolutionary O ), vindphase

biology: organisms create their Low Level

environment, which in turn influences the =

- ~ — = 5.6x10°R, MacrORgal~1010R
same organisms. 2

Spatial scale



Complex dynamical systems

successful approach in evolutionary biology, neurology, condensed matter

* Non-linearity and sensitivity to Initial conditions, stochastic variables

* Emergent properties produce a hierarchy
of levels, developing power law scaling
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e Self-organization attained through
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biology: organisms create their

environment, which in turn influences the
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Accretion disk variapility

The leading model to explain this variability property is based on the inward propagation of random
accretion rate fluctuations in the accretion tlow

Turbulent fluctuation in the local mass accretion rate at different radii propagate through the flow, with
variability coupled together over a broad range in timescales.

fluctuations. This has the effect that

the

this fluctuation in mass accretion rate attects the next radial zone in, modulating its random

fluctuations at each radius are the product of the fluctuations
from all previous radii, forming a fluctua

flow, so modulating the region where most of the energy is released.

ion power spectrum P(f)«f-1 down to the inner boundary of the

The size of the rms fluctuations is linearly related to the source flux, such that that rms/F remains

constant (Uttley & McHardy 2001). |

his

a log-normal distribution (Uttley, Mc

al. 2005).

IS more or less equivalent to saying that the fluctuations have

Hardy & Vaughan 2005). There is no way to do this in any model of
variability which takes a sum of independent events, so all shot noise models are ruled out (Uttley et

nis also rules out self organized criticality models, where variability is propagated inwards only once
the accretion flow at that radius crosses some critical threshold in properties. This produces a power
aw rather than lognormal distribution of fluctuations (Done et al. 2007).
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Flux distribution:
clear deviation
from log normal
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