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i. lonised Outflows. AGNs

NGC 3783: a 900 ks Chandra grating spectrum. PDS456: a P-Cygni profile in the hard X-ray band.
Wealth of absorption features at 600 km/s log(§) = 5.5,Ny =7-10%3 cm™2,v,,; = 0.25¢
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i. lonised Outflows. Compact sources

1
osF. % 2 i ULX NGC1313-X1 — Pinto+16 +20
=z d %
I S
02 (o 'M p"'w - 93 T T T T T T T T T I T I ' II I T I I II I T I i T I I
=02 0 6' ‘ I I I |
o1 > s 3 NGC 1313 X-1 RGS i EPIC/PN .
2 B 0.4 — 7
1 Mgxi Fe xvii 0.2 N
i NBX 0 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ’
i \ Ne ix 5 10 15 20 |
: / Fe xvi
02 ‘ << i Fe xvi O v O wi T
35 4 45 5 55 ® O v A |
1 o i
E £ é, £ ’ 01 Nw
& @ @ 0.5 '
. ; o
g ©
! ‘ 2
o
x
3
[
< - T
m - —
ot 2 gz S '
Wo---r-m-ee @]
L R [ i
— Narrow-line model O
— Broad-line model ’
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
Observed wavelength (A) 10 15 20 25

Wavelength (&)

XRB GRO J1655 - Fukumura+17 log(é) = 3.5,v,, = 0.25¢,

Ny = 10%*cm ™2

alfredo.luminari@inaf.it



i. lonised Outflows. Open questions

Main observables:

<Obtain 1, Myye, Egues >

+, -, ] NS, ..

Vout
....abracadabra...
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i. lonised Outflows. Open questions

Still after >20 years of X-ray spectroscopy,
several questions remain open:

1. Location
2. Density

3. Energetic
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i. lonised Outflows. Open questions

Still after >20 years of X-ray spectroscopy,
several questions remain open:

1. Location

/

.

estimated through indirect arguments and assumptions

(e.g.

Lower and upper limits

\

__ 2GMpy L
T'min = y Tmax = ENy )

2

J

log(Distance) (cm)

14

12

—

o
NE———-——
o

Number

+ covering factor Cr is
basically unconstrained....

Sample of local Sy1 galaxies
from Tombesi+12
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i. lonised Outflows. Open questions

Still after >20 years of X-ray spectroscopy,
several questions remain open:

/Degenerate parameter when ionisation is at equilibrium\

2. Density Status and appearance of the gas is uniquely determined by the
Lion

ionisation parameter ¢ = —

But...
K_) degeneration is broken out of ionisation equilibrium!/
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i. lonised Outflows. Open questions

Still after >20 years of X-ray spectroscopy,
several questions remain open:
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ii. Time-evolving photoionization with TEPID

Constant lonisation source
— Time-equilibrium photoionisation:

. _ _ Density and distance are degenerate!
lonisation parameter dictates the physical status of the gas:

. lonising flux /’
E ion

P
<«

¢ x
2
Nr* <« Gas density-distance

i) Temperature is a function of ¢
ii) lonic abundances are given by the balance between

recombination and photoionisation:
Nnoi arec
l
X Fyi

Plenty of dedicated codes:
Cloudy, XSTAR, SPEX....

— measure ¢ through the ratio of different absorption lines
— measure Ny from line depth

— measure v, from line blueshift
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ii. Time-evolving photoionization with TEPID

...can we do better?
Variable ionisation source (t,q, < teq):
Yes! Let’s exploit time variability! — Time-evolving photoionisation:

- - New XMM obs

0.30} . . Old XMM obs U Gas ionisation, temperature and density change in time
}l } following the ionising flux:
0251 { * non-linear behaviour
| { * dependence from initial conditions
0.20F

Rate (c/s)

* gas response delayed with respect to the lightcurve

* time-evolving radiative transfer

i)

\ i
0.10 M

1
Pinto+20 Time Yea,rs since 2013/06/10)

— need to integrate over the source lightcurve
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ii. Time-evolving photoionization

...can we do better?

Yes! Let’s exploit time variability!

0.30}

TEPID:
Time-Evolving Photolonisation Device
0.25}
Non-equilibrium gas ionisation and time-
0.20}

Rate (c/s)

resolved transmitted spectrum from

optical to X-ray
0.15-} \ ’

0.10 \

0.05 L : :
0 1 > 3
Pinto+20 Time (Years since 2013/06/10)

with TEPID

Variable ionisation source (t,q, < teq):
— Time-evolving photoionisation:

Gas ionisation, temperature and density change in time
following the ionising flux:

non-linear behaviour

dependence from initial conditions

gas response delayed with respect to the lightcurve
time-evolving radiative transfer

— need to integrate over the source lightcurve
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ii. Time-evolving photoionization with TEPID

NGC4051 — Krongold, Nicastro+07
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' (nyi-1)
The equilibrium timescale is:  t,, = [ ( Arec\Nyi-1) | Nyit1
q ) - 1
(arec(nxl) n)(1+ Aroc(Myi) Ny

Low density: longer t

eq

ionisation equilibrium not granted

— High density: smaller t

eq s

closer to the ionisation equilibrium limit

)

Nicastro+99

— time-evolving ionisation breaks the density degeneracy!
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Ii. TEPID

Time Evolving Photolonisation Device (TEPID)

An optical to X-ray code to follow the time evolving gas ionisation (based on Nicastro+99, Krongold+13):

lonic abundances
ani

dt

IAU

= —[FXi + CXi Neg + Arec Ne + Xi—z]nXi

AU
+[FXl—1 + Cxi—l ne]nxl—l + arec nenxl'l'l + IXL nXi—Z

N,: electron number density n, = 1.2 ny
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Ii. TEPID

Time Evolving Photolonisation Device (TEPID)

An optical to X-ray code to follow the time evolving gas ionisation (based on Nicastro+99, Krongold+13):

lonic abundances
ani

AU
It = —[FXi + CyiNg + Apee e + IXi—Z]nxi
+[FXi—1 + Cyi—1 ne]nxi—l + Qrec NeNyiv1 + I;?iUTLXi—Z
Destruction: Creation:
recombinationtoi — 1 and recombination fromi + 1 and
photoionisation to i + 1 (Augeri + 2) photoionisation from i — 1 (Auger i — 2)
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Ii. TEPID

Time Evolving Photolonisation Device (TEPID)

An optical to X-ray code to follow the time evolving gas ionisation (based on Nicastro+99, Krongold+13):

lonic abundances

dn,i
df = —[FXi + CyiNg + Apee e + I)‘?ffz]nxi
+[FXi—1 + Cyi—1 ne]nxi—l + Qrec NeNyiv1 + I;?iUTlXi—Z
Temperature
I" : heating (photoionisation)
ar _

dr ZX,i[F —Al+6 A : cooling (gas emission)
® : Compton

Summed over the gas elements
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Ii. TEPID

Time Evolving Photolonisation Device (TEPID)

An optical to X-ray code to follow the time evolving gas ionisation (based on Nicastro+99, Krongold+13):

lonic abundances
ani

I = —[FXi + CyiNg + Apee e + I)‘?ffz]nxi
. . . _ AU
+[FXL—1 + CXL—l Tle]TlXL—l + Arec NeNyit1 + IXi Nyi-2
Temperature _ S _
I" : heating (photoionisation) Charge conservation
dT _
dar ZX,i[F —Al+6 A : cooling (gas emission) Me = Nyip + Ner + 2Ny + -
® : Compton

Summed over the gas elements
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Ii. TEPID

Time Evolving Photolonisation Device (TEPID)

An optical to X-ray code to follow the time evolving gas ionisation (based on Nicastro+99, Krongold+13):

lonic abundances
ani

I = —[FXi + CyiNg + Apee e + I)‘?ffz]nxi
. . . _ AU
+[FXL—1 + CXL—l Tle]TlXL—l + Arec NeNyit1 + IXi Nyi-2
Temperature _ S _
I" : heating (photoionisation) Charge conservation
dT _
dar ZX,i[F —Al+6 A : cooling (gas emission) Me = Nyip + Ner + 2Ny + -
® : Compton

Gas absorption:

Summed over the gas elements .
1-e™

Firans = Fo .
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Ii. TEPID

The driving parameters are:

1. the ionising flux F;,,

Linearly depends on F;
2. the gas density n, ion

lonic abundances Linearly depends on 7,

ani

I = —[FXi + CXi Neg + Ayec N, + I)‘?ﬂz]nxi
AU
+[FXi—1 + Cyi1 ne]nxi-l + Qrec NeNyivs + [ Nyi-a
Temperature .
Charge conservation
ar
i 2xi I —Al+© Ne = Ny + Nyep + 2Npey + ...

Gas absorption:

Summed over the gas elements .
il=2

Firans = Fo .
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Flux (relative)
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ii. TEPID. Code outline

Work flow of TEPID:

<1. Code setupD

<3. Absorption spectrum) Time t=15 s

10-2 4

H
b
i

<2. Time evolving computationD

scm~2s71 key-!
=
o
.,

Fell Fel5 Fel9
’\S Ng 107
104 \ [
. / 1074
High flux Low flux 14 I“" / \ _—
‘ 1072 4
107 2 -17 |
0 2500 5000 7500 Ti;:io?s) 12500 15000 17500 20000 " . 1072 4 10 —— Log(n)=6.0
— Log(n)=10.0
107¢+ 10-20 . — — v v ——
10- 1 1071 10° 101
i. Lightcurve o 0] wl/ Eneroy (kev)
ii. Gas denS|ty 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 Tlme_rESOIVEd X_ray SpeCtra as
Time (ks) Time (ks) Time (ks) . .
iii. Initial log(¢é) a function of the gas density,

Temporal evolution of the gas using PHASE (Krongold+03)

ionisation and temperature
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i, TEPID [ 1. Code setup)

Gas column Spat.ial r.esoIL.Jtion:. . . .
density Gas is sliced in optically-thin slabs. Simulation is
H propagated from the innermost to the outermost.
Radiation is absorbed and geometrically diluted from

one slab to the other: 5
L 1—e ()
o A

""" » & Fo =k T &1

Distance from
the ionising
source r
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ii. TEPID 1. Code setup>

Gas column
density N,

Spatial resolution

Temporal resolution

computed by the code through an
adaptive approach as a function of:
i) Lightcurve
i) n,

Flux (relative)

Distance from
the ionising
source r
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107

1072 1

108
108

104

T(s71)

109 4

102

10

High flux

Low flux

0

T T T T
2500 5000 7500 10000

Time (s)

T T T T
12500 15000 17500 20000

104 4

102

i

—— log(n/em?) =6

—— log(nfem3)=10

CHl

0

T T T T
2500 5000 7500 10000

Time (s)

T T T T
12500 15000 17500 20000

S

102 1

1_04 i

102

108
106

10° 4
102

L,

T
1076

1073 107 103
Time (s)

10-7  107* 1071 107
Time +10% (s)

—




i, TEPID [ 1. Code setup)

Gas column Spatial resolution

density N,
. 10 4
Temporal resolution T o
® )| | -
computed by the code through an x igf s Lo T
adaptive approach as a function of: = 2
Distance from |) nghtCU rve ) 2500 5000 7500 10000 12500 15000 17500 20000
the ionising .. Time (s)
source 1 |I) Ne B
1077 —— log(nfem3)=6
105_
Enlo —— log(nfem3)=10
|
2-step time binning: = 10
1. Decay interval given by tg :
. q . IU-*L LLI_I_‘ L T
Lower density = slower gas reaction — slower decay % oo w0 0T 00 o0 08w
Higher density — faster gas reaction — faster decay Time (s)
108 1 108
1@——‘ﬁHH1HL 105
ﬁ:\ 10% 10%
f% 102 1 102
100 107
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T
1076
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Time (s
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i, TEPID [ 1. Code setup)

Gas column Spatial resolution

density N,
. 10 ~
Temporal resolution T .
® | . || > 5.
computed by the code through an x 4] el G ke e
adaptive approach as a function of: = 2
Distance from |) Lightcurve 3 2500 5000 7500 10000 12500 15000 17500 20000
the ionising .. Time.(s)
sourcer “) ne . T T
1077 —— log(nfem3)=6
105_
i —— log(n/em3)=10
|
2-step time binning: T 10
1. Decay interval given by teq : a .
[ xIn

Lower denSIty - Slower gas reaCtion — Slower decay __L"— 25|00 5[)I TSIOO lCH.:T l25|00I 15600 l?5|00 20600
Higher density — faster gas reaction — faster decay / o

2. Resolution w « 1/t (error on numerical integration) mﬁ:x&& 105\\“'11111

10% 104
Lower density — slower gas reaction — lower w 102+ 102

Higher density — faster gas reaction — higher w o E o L_H

1076 1073 107 103 10-7  107% 107! 102
Time (s) Time +10% (s)

—
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ii. TEPID 2. Time evolving computationD

Lightcurve:
10 | We assume gas to be in photoionisation
equilibrium at t = 0 with log(¢) = 2
5
High flux Low flux
Ne = 101%cm™3: instantaneous response (ionisation equilibrium)
1
o 5 10 15 20 n, = 108cm™3: damped and delayed response
Time (ks) /
Temperature (10° K
P ( ) n, = 10*cm™3: always out of equilibrium (no gas response)
1.0 1 / A
0.8 |
0.6 |
0.4 |
0.2 |

0 5 10 15 20
Time (ks) alfredo.luminari@inaf.it



ii. TEPID 2. Time evolving computationD

10 |
Iron ionic abundances (ratio)
5
High flux Low flux Fe 1 1 Fe 1 5 Fe 19
1 ] 10_1‘:
0 5 10 15 20 e 107 5
Time (ks)
1072 5
10_2-E
6 1073 4 - ]
Temperature (10° K) 107 Lo |
1.0 - 104 :
1074 3
0.8 . 105 4 1
1075 - 1073 102 ——
0.6 1 | | \ | | | | | | | | | | | | |
0 5 10 15 20 0 5 10 15 0 0 5 10 15 20
04 . Time (ks) Time (ks) Time (ks)
0.2 | | !

e 0 15 2 n, = 102cm™3: temperature and ionic abundances
_ adjust instantaneously to the lightcurve
Time (ks)
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ii. TEPID 2. Time evolving computationD

10 |
Iron ionic abundances (ratio)
5
High flux Low flux Fe 1 1 Fe 1 5 Fe 1 9
1 J 10—1_:
0 5 10 15 20 i 107 5
Time (ks) 1
10724
] 1077
6 10 -
Temperature (10° K) : 1075 10- 4
1.0 - 1v@ E :
: 7 10—4__
0.8 . 1073 ; ] /
) ] \ 103 4 10-5—; ——
0.6 107 : :
(I) é 1IO 1I5 2IO I 5I 1I0 1l5 2IO
0.4 | \ Time (ks) Time (ks)
0.2 | \

0 5 10 15
Time (ks)

20

n, = 10° — 101%m=3: gas response to the
lightcurve is damped and delayed
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ii. TEPID 2. Time evolving computationD

10 |
5
1
0 5 10 15 20
Time (ks)
Temperature (10° K)
1.0
0.8 |
0.6 -
04 .
0.2 .
0 '5'1'0'15'20

Time (ks)

1071 -
1072 -
10-3 -
104 -
10-3 -

10-° E

Iron ionic abundances (ratio)

Fell Fel5 Fel9
10714 ]
10724
1073 4 S~
5 é llO 1I5 2IO
Time (ks) Time (ks)
= 10* cm3: gas is insensitive to flux variations
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ii. TEPID 2. Time evolving computationD

Iron ionic abundances (ratio)

Temperature (10° K)
Fell Fel5 Fel9

1.0

1014

0.8
10724

0.6
10724 |
1021 ||

0.4

10-4 4

0.2

1054

103 4

107° 4

0 5 10 15 20
Time (ks)

5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time (ks) Time (ks) Time (ks)

o4

n, = 10Y2cm™3: instantaneous response (ionisation equilibrium)
n, = 108cm™3: damped and delayed response
n, = 10*cm™3: always out of equilibrium (no gas response)

Why this?
For decreasing n,, the gas response is:
i. Damped: both photoionisation and recombination rates linearly depends on n,
ii. Delayed: recombination decreases faster than photoionisation — gas is over
ionised with respect to ionisation equilibrium
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ii. TEPID 2. Time evolving computationD

Temperature (10° K)

1.0
0.8
0.6
o Heating photonionisation+Auger
02 Cooling gas emission (incl. lines)
0 5 10 15 20 Compton photon-electron interaction

Time (ks) — dT
e Sum total temperature derivative = o

Energy Balance (Kelvin/second):

log(n/cm?)= 4 log(n/cm?)= 8 log(nfcm?)=12
_ 15 1 100000
0.006 - H
— A
0.004 - — sum

60000

40000 7

20000 7
- /_‘_’_‘\
\—/’/‘ _ \\

0.002

0.000 A L———_—‘A=
T T T T T

: : : : —5 1 . . . : : : : i : 09 : . : : : . ]
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
: : d :
* H passively follows the lightcurve ? < 0: gas is over ionised d—i = 0: gas self-adjusts to get
t

* constant A, 0 instantaneously in equilibrium

_——— e = e — e R



Ii. TEPID

log(n,/cm?)
log(ne/cm?)

3. X-ray spectra:

6
10

T=0 ks. Gas in equilibrium, log(§) = 4

— Spectra are identical by construction
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0.8 -1.2 keV 6.0 - 7.5 keV
0.030

Ii. TEPID 3. X-ray spectra: 100 - — Log(n/cm?)=6.0
" ; Wm 0_025_\\(v\\_ Log(n,r‘cm3}=10.0
3 % ot ] 0.020 - \
log(ne/cm ) = 6 ~ é 0.015 4
log(n,/cm3) = 10
102 T T T T T 0.010 T T T T T T T
0.80 0.85 0.90 0.95 1.00 1.05 1.10 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4
T=0 ks. Gas in equilibrium, log(U) = 1.5 _ 0,030
— Spectra are identical by construction 100 7\
3 0.025 4
(%]
¥
T=2,8 ks. Mid-time of the rise and decay phase W 10714 00207 ‘e,
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Time-equilibrium ionisation only allows for a basic
description of the intervening gas (¢, Ny, v_out)

Time-evolving photionisation also constrains r,n!

Conclusions

log(Outflow rate) (g/s)

compute self-consistently the mass and energy flux

TEPID - Time-Evolving Photolonisation Device
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Thank you for the attention!

Question/comments?
alfredo.luminari@inaf.it
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