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Time Evolving Photoionisation Device

Outline
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i. GRBs as time-evolving sources

GRB are intrinsically transient,
non-equilibrium sources:
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Swift/XRT data of GRB 060729
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i. GRBs as time-evolving sources

Trieste, Sept. 2022

GRB are intrinsically transient, Swift’XRT data of GRB 060729
non-equilibrium sources:
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i. GRBs as time-evolving sources

GRB are intrinsically transient,
non-equilibrium sources:
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Swift/XRT data of GRB 060729

102 103 1n3

-

llluminated ambient gas is out of
photoionisation equilibrium:
Need for time-evolving modelling!
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i. GRBs as time-evolving sources

Constant ionisation source
— Time-equilibrium photoionisation:

* Gas physical status is solely dictated by the
ionisation parameter:
 lonising flux

Qion

nr? < Gas density - distance

U x

 Temperature is a function of U

* lonic abundances are given by the balance
between recombination and photoionisation:
Nui e arec
X Fyi

Piro+02, D’Elia+09 , Krongold+13, Heintz+18
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Plenty of dedicated codes:
Cloudy, XSTAR, SPEX....
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i. GRBs as time-evolving sources

Constant ionisation source
— Time-equilibrium photoionisation:

* Gas physical status is solely dictated by the
ionisation parameter:
 lonising flux

Qion

Uox—
nr< < Gas density - distance

 Temperature is a function of U

* lonic abundances are given by the balance

between recombination and photoionisation:
N o< arec
l
X Fyi
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Transient ionisation source
— Time-evolving photoionisation:

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

* non-linear behaviour

* dependence from initial conditions

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

— need to integrate over the full prompt+afterglow
lightcurve
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i. GRBs as time-evolving sources

TEPID:
Time-Evolving Photolonisation Device

Non-equilibrium gas ionisation and
transmitted spectrum from optical to X-ray

Piro+02, D’Elia+09 , Krongold+13, Heintz+18
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Transient ionisation source
— Time-evolving photoionisation:

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

* non-linear behaviour

* dependence from initial conditions

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

— need to integrate over the full prompt+afterglow
lightcurve
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Ii. TEPID

Trieste, Sept. 2022

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
+[FXi—1 + Cyi1 ne]nXH + Qrec NeNyivr + [ Nyi-a

N,: electron number density n, = 1.2 ny
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Trieste, Sept. 2022

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
+[FXi—1 + Cyi1 ne]nXH + Qrec NeNyivr + [ Nyi-a

Destruction:
recombinationtoi — 1 and
photoionisationtoi + 1 (Auger i + 2)
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Ii. TEPID

Trieste, Sept. 2022

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 Tle]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
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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
d;( = —[FXi + CyiNg + Apee e + I)‘?ffz]nxi
+[FXi—1 + Cyi—1 Tle]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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Trieste, Sept. 2022

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
X —[FXi + CyiNg + Apee e + I)‘?ffz]nxi
dt
+[FXi—1 + Cyi—1 Tle]nxi—l + Apee NeNyivs + I;?iUTlXi—z
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

Trieste, Sept. 2022

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 ne]nxl—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

.. Trieste, Sept. 2022
The drlvmg parameters are:

Sets the energy

— 1. theionising flux F;
transferred to the gas g ton

Sets the gas timescale:
lonisation rates and heating

2. the gas density n, )

lonic abundances
ani

It = —[FXi + CyiNeg + Apec e + I;‘ﬂz]nxi
AU
+[FXi—1 + Cyi1 ne]nXi-l + Qrec NeNyivr + [ Nyi-a
Temperature .
Charge conservation
ar
i 2xill—Al+© Ne = Ny + Nyep + 2Npey + ...

Gas absorption:

Summed over the gas elements .
1-e™

Firans = Fo .
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i1. TEPID

.. Trieste, Sept. 2022
The driving parameters are:

1. the ionising flux F;,,

. Linearly depends on Fj,,
2. the gas density n,

lonic abundances Linearly depends on 7,

dn,i
X AU
I = —[FXi + CXi Neg + Ayec N, + Ixi—Z]nXi
+[FXi—1 + Cyi1 ne]nXH + Arec NeNyi+1 + I;liUnXi-z
Temperature
g Charge conservation
dT _
i 2xi I —Al+© Ne = Ny + Nyep + 2Npey + ...

Gas absorption:

Summed over the gas elements .
il=2

Firans = Fo .
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ii. TEPID. Code outline

Work flow of TEPID:

<1. Input quantities)

i. Lightcurve
ii. Gas density
iii. Initial ionic abundances
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Temporal evolution of the ionisation and
temperature of the surrounding ISM

<2. Time evolving computation:>

=1

log(no)

107 +

1071 4

1072

1073 4

104

— 01
02
08
— 09
a .
100 101 102

Distance (pc)

Trieste, Sept. 2022
C&. Absorption spectrum:
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spectra as a function of the
ISM density and distance

alfredo.luminari@inaf.it



I, TEPID [ 1.Input quantitiesD
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We focus on the circumbust environment of a long GRB

X-ray fluence 10°! erg

Flux (relative)
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\ 4
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> Typical long GRB lightcurve

> Gas density: n, = 101 — 10* cm ™3, as expected in Star
Forming Regions around long GRBs

» Inner gas radius: 1 pc to encompass the forward shock

» The gas is assumed to be initially neutral
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GRBV~
ii. TEPID 2. Time evolving computation> -

Trieste, Sept. 2022

Spatial resolution:
Gas is sliced in optically-thin slabs. Simulation is
propagated from the innermost to the outermost.

Radiation is absorbed and geometrically diluted from
one slab to the other:

P 1—e™™ (n, ?
______ » > 2 — I'1° T 7'_1

Gas column
density Ny

Distance from
the burst r
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ii. TEPID 2. Time evolving computation>

Spatial resolution:

Gas column
density Ny

Radiation is absorbed and geo
one slab to the other:

Distance from
the burst r

Higher luminosity, higher photoionisation:
finer resolution

Low luminosity: coarser resolution

F2=F1'

Resolutign (s

Trieste, Sept. 2022

Gas is sliced in optically-thin slabs. Simulation is
propagated from the innermost to the outermost.

metrically diluted from

>2
Temporal resolution:
computed by the code through an adaptive approach

— €

1 ‘T<

T

s
&1

102 4

10! 102 103 104
Time (s)
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GRBV~
ii. TEPID 2. Time evolving computation) -

Trieste, Sept. 2022

n, = 101 cm™3

t=10%s t=10%*s — t=10°s
106 ; \

Temperature (Kelvin) j
105 1 105 1 1052
104_ o e 104 1 - > 10 5

1.0 3 100 /— 10° 4 /-—

0.1 / 10 / 10714 / O 9 (fully stripped)
Oxygen ionic abundances 0.014
0.001 - — o1 107} 104 O 1 (neutral)
T — 82 104 — 107 T ‘
1 10 100 1 10 100 1 10 100

Distance from the GRB (pc)
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i1. TEPID 2. Time evolving computatmn) Trieste, Sept. 2022

Increasing time from the burst:
temperature and ionisation front moves outwards

t=10%s t=10%s t=10°s
106 ; \

n, = 101 cm™3

Temperature (Kelvin)
105 1 105 1 1052
104_ 1 e 104 1 - > 10 -
1.0 E f_ 107 + /— 10° 4 /-—
0.1 / 10| / 10714 / O 9 (fully stripped)
Oxygen ionic abundances 0.01
0.001 - — o1 107 10 O 1 (neutral)
1 10 100 1 10 100 1 10 100

Distance from the GRB (pc)
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ii. TEPID 2. Time evolving computation)

n, = 101 cm™3

t =10%s

10° |

10° 1

Lo® 101 102

1072 |

107°

1 10 100

10° A

104 4

10% 4
1071 4
1073 1
1073 1
1077 4

10

t=10%s

1

10

100

105 A

104

1_0—5 .

1078 A

t=10°s
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Temperature (Kelvin)

102

Energy Balance (Kelvin/second)

Heating photonionisation+Auger

Cooling gas emission (incl. lines)

1

Distance from the GRB (pc)

10

100

Compton photon-electron interaction

alfredo.luminari@inaf.it



ii. TEPID 2. Time evolving computation)

n, = 101 cm™3

n, = 10* cm™3

t=10%s
10 ]
0.1] /
0.01
0.001] —o
1.0 —
o |
0.01]
0.001'-;
16 100

— 107

Trieste, Sept. 2022

t =10%s t=10°s
- //_ Oxygen
Increasing gas density
10 ‘\//7 10 ﬂ//ﬁ
1 10 100 1 10 100
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ii. TEPID 2. Time evolving computation)

n, = 101 cm™3

n, = 10* cm™3

t=10%s
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1.01 \ Y
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109 4

10-1 4

1072

1073 4

Oxygen

102

Increasing gas density

ionisation front moves inwards
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100 / 10! 102 100 / 10!
107 § 1 100 j
1071 4 10! 4
1072 4 10-2 4
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1074 T 1074 .
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ii. TEPID 3. Absorption spectra>

The gas columnis Ny = 6r - n:
- 6r = Ny /n

Gas column
density

Distance from
the burst r

Trieste, Sept. 2022
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ii. TEPID 3. Absorption spectra>

The gas columnis Ny = 6r - n:
- 6r = Ny /n

for given Ny, denser gas is closer to the GRB
— more ionised

Gas column
density

Distance from
the burst r

1

log(n,) =1 log(n,)

log(n,) = 4

Trieste, Sept. 2022
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ii. TEPID 3. Absorption spectra>

The gas columnis Ny = 6r - n:
- 6r = Ny /n

for given Ny, denser gas is closer to the GRB
— more ionised

Gas column
density

Distance from
the burst r

= -1

log(n,) =1 log(n,)

log(n,) = 4

Ny = 10%?2cm™2

Trieste, Sept. 2022

107 4 —
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10—2 i
— 01
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107 1 08
— 09
lﬂ_E T T T T T T T T T T T
1013 1019 1020 1021 l|]22 1023
10° /—— .
o2 | | 320 pc
107% 1
lﬂ_E T T T T T
1013 1019 1020 1021 1&22 1023
10° /——
0.32 pc
1072 ~
|
lﬂ—ﬂ_
lﬂ_E T T T T T T T T T T
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Total Ny (cm~2)
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log(n.) =1

=4

log(n,)

ii. TEPID 3. Absorption spectra)

Ny = 10%2¢m™2

Trieste, Sept. 2022
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ii. TEPID 3. Absorption spectra>

Ny = 10%2¢m™2

Trieste, Sept. 2022
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ii. TEPID 3. Absorption spectra>

Ny = 10%2cm™2
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ii. TEPID 3. Absorption spectra>

Ny = 10%2cm™2
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ii. TEPID 3. Absorption spectra>

Ny = 10%2cm™2
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Conclusions

GRBs are powerful light houses
they probe density, metallicity, volume of their surroundings

Swift/XRT data of GRB 060729

100 "

)
iyl

There are extremely variable:

— need for time-evolving photoionisation models!

ol # 9“""%9”
| W

Flux (0.3-10 keV) (erglcm”2/s)

10*
Time since BAT trigger (s)

10° 10°

TEPID - Time-Evolving Photolonisation Device

Follows non-equilibrium, time-dependent gas ionisation:

105 1

104 4

——rr -
101 102

Distance (pc)

1

Temperature

100

- 100 4
1044 ] 1
1_02 4
10-1 4
107 ~ ]
1072 1
102 4
1074 ]
107° 1 —c1
1073 5
: ke
107104 1 —C7
——r - 1074 i "
o 1 2
101 102 10 10 10

107
Distance (pc)

1

lonic abundances

Distance (pc)

1

Energy balance

107

102

104 A

Photons cm~2 51 keV~!

1078 1

1010 4

10-12

101 107 10!

Energy (keV)

X-ray absorption spectra

Compute time-resolved spectra for
a set of input parameters (n, Ny, 1)
and compare with afterglow
observations

See following talk by A. Thakur!



Thank you for the attention!

Coming (soon):

— public release of time-evolving —

GRB absorption tables

Question/comments?
alfredo.luminari@inaf.it

Papers coming soon: TEPID model

Luminari A., Nicastro, F., Krongold Y., Piro L., Thakur A. L., 2022, A&A in prep.

Thakur A. L, Piro L., Luminari A., et al, 2022, in prep
Piro L., etal, 2022, in prep Fit of XMM-Newton Afterglows

Microcalorimeter (Athena) simulations
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Back up slides
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AGN NGC4051 - Krongold, Nicastro+07

B lLl }Iltcdrvel T T T l T T T T T T % T T T I T T ] > Tr}'este) Sept 2022
60 [ g 3 Counts s
L - L e T -
40 [3 ;‘% zléz %};:g =
2 [ % g £2:s°F ¥ f = ¥ 2 ]
‘20 ¥ gi\ﬂig’%‘% Rt ki & T -
L = & -
Q —I: | | I | | | | | | l—l ]
—I | I l I I | | | | | | I | I | | |
-0.5 = Expected gas ionisation (logU)
_ . -
¥ +f # +f£' Lt ++ \
_ n 1
-1 - * + . \\
; : + :
_ * QObserved gas ionisation
_15 — l l ] ] ] ] | ! ] |. . ] ] ] ] | | | ] —]
1
L . . a (Tl i—1) Nyit1
The equilibrium timescale is: /(arec(nxi) ‘M) (1 + ;izc(;l(xi) f;Xi )] Nicastro+99
Low density: longer t,, , equilibrium not granted
—)

High density: smaller t

eq

closer to the equilibrium limit

— time-evolving ionisation breaks the density degeneracy!
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Adaptive time binning
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Abundance

Wolf Rayet-like preionisation

Energy Balance
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Initially neutral medium
Wolf-Rayet preionisation

No differences on the resulting

ions and spectra:

GRB radiative output washes
out initial conditions
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