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1. Introduction

B Processes involving ions have not yet been implemented in SKIRT.

B X-ray spectra of compact objects are rich in numerous features arising from
highly ionized ions.
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2. Physics
2-a. Scope

2-a. Scope

B Current status of ionic processes in SKIRT

* Photo-absorption of all ions with Z=1-30
(Lauwers et al. in prep.).

* Fluorescence Ka,; and Ka, lines of ions with
the number of electrons N = 5 and Z=5-30
(Lauwers et al. in prep.).

* Lyman-series lines of H-like ions

(Sameshima et al. submitted).
X Available only on the PR branch.

* He-like line complexes in progress
(Sameshima et al. in prep.) .

B We focus on the Lyman-series lines of H-like ions.

* Resonance scattering for Lya line of H has been
implemented in SKIRT (Camps et al. 2021).

* We make the following extensions:

1.

Other elements up to Z = 30.

Higher Lyman series with 1 <n < 10
levels.

Distinguish the fine-structure levels of
Lya; and Lya,.

Linear polarization.



2. Physics

2-b. Atomic processes

2-b. Atomic processes

B Population processes:
* Radiative recombination directly and in

aRR aRR cascade through intermediate levels.
n= aF! l « Radiative excitation from the ground level.
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__________ r"'T"‘rl'r"““"‘ STt Il_f-'_______z______ = °
n=1 E— Is S S 1/2 * Radiative E1 transition for the excited levels.
* Two-photon decay (2y) or M1 transition for
Levels and atomic processes considered the meta-stable levels.

in this implementation. ¢ Photo-ionization from the ground level.



2. Physics

2-c. Formalism

2-c. Formalism i e
n= P! l,

B The rate equation for the density n; of the the exicited el 1/ P 2p; /2
leveli € {1,2, ..., N} at a steady-state condition is given by o | 7 . i :
. ST [P 4 iy |
n=Tn + S 0 L A::: B]: W oy ZP/ :
- - o R E1< 1 1/2
,n=3 IT:: f: I;’ <:::: 2 i
* Cascade matrix I' with [;; represents the spontaneous |, _, ! : li : : i %30rM1 ’ik: T S1/2
diative d A) from the level j to i. R e e e B i) R SRGEEETTPPEEREE
radiative decay (A4) from the level j to . PRy Is S 251/2

« Source term S with S; represents the populating rates of "~

the level i from ng and n,. — Nﬂmel
S; = nenea; " (T) + noBo) (v = vy) oRR

n = oo n = oo
B We treat two channels separately: S ¥ R 1 e
in=10 T ry I n=10 T T
RS channel  Tngg+ Sgs = 0 | Ay Bl AL i
‘'n=3 o rar : :n—3 - :
_ m=2 =z L4 E
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3. Implementation

3-a. Resonance scattering

3-a. Resonance scattering

dl l(v k)
A Z R, (v, k,v', K')P,a®S,(V)L,(v, k)
jzi
« I,(v, k) : Stokes vector (I, Q;, U; ) of photons o
bjetween the ground leve(l ]and]the] )excited level j. =i I;(v, k)
I j (V ) k)
. aJRS: Amplitude of resonance scattering. —

* P;j + Branching ratio to represent the degradation : ..
. L Absorption Re-emission
probability from j to i.
* R;;: Matrix to represent the redistribution of
frequency and direction.

% We retrieve the atomic data from SPEX v.3.08.01
(Kaastra et al. 2024).



3. Implementation
3-a. Resonance scattering

3-a. Resonance scattering

ALV, k) Amplitude
—— " 2= R,(v,k,V,K)P;arS;(WI;(v, k / \
ds Z i( Py L, k) We consider both the natural and

/=t thermal broadening.
» I;(v, k) : Stokes vector (I;, Q;, U;) of photons — Voigt profile.
between the ground level and the excited level j.

[ ] aRS

;> Amplitude of resonance scattering.

Thermal

: : : broadenin
* P;j + Branching ratio to represent the degradation :

probability from j to i. Natural

broadening

* R;;: Matrix to represent the redistribution of
frequency and direction.

% We retrieve the atomic data from SPEX v.3.08.01
(Kaastra et al. 2024).



3. Implementation
3-a. Resonance scattering

3-a. Resonance scattering Branching ratio

*  When a 0 — j radiative excitation occurs,
z R;(v,k, V', k)P arS,(V)I,(v, k) subsequent radiative cascades determine the
equilibrium level population.
* To obtain the level population, we solve the

* I;(v, k) : Stokes vector (Ij' Qjo Uj) ofphotons rate equation in which the source term only
between the ground level and the excited level i. includes the 0 — j radiative excitation rate.

dIl(v K

jzi

FnRs+SRS =0

. aJRS: Amplitude of resonance scattering.

noBy.J.(Vv = vy;), k=j

* P;; : Branching ratio to represent the SRS = {O oBoj( 07) I ;t]j

degradation probability from j to i.

* The branching ratio is given as the fraction of

* R;;: Matrix to represent the redistribution of the _i - 0 trar'1s1t'10n rate over the 0 — j

frequency and direction. radiative excitation rate by

nA;

% We retrieve the atomic data from SPEX v.3.08.01 Py = noBoJ;(v = Vo)

(Kaastra et al. 2024).



3. Implementation
3-a. Resonance scattering

3-a. Resonance scattering

Redistribution
dIl(v k) o
R zRU(V k,v', k)P a®S,(v),(v, k) m Frequency

jzi
. Absorption o
» I;(v, k) : Stokes vector (I;, Q;, U;) of photons * For RS without photon ¢ - Emission
between the ground level and the excited level i. degradation (i = j), the l ;

absorbed and re-emitted
photons are coherent.
— Partial redistribution.

. aJRS: Amplitude of resonance scattering.

v

* P;j : Branching ratio to represent the degradation Absorption

probability from j to i. *  For RS with photon | Emission
degradation (j > i), the ; 1 ;

* R;;: Matrix to represent the redistribution of coherency does not hold.
) ) — Complete redistribution. P
frequency and direction. K . IR

% We retrieve the atomic data from SPEX v.3.08.01
(Kaastra et al. 2024).




3. Implementation
3-a. Resonance scattering

3-a. Resonance scattering Redistribution

B Direction
* Redistribution function is different for the three

dl l(v k)
B — z R;(v,k, V', K)Pya”;(V)I;(v, k) Stokes parameters. — 3 X 3 Miiller matrix.
jzi * Linear combination of monopole and dipole
. T ) NI distribution, depending on the quantum number J
I;(v, k) : Stokes vector (IJ, Qj, U]) of photons | and A] (Hamilton 1947).
between the ground level and the excited level i. M@ = EM™ 6+ EMOE)
L(1 00
. aJRS: Amplitude of resonance scattering. = By 8 8 8)
3 1+(‘:os6)2 — sin 6? 0
* P;; : Branching ratio to represent the degradation + B ‘315192 1+°0°S‘92 o 9}
probability from j to i. e Lya, (J=1/2, A =1) > E, = E, = 1/2.
. o + Ly, (J=1/2, A] =0)—E; = 1,E, = 0.
* R;;: Matrix to represent the redistribution of « RS with photon degradation — E; = 1,E, = 0.
frequency and direction. W
monopole dipole

% We retrieve the atomic data from SPEX v.3.08.01
(Kaastra et al. 2024).




3. Implementation

3-b. Radiative recombination

3-b. Radiative recombination

Photo-ionization

dl;(v, k')

ra—— R,(v,k,v,K)P;a®' (VI (v, k)

« I(v, k): Stokes vector (I, Q, U) of ionizing
photons.

 aPl: Amplitude of photo-ionization.

Ii(V, k)

ionzed —
recombination ion

* P;: Branching ratio that a single photo-ionization
event yields a Lyman i — 0 photon. Radiative

Re-emission

* R;: Matrix to represent the redistribution of
frequency and direction.

% We retrieve the atomic data from SPEX v.3.08.01
(Kaastra et al. 2024).



3. Implementation
3-b. Radiative recombination

3-b. Radiative recombination
dl;(V, k")

Amplitude
PR R(v, kv, k)P, a® (W)I(v, k) f Verner & Yakovlev (1995) provided a \

parametrized description of the photo-

« I(v, k): Stokes vector (I, Q, U) of ionizing ionization cross-section for the ground
photons. state of H-like ions.

o(E)
 aPl: Amplitude of photo-ionization. N

* P;: Branching ratio that a single photo-ionization
event yields a Lyman i — 0 photon.

* R;: Matrix to represent the redistribution of

frequency and direction. Photo-ionization
edge
% We retrieve the atomic data from SPEX v.3.08.01

(Kaastra et al. 2024).




3. Implementation
3-b. Radiative recombination

3-b. Radiative recombination

Branching ratio
al,(v', k) ) I PI N : :
———=R,(v,k,v,K)P;a” (v)I(v, k) *  When a fully-ionized ion recombines with an

ds . :
electron, subsequent radiative cascades determine
the equilibrium level population.
* To obtain the level population, we solve the rate

« I(v, k): Stokes vector (I, Q, U) of ionizing

photons. equation in which the source term is the level-
resolved radiative recombination rate a X% (T) from
« afl: Amplitude of photo-ionization. Mao & Kaastra (2016).

FnRR + SRR =0

SFR = n neafR(T)

* P;: Branching ratio that a single photo-

ionization event yields a Lyman i — 0 photon.
* The branching ratio is given as the fraction of the i

* R;: Matrix to represent the redistribution of — () transition rate over the total recombination
frequency and direction. rate by

p = nA
. : : Y oneng X a fR(T)
% We retrieve the atomic data from SPEX v.3.08.01

(Kaastra et al. 2024).




3. Implementation
3-b. Radiative recombination

3-b. Radiative recombination

Redistribution
dl;(V, k")
— = R,(v,k,v,K)P;a®' (VI (v, k) [ B Frequency \

Emission

« I(v, k): Stokes vector (I, Q, U) of ionizing Absorption

photons. Incoherent

emission
for RR

 aPl: Amplitude of photo-ionization.

* P;: Branching ratio that a single photo-ionization B Direction

event yields a Lyman i — 0 photon.

Monopole

* R;: Matrix to represent the redistribution of emission
frequency and direction. for RR

% We retrieve the atomic data from SPEX v.3.08.01 \ /

(Kaastra et al. 2024).




4. Verification

4-b. Radiative transfer effects

4-b. Radiative transfer effects (1/3)

B Distortion of line profile
* The emergent line profile can be distorted by

frequency redistribution, which is not captured by . SKIRT 7. 0.1
1D- RT models that use the escape-probability ,'| o
o, N —— SKIRTz,=10
approximation. 3000 F n X
X 1 == SKIRT7=10
= 1
Optically thick gas = 'Y+ Dijkstraz,=10’
2 2000 I
S !
£ 1o
) =) I 1\
Scattered into a frequency far z 1000
. from the center — Emergent line
Line photon profile is distorted.
0

6.968 6970 6972 6974 6976 6.978

*  We obtained the Fe Lya, line profile with 7y = B (keV)
nergy (ke

0.1,10, 103 with SKIRT.
The SKIRT result for 7, = 103 is close to an Lya, line profile calculated using SKIRT
asymptotic expression by Dijkstra et al. (2006). for t, = 0.1,10, 103.



5. Demonstration

5-a. Setup

5-a. Setup

Density distribution.

1.0 —1 Outer disk
B We make a demonstration for a ; _
more realistic setup. 05 * Neutral atoms with a solar
' abundance.
— LMXB consisting of a cold Né 00 1° %Deliini ange} 29 f
outer disk and a hot outflowing = ock the emission from
wind = the wind at the edge-on.
. 0.5 )
Source -1.0 Outflowing wind
 Point-like. ll (b) 0=90° "« Ion density calculated
«  Multi-temperature blackbody:. 5 With CIOUdY-.
] * Anisotropic emission from an z 00 | ¢ Radial velocity of 100
inner accretion disk (Netzer 1987). * km/s.
cosf(2cosf+1), 0<6<7, -0.5 ) Pl’OdllCthll. s1te. of
L(6) o 000 cosh—1). I << 2 .10 -05 0.0 0.5 1.0 - Lyman-series lines.
L cosf(2cosf—-1), 5<0=<nm * (10" cm)




5. Demonstration
5-b. Spectra

5-b. Spectra

B Overall spectra
: Continuum attenuation by
electron scattering, together with absorption
lines and edges by H-like ions.
» Scattered: Lyman-series lines as well as
fluorescence lines by neutral atoms.
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B Close-up view of the Fe Lya doublet
* P Cygni profiles at & = 30° and 60°.

* The ‘co‘mpopenF is completely lost | x| [ Me|l i &l hdlc. .
and only the emission line is observed at 8 = —— : —
20°. Energy (keV)

Overall spectra synthesized with SKIRT at 8 = 60°.
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5. Demonstration
5-b. Spectra

5-b. Spectra

— Transmitted \i

— Scattered i
B Overall spectra 25— Tom / N\

: Continuum attenuation by
electron scattering, together with absorption

lines and edges by H-like ions. . | ®o=60"
» Scattered: Lyman-series lines as well as é ] | |
fluorescence lines by neutral atoms. 2 | « Close-up view of the Fe
£ 27 aw Lya doublet at different
Z viewing angles.

B Close-up view of the Fe Lya doublet

* P Cygni profiles at 8§ = 30° and 60°. ’
e The component is completely lost .
and only the emission line is observed at 8 =
90°. 0.02 1
0.00 . — —
6.94 6.96 6.98

Energy (keV)



5. Demonstration

5-a. Setup
5 -C. Lyal/ Lya,z I'atiO B Lyo, scattering phase function:
monopole dipole
B The doublet ratio decreases as 0 increases +

because of scattering phase function effects.

oo, — Scattering becomes less likely at larger 6.
1.5} e ° — Anisotropic emission and shielding by the outer
e, o disk enhance this effect.
o~ i o o9
S 14F
a1
S,
~ 13k Lya, is less scattered at

larger scattering angle.

. Anisotropic
1.2 & L L L L I ! I L emission

0 10 20 30 40 50 60 70 80 90
Inclination angle 6 (deg) ‘“—

The outer disk 1s in
the line of sight.




6. Summary

1. Motivation: To interpret reprocessed X-ray emission from photo-ionized plasmas around compact
objects, observed by XRISM and IXPE.

2. Method: We have implemented the Lyman-series lines H-like ions in the MC-RT code SKIRT.

3. Implementation:
a. Atomic processes: Resonant scattering (RS) and Radiative recombination (RR)

b. Microphysics: Cross-section, Branching ratio and Redistribution

4. Verification:
a. The implemented microphysics show good agreement with Cloudy.
b. The code successfully reproduces RT effects (line-profile distortion, Lyman decrement, and P
Cygni profiles).

5. Demonstration: Anisotropy of the radiation field, geometry, and velocity structure significantly affect
observable features in the spectra (P Cygni profile and the Lya fine-structure doublet ratio).



