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1.1. X-ray line spectroscopy with XRISM

X-ray line spectroscopy with XRISM

® X-ray line spectroscopy of X-ray binaries & AGNs with XRISM.
® Lines (intensity, shift, profile) probe local ¥, n, T structures.
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® X-ray line spectroscopy of X-ray binaries & AGNs with XRISM.
® Lines (intensity, shift, profile) probe local ¥, n, T structures.
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Figure 1. (left) Concept of LMXB structure (Jimenez-Garate+02). (right) Simulated
XRISM spectrum of GRS1915+105 (XRISM quick ref guide)

® Strong radiation field from BH/NS/WD governs:
® Charge & level populations n{ (NLTE).
® Thermal structure T (radiative cooling/heating).
® Dynamical structure ¥ (radiation driven winds).
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1.1. X-ray line spectroscopy with XRISM

Optical thickness 7,

7, changes drastically as v.
Assume a typical photoionized plasma around AGNs and X-ray binaries.

® Ny =10** cm™2.

® logé = 3, where ionization par ¢ = 2

4xn,r?
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1.1. X-ray line spectroscopy with XRISM

Optical thickness 7,

7, changes drastically as v.
Assume a typical photoionized plasma around AGNs and X-ray binaries.

® Ny =10** cm™2.

® Jogé = 3, where ionization par & =

!

Ly
4xn,r?

For continuum (electron scattering), Tes = Ngom = 0.67

For line (e.g., Fe XXV Hea resonance), Tge Hea,, = 4.7 X 10°

G NitAreAss, A
T a,r = B
Fe Hea, 471'60 mng ﬁAVD HAFe24+A1s
E 2kgT
Avp = =0 B
he MEe

Medium can be 7 < 1 for continuum & 7> 1 for lines.
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1. Need for X-ray RT modeling
[e]e] ]

1.1. X-ray line spectroscopy with XRISM

Line profile for 7 > 1

Resonance “scattering”: Absorption & immediate emission (large A).
® Line photons with 7 > 1 diffuse not in space but in wavelength (into
damping wing of Voigt profile before escape w. one long flight).
* Analytical solution for plane-parallel (Harrington73%1, Neufeld91 0]
or spherical (Dijkstra+06[2) medium, 1D, uniform n.
® Profile can be resolved with Reso/ve but not with HETGS, RGS.
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vV k VY
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Figure 2. Normalized line profile for Fe XXVI Lya (Ng = 102 cm™2, T = 10 MK).
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1.2. Numerical RT calculation

Numerical RT calculation

® RT calculation mandatory to interpret XRISM spectra.

® Numerical calculation need to implement:

All relevant y-atom interactions (ow(E), out(E), o(E)).
All relevant atomic properties (A;;, Bij, Cij, Ei, fi &i)-
Propagation of y through medium with «,, €, 8,.

3D profile of medium (n(%), T(2), ¥(2)).
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All relevant atomic properties (A;;, Bij, Cij, Ei, fi &i)-
Propagation of y through medium with «,, €, 8,.

3D profile of medium (n(%), T(2), ¥(2)).

® Representative solvers and implementations.

Table 1. Representative solvers and implementations in numerical RT in X-rays.

Solver

Implementation

Accelerated A iteration
Discrete-ray
Monte Carlo

(LIME)
xstar’), cloudy[t), spex (pion)
SKIRTI'®l, MoNACQ 171211
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1. Need for X-ray RT modeling
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1.2. Numerical RT calculation

Numerical RT solvers/implementations

Table 2. Comparison between xstar versus MONACO

Solver Two-stream  Monte Carlo
Implementation xstar MONACO
Dimension 1D 3D
n(r) setup yes yes
W(r) setup no yes
Scattering no yes
y-atom interaction yes partial®
Diffusion in A no® yes
NLTE level & charge pop yes no
Thermal balance yes no
Momentum balance no no
Speed fast slow
Dynamic range wide narrow

2 Only H- and He-like ions and neutral atoms supported.
b Escape probability is used.
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1.2. Numerical RT calculation

Purpose of Study

We verify numerical RTs against observation data of a well-behaved
source.
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2. Target: CAL87
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Super-Soft Source

® QObservational features
° Brlght (LX < LEdd of 1M®)
® Very soft (peak at
20-100 eV).
® Pup=0.1-1 day.
® Nature
® Semi-detached binaries with
accreting WD. [
® Steady burning on WD °r ]
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Figure 3. ASCA spectrum of CAL87
(Ebisawa+011]),

10/21



2. Target: CAL87
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® SSS in LMC (Long+8181). Py, = 10.6 hr (Pakull4-8813])
e ADC for shallow, long X-ray eclipse (Schmidtke+93 1%,
Ebisawa-+01[4])
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Figure 4. Simulation of X-ray light curve (Ebisawa+014) 11/21
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3.1. XMM-Newton spectra

Characterization of spectra (1) Continuum

Observations
® XMM-Newton EPIC (MOS, pn) for CCDs & RGS for grating.
® 2003/04/28 for 21.8 hours.
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3. Observation & Data
o0

3.1. XMM-Newton spectra

Characterization of spectra (1) Continuum

Observations
® XMM-Newton EPIC (MOS, pn) for CCDs & RGS for grating.
® 2003/04/28 for 21.8 hours.

Phenomenological fitting using MOS spectra.
® Ny (LMC) x Ng (MW) x BB x edges (OVII K, OVIII K).

Table 3. Continuum model

Parameter Value
Gal abs NG (10°T cm~?) 0.758 (fix)
LMC abs MM (10 em?)  3.61x0.02
Blackbody kTBB (eV) 80.1%03
Norm. (x107%) 567+0()6
Edge energy Eovm (keV) 0.885+0.004
EOVH (keV) 0.743+0.002
Abs edge depth TovIn 2.59+027
Tovn 1227003 ‘
Luminosity Ly (1037 erg s7!) 1.39+0.17 ey ()
Xiog (dof) 1.20 (1744) Figure 5. MOS and RGS spectra
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3. Observation & Data
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3.1. XMM-Newton spectra

Characterization of spectra (2) Lines

Phenomenological fitting using RGS spectra for 7 line complexes.

18 Figure 7. Line fitting results
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Table 4. Fe XVII lines 3
Upper level® E (keV) ofP eScm3 s7T) Ig (©) -
3¢ (25)2(2p)°3d)T Ty 0.826 2.49 1.8x10°13 - 6 +
3D (25)2(2p)5(3d)! 3D, 0.812 0.64 0.6x10715 2 | 9 -
3F (25)2(2p)3(39)! 3Py 0.738 0.10 1.1x10715 o4 ‘ b 42
3G (25)2(2p)°(35)! 1Py 0.726 0.13 1.5x10715 52 -+ * , B
3 Lower level is the ground state (25)2(2p)0 15 for all. z ‘ * .
b \Weighted oscillator strength. Eo 03 0 o7 o
© Emissivity for the collisionally ionized plasma at a temperature of 0.6 keV. - Energy (keV) -
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3. Observation & Data
o

3.2. Constraint on ionization parameter

Constraint on & = ;%5 ~ 10?3

By presence (N VII, O VII/VIII, Fe XVII) & absence (N VI, Fe XVI/XVIII).
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Figure 8. Charge population Figure 9. Line intensity and 7
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4. RT Modeling
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4.1. Setup

Setup

Viewing angle
(~73 deg)

@ Static.

@® Spherically symmetric.

©® Point-like WD at center.

@ Corona surrounds WD.

@ Incident completely blocked.
@ Vouk = 0.

* All constraints but 1 relaxed in
Tominaga24 for Cir X-1.

WD (T &)

corona=
photoionized
plasma
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Setup

Viewing angle
(~73 deg)

@ Static.

@® Spherically symmetric.

©® Point-like WD at center.

@ Corona surrounds WD.

@ Incident completely blocked.
@ Vouk = 0.

* All constraints but 1 relaxed in
Tominaga24 for Cir X-1.

WD (T &)

corona=
photoionized
plasma
Parameters:

® Model: riy, Nu, ne(r), €, Lwp, Mwp, gwp. Tefr-

® Obs: 7oy = 4.8 x10'% cm, i = 73 deg (eclipse),
Lops = 1.4 % 10%7 erg s71.
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4.2. Analytical estimation

Analytical estimation

4. RT Modeling
[ le]
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4.2. Analytical estimation

Analytical estimation

® Physical relations reduce the

parameter to one a = If—"
WD

® ) <a <1, but has real solutions
only in 0.2 < a <0.3.

® All model parameters determined
almost uniquely.

4. RT Modeling
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4.2. Analytical estimation

Analytical estimation

® Physical relations reduce the

parameter to one a = If—"
WD

® ) <a <1, but has real solutions
only in 0.2 < a <0.3.

® All model parameters determined
almost uniquely.

Good test bench to verify RT calc.
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4. RT Modeling
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4.3. Numerical calculation

Numerical calculation (1) xstar
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4.3. Numerical calculation

Numerical calculation (2) MONACO

b @ incident, trans e ® 5x 103 photons per grid of
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4. RT Modeling
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4.4. Comparison between models and data

Comparison between models and data

Counts (s™! keV™1)

Residual

o '“MM M"“’“"“”"‘»‘"‘""'f'\"w“"“»""“ﬂ»‘w\‘\‘"‘t‘w‘;w“e‘w«w
i

2 o iy "MW{MMM(WUM‘M‘"wﬂw‘“"““i'MW“““”"‘ﬁ‘uu“‘ﬁ"\”‘m
g o LA

182 0.5 0.6 0.7 0.8 0.9 192 0.5 0.6 0.7 0.8 0.9
Energy (keV) Energy (keV)
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4.4. Comparison between models and data

Comparison between models and data
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Four major discrepancies between RT codes and observation.

@ Continuum: xstar no way (no scattering). MONACO good.
@ Line intensity: xstar too strong (likely due to escape prob approx).
MONACO too weak (likely due to lack of radiative excitation).

® Line profile: xstar no way (all Voigt). MONACO makes attempts.
® Line ratio:

® O VIl Hea triplet : xstar good. MONACO bad (no NLTE level pop).
® O VIII Lyman decrement LyB/Lya: xstar bad. MONACO bad.
® Fe XVII 3d—2p (3C,3D)/3s—2p (3F,3G): xstar bad. MONACO bad.
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® More serious for u-calorimeter spectra of non well-behaved sources
® What we should do next?
® Develop RT codes focusing on X-ray line photon propagation.
® Benchmark.

® Among two-stream solvers (Lexington BM, Mehdipour+16[9]).

* Among Monte Carlo solvers (v/d Muelen+230161).

* Among diff solvers (Hubeney01[®!, Dumont03[3).

® Against obs with lines & profiles (Tominaga24 for Cir X-1, MT+24
for CAL87).
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Conclusion

® X-ray line spectroscopy is prime focus of XRISM.
® RT undoubtedly needed.

® No code meets the data quality of current X-ray spectrometers.

® Many discrepancies even for grating spectra of a well-behaved source.
® More serious for u-calorimeter spectra of non well-behaved sources
® What we should do next?
® Develop RT codes focusing on X-ray line photon propagation.
® Benchmark.

® Among two-stream solvers (Lexington BM, Mehdipour+16[9]).
* Among Monte Carlo solvers (v/d Muelen+230161).
* Among diff solvers (Hubeney01[®!, Dumont03[3).
® Against obs with lines & profiles (Tominaga24 for Cir X-1, MT+24
for CAL87).
® Compromise with reality. Hybrid approach (mixture of diff solvers)
useful if underlying assumptions properly understood.
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