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Hitomi Perseus papers

Turbulence at Fe-K, 2016, Nature 
Possible DM line at 3.5 keV, 2017, ApJ

• Narrow band 
• Simple & direct measurements

1st generation
Abundance, 2017, Nature 
V, RS, T, AGN, … 2018, PASJ

2nd generation

• Full band 
• Detailed emission modeling

• Calibration:    Spot checks  →  Comprehensive  
• Modeling:      Gaussians     →   Atomic code



Atomic code

• Important piece of spectroscopy → Major source of systematics 
• incompleteness in database 
• ignorance of specific process 
• approximation in astrophysical modeling 

• Typically ~10% in line flux … critical to science (e.g., Ni/Fe Z ratio)

• Users ≠ Modelers 
• Variants 

• Many implementations of the same model 
• Few observational data 

• with sufficient resolution

... hard to doubt

... hard to test

...hard to compare

• Have rarely been evaluated



Evolution of atomic code

Hitomi enables to benchmark atomic codes for a cluster plasma



The first test with Hitomi data

SPEX 2 (MeKaL: old code)

… we failed!

SPEX 3.00 (pre-launch latest)



Hitomi “atomic” paper

• Using high-resolution spectrum of Perseus cluster with Hitomi/SXS 
1. Comparison of atomic codes 
2. Cause persuit of the differences 
3. Testing astrophysical modelings 

• Core authors: 
• Code modeling: L. Gu, J. Kaastra (SPEX), A. Foster, R. Smith (AtomDB) 
• Ground experiments: N. Hell, G. Brown, M. A. Leutenegger 
• Astrophysical data analysis: H. Akamatsu, N. Ota, S. Nakashima, T. Tamura 
• Instrumental calibration: C. A. Kilbourne, T. Hayashi



Method: how to evaluate atomic code systematics

1. Define baseline model  

2. Make perturbation 
• replace atomic code 
• modify atomic data  
• change astrophysical model 

3.  See the effects 
• which parameters ? 
• how large ? 

• compared to statistical or 
instrumental uncertainty

Different systematic factors are inter-compared in one table



Baseline model
((hot plasma (kT, Z) + AGN) * redshift) * foreg.abs + NXB

with  turbulence (σV) and  reso. scattering (NRS) 

hot plasma

AGN 
(PL+Fe Kα)

NXB

• Atomic code: 
SPEX v3.03 
(post-launch) 

• Assumptions:  
isothermal & 
equilibrium  
• Te = Ti = Tz

Fe Heα

Parameters Cstat 
(4876)

kT 
(keV)

σV 
(km/s)

ZFe 
(solar)

NRS 
(cm–2)

Best-fit 4926 3.969 156 0.827 18.8
Stat. error ~100 ±0.017 ±3 ±0.008 ±1.3



1. Inter-code comparison

Line E 
diff.

Flux 
diff.

Major diffs. 
at satellite lines

≥3σ  ≥5σ Cstat
kT  

(keV)
σV  

(km/s)
ZFe  

(solar)
NRS  

(cm–2)
SPEX 3.03 (latest) 4926 3.969 156 0.827 18.8
Stat. error (1σ) ~100 ±0.017 ±3 ±0.008 ±1.3
MeKaL (old code) +1125 +0.031 +14 –0.026 –0.8
SPEX 3.00 (pre-launch) +2372 +0.263 +12 –0.243 –18.8
AtomDB 3.0.8 +22 +0.071 –16 –0.134 –7.6
CHIANTI 8.0 +327 +0.002 +4 +0.011 +1.8



2. Cause of the differences — Satellite lines

≥3σ  ≥5σ Cstat
kT  

(keV)
σV  

(km/s)
ZFe  

(solar)
NRS  

(cm–2)
SPEX 3.03 (latest) 4926 3.969 156 0.827 18.8
Stat. error (1σ) ~100 ±0.017 ±3 ±0.008 ±1.3
MeKaL (old code) +1125 +0.031 +14 –0.026 –0.8
SPEX 3.00 (pre-launch) +2372 +0.263 +12 –0.243 –18.8
AtomDB 3.0.8 +22 +0.071 –16 –0.134 –7.6
CHIANTI 8.0 +327 +0.002 +4 +0.011 +1.8

MeKaL 
SPEX 3.00 
SPEX 3.03 
AtomDB 3.0.8 
CHIANTI 8.0

Multi-electronic recombination

Inner-shell direct excitation

z y x w

Systematic code comparison enebled to identify bugs



3. Astrophysical modeling

No evidence of deviation from collisional equilibrium (Te=Tz=Ti) 
Detailed modeling are important when trying…

• Anisothermality 
• Multi-kT better describe 

satellite lines of Fe-K

• Charge exchange 
• Marginally imrove the fit at 

high-n lines of S & Fe

1.6σ @ S XVI 2.4σ @ Fe XXV

Residual w/o CX
Model with CX



New line search

Accurate code & modeling eliminates spourious line detections

kT  (keV) Charge exchange Cstat

Baseline 4.0 None 4926
Improved 1.9, 3.6, 5.4 S XVI & Fe XXV 4779



Remained problem: true atomic uncertainty

• Inter-code (model) difference ≠ true uncertainty 
• Retrieve original errors in theories and experiments 

• Need a tool to evaluate flux uncertainty from atomic data uncertainty 
• Proposed approach: Monte-Carlo

• Randomize transition probability • Evaluate flux error

Fe Heα w

Fe
 H

eα
 z



Remained problem: Atomic data needs
• Lots of atomic data used unbenchmarked with experiments 
• EBIT with microcalorimeter provides some essential data

Auger

Fluorescence

• Radiative/Auger rates 
followed by         
inner-shell ionization 

• Important for NEI & 
photo-ionized plasma

Leutenegger et al. 2013

 Steinbrugge et al. 2015

• Important measurements for plasma types untested with Perseus

Charge exchange (Mg+CO2) 



Summary

• Hitomi enebled the first benchmark of atomic codes for clusters 
• Systematic comparison solved major problems 
• Complete and accurate code/modeling are required: 

• to derive correct physical quantities 
• to detect new features (or not to detect “new” features) 

• Not tested 
• Collisional non-equilibrium (Te ≠ Ti ≠ Tz) 
• Photo-ionized plasma 
• Fe-L shell lines 

• Futher efforts needed for full success of XARM 
• both in code developments & ground experiments 


