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Astrophysics through spectroscopy
Helix nebula

Credit: NASA, NOAO, ESA, the Hubble Helix Nebula

Team, M. Meixner (STScI), and T.A. Rector (NRAO)

The Sun

Credit: NASA & European Space Agency (ESA)

What can we learn about
celestial objects?
composition of stars, clouds;
dynamic processes

How do we know?
Doppler shifts; temperature /
density diagnostics

What do we need to know
first?
accurate atomic physics
references: wavelengths,
cross sections, radiation rates,
. . .
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K-shell transitions of low charge states

Example:
Black hole high-mass
X-ray binary Cygnus X-1

  
Copyright: ESA. Illustration by Martin Kornmesser, ESA/ECF
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1s – 2p transitions in various ions of Si and S
similar features in:
– a variety of sources: X-ray binaries, solar flares, AGN, . . .
– other elements
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K-shell transitions of low charge states

Example:
Black hole high-mass
X-ray binary Cygnus X-1

  
Copyright: ESA. Illustration by Martin Kornmesser, ESA/ECF
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Problem:
calculations of transition energies vary ∼ 2–5 eV
uncertainty corresponds to several 100 km s−1 in Si

⇒ uncertainties on the order of expected Doppler shifts
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The future with Microcalorimeters

Tycho Supernova Remnant
Suzaku-XIS

10−3

0.01

0.1

C
ou

nt
s

s-1
ke

V-1

Energy [keV]

Cr Mn

FeKα

Fe Kβ
Ni

95 6 7 8

10−3

0.01

0.1

C
ou

nt
s 

s-1
ke

V-1

Energy [keV]

FeKα

Fe Kβ

9

Red: Fe (Kβ/Kα ~ 0.01)
Green: Fe (Kβ/Kα ~ 0.15)

~16+

~8+

5 6 7 8

Yamaguchi et al. (2014)

Astro-H-SXS

Cr Kα

Tycho @ Astro-H / SXS (200 ks)

SXS resolution without
thermal broadening
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high-resolution spectroscopy more commonly available
– for the first time for extended sources
improved accuracy on plasma parameters from these
spectra

⇒ need reliable reference data

A. Ikeshita / JAXA
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First high-resolution spectra of an extended object
Perseus galaxy cluster with Hitomi-SXSLetter reSeArCH

Extended Data Figure 1 | SXS spectrum of the full field overlaid with a CCD spectrum of the same region. The CCD is the Suzaku X-ray imaging 
spectrometer (XIS) (red line); the difference in the continuum slope is due to differences in the effective areas of the instruments.

© 2016 Macmillan Publishers Limited. All rights reserved
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we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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XMM-Newton image of
Perseus cluster

http://chandra.harvard.edu/

photo/2014/perseus/perseus_xmm.

jpg

Velocity broadening:
164± 10 km s−1

Instrumental
resolution: 5± 0.5 eV

Suzaku-XIS
Hitomi-SXS
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Perseus cluster with Hitomi-SXS
Fit of individual lines
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we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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Fit of plasma physics modelsLetterreSeArCH

a

b c

Extended Data Figure 2 | The iron line complexes from the outer region 
compared with best-fit models. a–c, These have been obtained from 
various emission-line databases typically used in the literature. The spectra 
were modelled as a single-temperature, optically thin plasma in collisional 
ionization equilibrium using either APEC/ATOMDB 3.0.3 (ref 16; red) or 
SPEX 3.0 (ref. 17; blue). We determined the best-fit model by fitting the 
Hitomi spectrum from the outer 23 pixels in the energy range 6.4–8 keV, 
excluding the Fe Heα resonance line and Ni Heα line complex. We obtain 
consistent best-fit parameters, with both APEC and SPEX predicting 
a temperature of 4.1 ± 0.1 keV. The iron-to-hydrogen abundances are 

0.62 ± 0.02 from APEC and 0.74 ± 0.02 from SPEX, relative to solar 
values31. The line broadening obtained from APEC, 146 ± 7 km s−1, is 
smaller than the best-fit SPEX value of 171 ± 7 km s−1, although both 
values are consistent with the line broadening obtained by fitting a set of 
Gaussians (the result presented in the main body of the paper). Apart from 
the Fe Heα w line affected by resonance scattering (a), both emission line 
models presented here currently have difficulty reproducing the measured 
Fe Heα intercombination lines (a) as well as the exact position of the  
Fe Heβ line (c). This motivates the model-independent approach adopted 
in the manuscript for determining the line widths. Error bars are 1 s.d.

© 2016 Macmillan Publishers Limited. All rights reserved
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Differences in plasma physics models due to underlying
reference data
missing flux in resonance line due to resonant scattering,
which is a diagnostic for ion density

⇒ need good reference collisional excitation cross sections

Diagnostics for:
plasma dynamics
plasma temperature / density
resonance scattering
abundances

XMM-Newton image of
Perseus cluster
http://chandra.harvard.edu/

photo/2014/perseus/perseus_xmm.

jpg

Goal for Athena:
measure parameters
to a few %
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we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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a

b c

Extended Data Figure 2 | The iron line complexes from the outer region 
compared with best-fit models. a–c, These have been obtained from 
various emission-line databases typically used in the literature. The spectra 
were modelled as a single-temperature, optically thin plasma in collisional 
ionization equilibrium using either APEC/ATOMDB 3.0.3 (ref 16; red) or 
SPEX 3.0 (ref. 17; blue). We determined the best-fit model by fitting the 
Hitomi spectrum from the outer 23 pixels in the energy range 6.4–8 keV, 
excluding the Fe Heα resonance line and Ni Heα line complex. We obtain 
consistent best-fit parameters, with both APEC and SPEX predicting 
a temperature of 4.1 ± 0.1 keV. The iron-to-hydrogen abundances are 

0.62 ± 0.02 from APEC and 0.74 ± 0.02 from SPEX, relative to solar 
values31. The line broadening obtained from APEC, 146 ± 7 km s−1, is 
smaller than the best-fit SPEX value of 171 ± 7 km s−1, although both 
values are consistent with the line broadening obtained by fitting a set of 
Gaussians (the result presented in the main body of the paper). Apart from 
the Fe Heα w line affected by resonance scattering (a), both emission line 
models presented here currently have difficulty reproducing the measured 
Fe Heα intercombination lines (a) as well as the exact position of the  
Fe Heβ line (c). This motivates the model-independent approach adopted 
in the manuscript for determining the line widths. Error bars are 1 s.d.

© 2016 Macmillan Publishers Limited. All rights reserved

Hitomi Collaboration 2016

Differences in plasma physics models due to underlying
reference data
missing flux in resonance line due to resonant scattering,
which is a diagnostic for ion density

⇒ need good reference collisional excitation cross sections
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EBIT operating principle

https://ebit.llnl.gov/overviewEBIT.html

ionization and excitation through electron collisions;
electrostatic trapping

+ +
+

+
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EBIT setup
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EBIT-I

EBIT-I

control room
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SuperEBIT
SuperEBIT electron-gun assembly

high energy variant,
SuperEBIT, can produce bare
Uranium (U92+)
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EBIT calorimeter spectrometer

Micro-calorimeter

X-ray

absorber

doped Si
thermistor

thermal link

heat sink

weak

non-diffractive
operated at T < 0.1 K (heat
sink)
absorbed photon causes
rise in temperature
∆T ∼ Ephoton (few mK!)
16 mid-energy pixels:
0.1–10 keV, ∼ 5 eV
resolution
10 high-energy pixels:
0.5–>100 keV, ∼ 30 eV
resolution

similar to Hitomi SXS, Athena X-IFU
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High-resolution crystal spectrometer

Diffractive

θx

βα

crystal

source
detector

Spherically bent crystal:
⇒ focusing
⇒ imaging

EBHiX crystal spectrometer

Beiersdorfer+2016
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Nomenclature

Since we talk a lot about different charge states:
a quick reminder of the notation generally used

+ +
+

+

Be: Z = 4
ne= 3

chemistry: Be1+

(count missing e−)

astrophysics: Be II
(start counting at neutral)

atomic physics: Li-like Be
(denote iso-electronic sequence)
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K-shell transitions

ground state excited

E

K

L

X-ray

M

E

K

L

M

+
+
+

+ +

+
+
+

+ +

⇒ =̂ Lyman series for lower charge states
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Project 1: transition energy measurements

Example:
Black hole high-mass
X-ray binary Cygnus X-1

  
Copyright: ESA. Illustration by Martin Kornmesser, ESA/ECF
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Problem:
calculations of transition energies vary ∼ 2–5 eV
uncertainty corresponds to several 100 km s−1 in Si

⇒ uncertainties on the order of expected Doppler shifts
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Measurement at EBIT with ECS calorimeter

Sulfur300
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Uncertainties: < 0.5 eV (strong lines) – < 1 eV (weak lines)
. 100 km s−1
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X-raying the clumpy wind of Cyg X-1
Dipping stages
clump passing line of sight:

non-dip
weak dip

dip

strong dip

Hirsch, Hell, et al. (in prep)

Results:
same Doppler shifts in all
ionization and absorption
stages (within single
observation)

Dipping in the spectra
Chandra-HETG spectra,
normalized to continuum model
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low charge states of S and Si
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More sources

Vela X-1
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solar flares
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other (less abundant)
elements

18/33



Theoretical Predictions
Flexible Atomic code (FAC): fully relativistic, jj-coupling
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Confirmation of ECS results
High-resolution crystal spectrometer:

Lyβ1Lyβ2

0.6 eV
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disadvantages: very slow; limited bandwidth
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ECS vs crystal spectrometer

OHREX: 0.6 eV resolution

ECS: 4.6 eV resolution
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modeling of lower res. ECS data reproduces strong features
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Crystal spectrometer fit: < 0.2 eV accuracy
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Sulfur Kβ of L-shell ions with the ECS calorimeter

H
-l
ik
e
S
x
v
iL

y
α

H
e
-l
ik
e
S
x
v
K
δ

H
e
-l
ik
e
S
x
v
K
γ

H
e
-l
ik
e
S
x
v
K
β

H
-l
ik
e
S
x
v
iL

y
α

S
w

ECS
10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

FAC

310030002900280027002600250024002300

4

3

2

1

0

C
o
u
n
ts

Energy [eV]
23/33



Sulfur Kβ of L-shell ions with the ECS calorimeter
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ECS measurements across the periodic table
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Project 2: collisional excitation cross sections:
Perseus cluster with Hitomi

Fit of plasma physics modelsLetterreSeArCH

a

b c

Extended Data Figure 2 | The iron line complexes from the outer region 
compared with best-fit models. a–c, These have been obtained from 
various emission-line databases typically used in the literature. The spectra 
were modelled as a single-temperature, optically thin plasma in collisional 
ionization equilibrium using either APEC/ATOMDB 3.0.3 (ref 16; red) or 
SPEX 3.0 (ref. 17; blue). We determined the best-fit model by fitting the 
Hitomi spectrum from the outer 23 pixels in the energy range 6.4–8 keV, 
excluding the Fe Heα resonance line and Ni Heα line complex. We obtain 
consistent best-fit parameters, with both APEC and SPEX predicting 
a temperature of 4.1 ± 0.1 keV. The iron-to-hydrogen abundances are 

0.62 ± 0.02 from APEC and 0.74 ± 0.02 from SPEX, relative to solar 
values31. The line broadening obtained from APEC, 146 ± 7 km s−1, is 
smaller than the best-fit SPEX value of 171 ± 7 km s−1, although both 
values are consistent with the line broadening obtained by fitting a set of 
Gaussians (the result presented in the main body of the paper). Apart from 
the Fe Heα w line affected by resonance scattering (a), both emission line 
models presented here currently have difficulty reproducing the measured 
Fe Heα intercombination lines (a) as well as the exact position of the  
Fe Heβ line (c). This motivates the model-independent approach adopted 
in the manuscript for determining the line widths. Error bars are 1 s.d.

© 2016 Macmillan Publishers Limited. All rights reserved

Hitomi Collaboration 2016

Differences in plasma physics models due to underlying
reference data
missing flux in resonance line due to resonant scattering,
which is a diagnostic for ion density

⇒ need good reference collisional excitation cross sections

XMM-Newton image of Perseus cluster
http://chandra.harvard.edu/photo/

2014/perseus/perseus_xmm.jpg
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Absolute emission cross sections of Fe K
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we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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Radiative Recombination for normalization

Radiative recombination
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Cross section calculations good to 3%
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Instrumental requirements
direct excitation radiative recombination
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high spectral resolution in mid-energy band: DE spectrum
high spectral resolution in high-energy band RR into n = 2
broad energy band: eliminate geometry effects
high quantum efficiency: σRR ∼ 10−3σDE
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28/33



More about the ECS

two subarrays for broadband
energy coverage
14 low energy pixels:
8µm thick
625× 625µm2 area
∼ 5.75 eV resolution 60 mK
0.2 to 10 keV
10 high energy pixels:
114µm thick
625× 500µm2 area
∼ 35 eV resolution 60 mK
0.5 to > 100 keV
high quantum efficiency over
wide energy band
both subarrays housed
together in a single
instrument⇒ simple
geometry
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Fe K spectrum at 12 keV beam energy
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Fe K spectrum at 12 keV beam energy
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Absolute collisional excitation cross sections

Results for He-like Fe w:
He-like Fe: 1s2p 1P1

EBIT medium charge balance
EBIT high charge balance

Aggarwal+2013
Zhang+1990 (with pol)

Zhang+1990
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black/green: theoretical absolute cross sections
blue: theoretical cross sections adjusted for polarization

Measured cross sections with EBIT and calorimeter:
accuracy better than ∼10%
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More cross sections
Lower charge states
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RR into n = 2 resolved for the first time at high electron
impact energies
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Summary

Transition Energies
He-like z

Be-like

B-like

C-like

N-like

model components
ECS model
ECS data
OHREX
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Measurement accuracy:
better than 0.5–1 eV with ECS
microcalorimeter

→ better than 100 km s−1

⇒ within calibration uncertainty of
Chandra HETG
better than 0.2 eV with crystal
spectrometer

→ better than 30 km s−1

⇒ within requirements for Athena X-IFU

Excitation cross sections
He-like Fe: 1s2p 1P1

EBIT medium charge balance
EBIT high charge balance

Aggarwal+2013
Zhang+1990 (with pol)

Zhang+1990
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Measurement accuracy:
better than ∼10%

⇒ fulfilling requirements identified by
community (e.g., NASA LAW)
dominant contributions to uncertainty
addressable

⇒ on track for Athena X-IFU to measure
plasma parameters within few %
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