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            Abstract
Clusters of galaxies are the most massive gravitationally bound objects in the Universe and are still forming. They are thus important probes1 of cosmological parameters and many astrophysical processes. However, knowledge of the dynamics of the pervasive hot gas, the mass of which is much larger than the combined mass of all the stars in the cluster, is lacking. Such knowledge would enable insights into the injection of mechanical energy by the central supermassive black hole and the use of hydrostatic equilibrium for determining cluster masses. X-rays from the core of the Perseus cluster are emitted by the 50-million-kelvin diffuse hot plasma filling its gravitational potential well. The active galactic nucleus of the central galaxy NGC 1275 is pumping jetted energy into the surrounding intracluster medium, creating buoyant bubbles filled with relativistic plasma. These bubbles probably induce motions in the intracluster medium and heat the inner gas, preventing runaway radiative cooling—a process known as active galactic nucleus feedback2,3,4,5,6. Here we report X-ray observations of the core of the Perseus cluster, which reveal a remarkably quiescent atmosphere in which the gas has a line-of-sight velocity dispersion of 164 ± 10 kilometres per second in the region 30–60 kiloparsecs from the central nucleus. A gradient in the line-of-sight velocity of 150 ± 70 kilometres per second is found across the 60-kiloparsec image of the cluster core. Turbulent pressure support in the gas is four per cent of the thermodynamic pressure, with large-scale shear at most doubling this estimate. We infer that a total cluster mass determined from hydrostatic equilibrium in a central region would require little correction for turbulent pressure.
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                    Figure 1: Full array spectrum of the core of the Perseus cluster obtained by the Hitomi observatory.


Figure 2: Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from the outer region.


Figure 3: The region of the Perseus cluster observed by the SXS.
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Contributions
The science goals of Hitomi (known as ASTRO-H before launch) were discussed and developed over more than 10 years by the ASTRO-H Science Working Group (SWG), all members of which are authors of this manuscript. All the instruments were prepared by joint efforts of the team. Calibration of the Perseus dataset was carried out by members of the SXS team. Data analysis and manuscript preparation were carried out by a small subgroup of authors appointed by the SWG, on the basis of the extensive discussion made in the white paper produced by all SWG members. The manuscript was subject to an internal collaboration-wide review process. All authors reviewed and approved the final version of the manuscript.
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Extended data figures and tables

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.


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.


Extended Data Figure 3 The Fe He-α line complex from the central region around the AGN.
The 5.0–8.5-keV spectrum was modelled with an isothermal, optically thin plasma in collisional ionization equilibrium using either APEC/ATOMDB 3.0.3 (red) or SPEX 3.0 (blue), with an additional power-law component accounting for emission from the central AGN. During the fit we excluded the Fe Heα resonance line because this can be affected by resonant scattering of photons by the intracluster gas in the line of sight. The two spectral codes provide similar results with an average temperature of 3.8 ± 0.1 keV and metallicity consistent with the solar value. We obtain a velocity broadening of 156 ± 12 km s−1 from APEC and 178 ± 9 km s−1 from SPEX. Both models suggest that the resonant line has been suppressed in the central region. Error bars are 1 s.d.


Extended Data Figure 4 Confidence contours for joint fits of redshift z and velocity broadening σv are compared.
The three line complexes have been fitted independently. The contours are plotted at  (68%, two parameters) and  (95%). The three fits give consistent redshifts (with the one to which the data were self-calibrated) and broadening.


Extended Data Figure 5 The spatial response of the SXS array.
The total broadband counts (colour scale) seen across the detector array (left), Fe Heα line counts (centre) that come mostly from the diffuse cluster plasma, and a model response of a point source centred in the pixel coincident with the nucleus of NGC 1275 (right) are compared. Brightness is normalized to the same peak value.


Extended Data Figure 6 The line-of-sight gas velocities overlaid on a deep Chandra image.
The Chandra image is from ref. 32. The contours increase by a factor of 1.5. The numbers in the larger font indicate the velocity in each region (see also the colour scale). The 90% errors in the figure (numbers in the smaller font) are statistical only; our estimate of the calibration uncertainty in individual pixels is 50 km s−1. Heliocentric correction has been applied. Velocities are shown relative to that of NGC 1275, whose redshift is z = 0.01756 (ref. 33).


Extended Data Figure 7 The SXS field overlaid on the cold gas nebulosity surrounding NGC 1275.
The image shows Hα emission34. The radial velocity along the long northern filament measured from CO data21 decreases, south to north (within the SXS field of view), from about +50 km s−1 to −65 km s−1. This is similar to the trend seen in the SXS velocity map (Extended Data Fig. 6).


Extended Data Figure 8 In-flight spectral resolution of the SXS.
a, The composite spectrum of all pixels (excluding the calibration pixel) when they were exposed to the 55Fe source on the filter wheel. The blue line shows the expected natural line shape and the red line shows the observed profile (error bars are 1 s.d.). b, A histogram of pixel resolution. N is the number of pixels sharing that resolution.


Extended Data Table 1 Line energies used in the Gaussian fitsFull size table





Related audio
Reporter Adam Levy finds out about the Hitomi satellite’s life and untimely death.




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3
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