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            Abstract
Galaxy clusters are the most massive collapsed structures in the Universe, with potential wells filled with hot, X-ray-emitting intracluster medium (ICM). Observations, however, show that a substantial number of clusters (the so-called cool-core clusters) also contain large amounts of cold gas in their centres, some of which is in the form of spatially extended filaments spanning scales of tens of kiloparsecs1,2. These findings have raised questions about the origin of the cold gas, as well as its relationship with the central active galactic nucleus (AGN), whose feedback has been established as a ubiquitous feature in such galaxy clusters3,4,5. Here, we report a radiation-hydrodynamic simulation of AGN feedback in a galaxy cluster, in which cold filaments form from the warm, AGN-driven outflows with temperatures between 104 and 107 K as they rise in the cluster core. Our analysis reveals a new mechanism that, through the combination of radiative cooling and ram pressure, naturally promotes outflows whose cooling times are shorter than their rising times, giving birth to spatially extended cold gas filaments. Our results strongly suggest that the formation of cold gas and AGN feedback in galaxy clusters are inextricably linked and shed light on how AGN feedback couples to the ICM.
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                    Fig. 1: Formation of cold gas filaments from warm galactic outflows.[image: ]


Fig. 2: Evolution of AGN-driven outflows for gases of different temperatures.[image: ]


Fig. 3: Comparison of properties of the simulated X-ray-emitting plasma with observations.[image: ]
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Extended data

Extended Data Fig. 1 Evolution of AGN feedback luminosity in the zoom-in simulation.
The total AGN luminosity is allocated to kinetic (blue) and radiative (orange) luminosity as a function of SMBH accretion rate. Lighter coloured bands correspond to the instantaneous AGN luminosities and darker lines show luminosities smoothed over 0.2 Myr. Dotted vertical lines mark the instances in time corresponding to the panels in Fig. 1a–c. Inset shows the evolution of the AGN luminosity over 10 Gyr in the parent simulation, smoothed over ~0.1 Gyr. The grey vertical strip marks the duration of the high-cadence re-simulation.


Extended Data Fig. 2 Instantaneous radial velocity distribution for outflows in the high-cadence simulation.
Outflow speed as a function of radius, colour-coded in terms of the mass-weighted temperature (a) and neutral hydrogen mass (b). The bulk of the cold gas is traveling with speeds below 1,000 km s−1, in agreement with observations and with predictions of the analytic model. The time of this snapshot corresponds to Fig. 1b.


Extended Data Fig. 3 Velocity dispersion of different temperature phases of the gas in simulated cluster core.
The resulting velocity dispersion is calculated as the average of the x, y, and z components, each weighted by the X-ray emissivity (for hot and warm gas) and Hα emissivity (for cold gas), at radii between 3 and 20 kpc (see Supplementary Information). While warm and cold gas share similar values, the velocity dispersion of the hot gas shows stronger, uncorrelated variability, indicating a separate kinematic origin from the cold gas filaments.


Extended Data Fig. 4 Origin of the cold filaments.
a–c, Projected gas density showing the spatial reach of the AGN-driven material, traced by a passive fluid injected from the central 1 kpc, corresponding in time to Fig. 1a–c. A movie showing the evolution in the high-cadence simulation is provided in Supplementary Video 1.


Extended Data Fig. 5 Dust erosion in warm outflows.
a, The size of the smallest dust grain that can survive in the warm outflows as a function of their initial temperature. For a characteristic dust grain size of 1 μm or less, most dust content is eliminated in outflows with initial temperature higher than 4 × 106 K. b, Radial temperature distribution of the tracer fluid, colour-coded with the thermal dust sputtering rate, weighted by cell mass. For dust size a ~ 0.1 μm, blue colour corresponds to a sputtering timescale of tsp ≳ 1 Myr. This is longer than the cooling time of the warm outflows, indicating that dust can be preserved in the outflowing gas.





Supplementary information
Supplementary Information
Supplementary discussion and references.


Supplementary Video 1
Formation of cold gas filaments from warm galactic outflows driven by AGN feedback. Left: 20-Myr evolution of the warm and cold outflows, projected along the line of sight. Orange (grey) colour intensity represents the column density of ionized (neutral) hydrogen for warm (cold) gas, same as in Fig. 1a–c. Right: spatial expansion of the tracer fluid injected from the central 1 kpc at the start of the simulation. Colour intensity shows the projected gas mass density of computation cells that contain the tracer fluid. Visual comparison with the left movie indicates that cold filaments contain gas launched from the centre of the cluster.
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