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CIE Cooling Function: Metallicity Dependence
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Fig. 1. Cooling curves compared: the higher cooling rates calculated
with SPEX are mainly due to a more complete coverage of the line
transitions, including Fe L and EUV lines.
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Coma cluster in X-ray and optical light ,
My = 7x10MM,

Abell 1835 (z = 0.25), image scale: 1.2 Mpc on a side

X-ray wavelengths

Optical wavelengths

Allen+2011

APEC spectral model example: cluster SDSS J1029+2623 at z = 0.584

X-ray surface brightness profile of Abell 478
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Figure 2 Properties of the ICM in A478 obtained by deprojecting the ROSAT HRI and PSPC images (small and larger bins, respectively) and solving for the
densitv and temperature (White et al 1994, Allen et al 1994). The dotted line on the temperature plot indicates the mean temperature determined from the Ginga
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Cooling Time Profiles
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Predicted X-ray Spectra of Cooling Flow Models

Fe lines arise from cooler gas (kT < 1.5 keV or T < 1.5e7 K)
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Cooling Flow Models vs. Data

Abell 1835 and 2300 Mg yr™' Cooling Flow+kT,=8 keV Ambient Component

Rest Wovelength (A)
Poor agreement w/ standard multi-temperature cooling flow model

Peterson+2003
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Cooling Flow Models vs. Data

Abell 1835 and Empirical Model with kT,=2.7 keV Cut Off

Rest Wovelength (A)

Good agreement w/ a truncated cooling flow model: no gas with kT < 2.7 keV
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Possible solutions of the

XMM-Newton high-res X-ray “Soft X-ray Deficit Problem”

spectra of 14 clusters indicate » Rapidcoolng: y
1. Non-radiative cooling of T ~ 1 keV gas by mixing and

1 conduction with preexisting colder gas at r < 100 kpc
that COOIlng ﬂOW Stal IS at 2. Chemically enriched clumps of gas cools much more rapidly
T T /3 and drop out from the rest of the ICM (a highly inhomogeneous
< A ICM, i.e., lack of mixing between gas at the same temperature)

e Keep it hot:
n Extra heating from active galactic nuclei (accreting
Why H supermassive black holes) in central cluster galaxies

Observational evidence exist for both mechanisms (e.g.,
Perseus Cluster)
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X-ray with radio contours

Direct accretion from cold streams
of the cosmic web

If cooling doesn’t provide enough
cool gas to form galaxies in
massive halos, what other
mechanism(s) can?

Radial streams of cool gas and galaxies can penetrate the shock-heated hot halo
as seen in this 3D simulation of a halo with M, = 10'>M at z =2.5

Dekel+2009

Can we identify such cold streams in observations?
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HI Lyman alpha filaments around a massive galaxy group
at z=2.91 (Daddi+2021) N
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Fig. 1. Lya image from KCWI observations of the RO-1001 group. The three filaments clearly traced by Lya are labeled. Corresponding Lya
surface brightness levels can be gauged from Fig. 2.

Detection of Intervening Gas with Quasar absorption line
spectroscopy

Detection of a 200-kpc-long, 0.01 Z, Cool Gas Stream
in a Massive Halo at z = 2.7 (Fu+2021)

Optical + Radio Im:

i

e

How do galaxies form in
massive halos?

¢ Spherical accretion develops stable shocks near the virial
radius, shock heat gas to virial temperature. The denser
gas near the cores should cool efficiently and develop a
cooling flow to form galaxies, but the cooling stalls at
~1 keV (107 K) likely due to extra heating.

* Non-spherical accretion filaments might penetrate the hot
atmosphere of halo gas, the gas is never shock heated,
and they deliver cool gas directly to the central tens of
kpc to form galaxies.
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