
• Simulation setup - galaxies


• Idealized wind-tunnel experiments


• IC (G9) generated by Rosdahl+15 using MakeDisk 
(Springel+05)


• Box size: 300kpc on a side


• Mhalo~1011M⦿, Rvir=89 kpc


• M★~2.1x109M⦿ (R1/2~2.4kpc), Z★=0.75Z⦿


• Gas content


• Normal gas fraction : MHI/M★~ 0.54 (1.1×109M⊙)


• High gas fraction (5x of normal) : MHI/M★~ 2.6 (5.4×109M⊙)


• Cell resolution down to 18pc
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• Simulation setup


• Isolated environment - no wind (control sample) 


• Gas-rich galaxy (NoWind_rich)


• Strong face-on winds to mimic ram pressure at 
the cluster center (vwind=1,000km s-1, TICM ~107K, 
nH=3×10-3cm-3, ZICM=0.3Z⦿)


• Gas-rich galaxy (FaceWind10_rich)


• Normal galaxy (FaceWind10, adopted from the 
previous study)

galaxy

M*=2×109M⊙

Wind

50 kpc

300 kpc



• FaceWind10 - a normal galaxy encountering a strong wind

Density weighted

HI fraction

H2 fraction



• FaceWind10_rich - gas-rich galaxy encountering a strong wind

HI fraction

H2 fraction



• Star formation rate (SFR) evolution


• Disk star formation (SF) is quenched over time 
after encountering the ICM winds


• SFRs decrease in the normal and gas-rich 
galaxies with similar rates


• SF is boosted at the center (r<<1kpc) due to 
gas compression by the ICM winds


• Evident tail SF is observed in FaceWind10_rich


• Tail SFR~10-3-10-2 M⊙/yr - comparable with 
observations (e.g. D100 in Coma)
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• Birthplace of stars in the gas-rich galaxy as a function of time


• No stars form in z>3kpc after t~100Myr in the NoWind_rich galaxy


• Stars form in the tail of the FaceWind10_rich galaxy after encountering the wind (t>130Myr)

Grey : stars form at t<0
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• Source of tail SF


• Most (~90%) tail SF occurs in the near wake 
(z<10kpc) of the FaceWind10_rich galaxy


• Their origin is mostly stripped ISM


• Distant stars form in clouds that are mixed well 
with the ICM


• Indicating the formation of molecular clumps in 
the RPS tail


※ Metallicity is not enriched by stars 
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• Origin of tail molecular clumps


• Molecular hydrogen clumps (nH>100cm-3) form 
far behind (z~60-80kpc) the galactic disk of the 
FaceWind10_rich galaxy


• No dense clumps form in the tail of the 
FaceWind10 galaxy


• Two galaxies have significantly different gas tcool 
in their tails


• FaceWind10 : poor ionized gas with short tcool


• FaceWind10_rich : plenty ionized gas with 
tcool<1Myr that can collapse within ~100Myr
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• Origin of tail molecular clumps


• Molecular hydrogen clumps (nH>100cm-3) form 
far behind (z~60-80kpc) the galactic disk of the 
FaceWind10_rich galaxy


• No dense clumps form in the tail of the 
FaceWind10 galaxy


• Two galaxies have significantly different gas tcool 
in their tails


• FaceWind10 : poor ionized gas with short tcool


• FaceWind10_rich : plenty ionized gas with 
tcool<1Myr that can collapse within ~100Myr

The abundant ISM is mixed with the ICM after stripping, 

facilitating gas cooling in RPS tails

=1-fISM



Figure 2 One example of the H↵ — X-ray correlation for the RPS tail with the brightest X-
ray and H↵ emission. ESO 137-001’s X-ray emission is shown in blue (0.6 - 2 keV from Sun
et al. 2010) and the H↵ emission from this work is shown in red, while the CO (2-1) emission from
ALMA (Jáchym et al. 2019) is shown in green. The nucleus of the galaxy is marked with a small
cyan circle and the ellipse in white shows the half-light region of the galaxy from its HST F160W
data. One can see double tails in X-rays and H↵ extending to over 80 kpc from the galaxy, with
many filament-like features in H↵. Note that the X-ray image is heavily smoothed (see Sun et al.
2010 for detail) so the X-ray emission appears more extended than the H↵ emission. In fact, the X-
ray leading edge is at the same position of the H↵ leading edge as shown in Sun et al. (2010). One
can see very good correlation between the H↵ and the X-ray diffuse emission in the tail. While the
H↵ tail extends beyond the X-ray tail shown, the analysis by Sun et al. (2010) suggests faint X-ray
extension beyond it.

6

10x10kpc2

• What is the evidence of mixing? - Hα-to-Xray flux 
correlation in the RPS tails


• A strong correlation is reported by Sun+21


• FX/FHα~3.5 in RPS tails, on average


• Measured on a scale of 10×10kpc2


• The source of the Hα and Xray photons are 
fundamentally different: Tgas~104K  vs Tgas~107K


• Strongly evidencing mixing between the ICM and 
stripped ISM in RPS tails?

Hα

X-ray

Sun+21

slope ~3.5
a b

Figure 1 H↵ — X-ray surface brightness (SB) correlation for diffuse gas in stripped tails. X-
ray luminosity and flux are bolometric. Errors for detections are 1-�. Upper limits are 5-�. a, the
correlation shown as the luminosity SB. The black dashed line shows the best fit from the Bayesian
method developed by [31], with upper limits included (but excluding three upper limits in Coma
as they are not constraining), SBX = (3.33±0.34) SB0.97±0.05

H↵ . The black solid line shows the best
fit with a slope of 1 from the same method, or SBX / SBH↵ = 3.48±0.25. b, the correlation shown
as the flux SB ratio vs. the H↵ flux SB. The solid and dashed lines are the same best fits as those
in the left panel. In the ratio plot, three Coma tails with the ratio upper limits of higher than 10 are
excluded as they are not constraining. The dotted line shows the ratios of 1.2 - 5.6 derived by [18]
for several regions in the galactic wind of NGC 253.
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• Hα and X-ray emissivity of the FaceWind10_rich galaxy


• Hα: computed for recombinative and collisional excitation processes


• X-ray: computed using Astrophysical Plasma Emission Code (Smith+01)

Hα

X-ray
[0.4-7.5] keV



• Hα - Xray SB correlation in the RPS tail of the 
FaceWind10_rich galaxy 


• FX measured in 0.4-7.5keV and converted into 
bolometric flux, following observations (Sun+21)


• FX/FHα~1800 in the ICM


~1.5-20 in the tail (c.f. FX/FHα~3.5 in Sun+21)


< 1.5 in the disk


• FISM tightly correlates with  FX/FHα


• FX/FHα increase with decreasing fISM

Tail

Disk

Tail Obs.

(Sun+21)
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• Caveats


• Missing physics - Magnetic fields, thermal conduction


• Idealized setup - Tail features can be different in live haloes


• Interesting scientific issues to be addressed


• Some molecular-rich tails are weakly or not detected in HI (e.g. 
ESO137-001 and D100)


• All cooled? preferentially ionized?

amounts of thecold molecular phase ( M109_ :) are similar to
those of thehot ionized phase observed in the tail, suggesting
that molecular gas may form a substantial fraction of the
multiphase gas. Moreover, in the tail of ESO137-001, the
observed gas components, including the rich molecular phase,
together nearly account for the missing gas in the disk. Other
tails were searched for molecular content: In the Virgo cluster,
only upper limits on CO emission were measured in the tail of
IC3418 (Jáchym et al. 2013), while several regions with
molecular gas were recently discovered at large distances in the
tail of NGC4388 (Verdugo et al. 2015), but corresponding
only to a small fraction of total mass of the gas tail. Also, in the
Virgo cluster, regions of off-disk CO emission were detected in
NGC4522(Vollmer et al. 2008), as well as in the long Hα trail
that connects M86 with NGC 4438 (Dasyra et al. 2012).

Formation and survival of molecular gas in the tails of ram
pressure stripped galaxies, in the surroundings of the hot ICM,
is an interesting problem worthfurther observational and
numerical efforts. Central regions of galaxy clusters have
revealed that cold molecular gas may exist in the long filaments
of cooling cores (e.g., Salomé et al. 2011). The central region
of the Coma cluster, the most massive and most X-ray
luminous cluster at z 0.025� , is an ideal laboratory for
studying the hydrodynamic effects of the surrounding ICM on
galaxies as well as the fate of the stripped gas. The Coma
cluster has the richest optical data among nearby massive
clusters, already with more than 20 late-type galaxies with one-
sided star-forming or ionized gas tails (Smith et al. 2010; Yagi
et al. 2010), several of which are also bright in soft X-rays. One
of the best galaxies to study is D100, a galaxy near the Coma
core with a remarkable ram pressure gas-stripped tail.

1.1. D100 (GMP 2910)

D100ʼs tail is the straightest, and has the largest length to
width ratio, of any known ram pressure stripped tail. It is bright
in multiple wavelengths. Figure 2 shows the Subaru deep
image of the galaxy (Yagi et al. 2010). Hα emission is coming
from along ( 130 60_ ´ x kpc) and extremely narrow (mostly

4. 5 2.1_ ´ x kpc) area that connects to the core of the galaxy
(Yagi et al. 2007). The inner parts of the Hα tail are also shown

in the middle panel of Figure 1, overlaid on the HST image of
the galaxy (Caldwell et al. 1999). The D100 tail is also bright in
soft X-rays (see Figure 1, left panel). GALEX observations
further revealed a UV component of the tail in the inner
∼15 kpc of its length (Smith et al. 2010). Some star formation
is thus likely taking place in the stripped material. No H I was
detected with VLA in the galaxy or the tail (Bravo-Alfaro
et al. 2000, 2001).
D100 is a L0.3 * SBab type galaxy (see Table 1) with

anestimated stellar mass of M2.1 109q : (Yagi et al. 2010).10

It exhibits starburst in its core, with acurrent star-formation rate
of M2.3_ : yr−1 (derived from WISE band 4), and poststarburst
characteristics in the rest of the disk. D100 is projected at only
∼240 kpc from the Coma cluster center. Figure 1 (left panel)
shows its position in a Chandra view of the central parts of the
Coma cluster. Its radial velocity component relative to the Coma
mean is approximately−1570 km s−1 (Yagi et al. 2007).
In the HST image in Figure 1 (right panel), prominent dust

features obscuring the eastern side of the disk are clearly visible
(Caldwell et al. 1999). They coincide with the tail direction.
The image also reveals a strong two-armed spiral pattern
extending out to an ∼1.4 kpc radius. While two early-type
galaxies are projected close to D100, GMP2897 (D99) at
∼10 kpcand GMP2852 at ∼30 kpc, their radial velocities are
substantially larger (by about 4500 and 2000 km s−1, respec-
tively). Another galaxy, a low-surface brightness GMP2913
occurs at a projected distance of ∼9 kpc from D100 (see
Figure 1, middle panel). Its radial velocity is only∼130 km s−1

lower than that of D100, which makes their interaction possible
(Yagi et al. 2007). However, the optical isophotes of D100 are
symmetric and do not indicated any (strong) recent tidal
interaction.
In this paper, we report our discovery of abundant molecular

gas component in the prominent tail of D100. We study its
distribution and kinematics and compare it with the warm
ionized component, and discuss the origin of the tail and of the
molecular gas in the tail. The paper is organized as follows.

Figure 1. Left: Chandra view of the central parts of the Coma cluster. Positions of two large elliptical galaxies NGC4889 and NGC4874 are shown with circles,
together with the position of D100. The remarkable ∼48 kpc long X-ray tail extending to the NE direction from D100 is clearly visible. Image credit: NASA/CXC/
MPE/Sanders et al. (2013). Middle: HST view of D100ʼs closest neighborhood: projected to the SE is the S0 galaxy D99 (GMP2897) and to the S a weak galaxy
GMP 2913. The Subaru Hα tail is overlaid in red (Yagi et al. 2010). Right: HST WFPC2 zoom on D100 showing prominent dust extinction filaments extending from
the nucleus, as well as two spiral arms and a central bar. The RGB image was created by combining a B (F450W filter, blue), an I (F814W filter, red), and a merged
B+I (green) images. A F450W image was already published by Caldwell et al. (1999).

10 The stellar mass estimate comes from the MPA-JHU SDSS catalog in the
DR7_v5.2 version.
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Figure 3. Overlay of ALMA CO(2-1) emission (red) on MUSE Hα emission (green) and the HST WFPC3 image of ESO 137-
001 (blue: F275W; green: F475W; red: F814W) with Chandra X-ray contours on top (Sun et al. 2010). North is up. Only the
inner half of the (X-ray) tail is displayed. The upper left and lower right parts of the image were not covered by the MUSE
observations (see Fig. 2 in Fumagalli et al. 2014). The HST image reveals a highly inclined spiral galaxy disk (i ∼ 66◦) plus
numerous complexes of blue, recently formed stars to the west of the disk, associated with parts of the ram pressure stripped
gas tail.

M(H2) ∼ 9.6 × 107 M⊙. Thus, about 80% of the de-
tected total tail CO flux is in the central component,
while small fractions of ∼ 10% are in the southern and
northern regions. This indicates that the most impo-
rant contribution to the molecular tail component comes
from the relatively dense ISM most recently stripped
from the central disk regions.

The total mass of the detected dense molecular gas
in the tail is comparable to the total estimated X-ray
gas mass of about ∼ 109 M⊙, but larger than the upper
limit estimate for neutral atomic gas of ∼ 5 × 108 M⊙

(Sun et al. 2006; Vollmer et al. 2001b; Jáchym et al.
2014).
The velocity structure shown in the bottom panel of

Fig. 2 is dominated by the galaxy’s rotation that is



• Summary


• The abundant ISM stripped by strong ram pressure plays a critical role in the formation of 
jellyfish galaxies with distinct features


• Strong ram pressure efficiently suppresses star formation in a gas-rich galaxy


• Considerable amount of stars can form in the RPS tail of the gas-rich galaxy


• Molecular clumps can form in-situ in the RPS tail from warm ionized gas produced by  
mixing between the ICM and ISM


• The mixing results in the characteristic Xray-to-Halpha flux ratio in the RPS tails



Jellyfish Galaxies in Magnetic Fields



• Magnetic fields in the ICM


• Strong B-fields are observed in the ICM (typical |B|~1μG, e.g., Carilli & Taylor 02)


• B-fields stabilize clouds and suppress the growth of instabilities between two flows
A. Bonafede et al.: The Coma cluster magnetic field from Faraday rotation measures
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Fig. 21. σRM and ⟨RM⟩ for the best model (cyan continuous line) and its
dispersion (cyan dotted lines), given by the rms of the different random
realizations. Observed points are shown in red.

Appendix A: Structure function and multi-scale
statistics with different power spectrum models

In this Appendix we discuss how other power-law spectral mod-
els could be representative of the data presented in the paper. The
analysis is performed on the basis of the the structure-function,
auto-correlation function and multi-scale statistics. Following
the approach discussed in Sect. 7.1, we have obtained simu-
lated RM images from different power spectrum models and

compared them with observed data. We show in Fig. A.1
the structure function, auto-correlation function and MSS for
Kolmogorov power spectra that differ in the value of Λmax. We
show in Fig. A.2 the fit to the structure, auto-correlation func-
tions and MSS for power spectrum models with n = 2, and dif-
ferent values of Λmax. We show only the plots obtained for the
central source 5C4.85. These figures demonstrate how the RM
data presented in this paper are sensitive to different power spec-
trum models.

We note that Kolmogorov power spectra with Λmax ∼ 100
and 10 kpc fail in reproducing the ⟨RM⟩. These trends can be
easily understood since power spectrum models with n > 3 have
most of the magnetic energy on large spatial scales, and thus
small changes in Λmax have a consistent impact on the resulting
statistics. According to results presented in Sect. 7.1.1, the case
Λmax = 20 kpc gives a reasonable fit to our data, although the
best fit is achieved for Λmax = 34 kpc. In Fig. A.2 similar fits
obtained for power spectra models with n = 2 are shown. As
indicated by the analysis performed in Sect. 7.1.1, in this case the
best agreement with observations is achieved for Λmax of order
of hundreds kpc (Fig. 16). We note that because of the power
spectrum degeneracy, it is possible to obtain a reasonable fit to
our data. Indeed the case Λmax = 400–800 kpc can reproduce
the MSS statistics, although they fail in reproducing the S (r)
trend on large spatial scales, indicating that a larger value of n is
required.

Appendix B: Limits on the magnetic field profile
from background radio sources.

Although several arguments (see Sect. 4.2) suggest that the
main contribution to the observed RMs is due to the ICM, the
best way to firmly avoid any kind of local contribution would
be to consider only background radio galaxies in the analysis.
This is however not trivial in general and not feasible here. In
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Fig. 1. Colors: Coma X-ray emission from the
ROSAT All Sky Survey in the energy band
[0.1, 2.4] kev. Contours: Coma radio emission
at 1.4 GHz from the NVSS. The beam FWHM
is 45′′ × 45′′ , contours start from 1.5 mJy/beam
and are spaced by a factor of 2. The observed
sources are labelled.

assumptions, and are cluster volume averaged estimates, while
the RM is sensitive to the local structures of both the thermal
plasma and the cluster magnetic field component that is paral-
lel to the line of sight. Furthermore, the equipartition estimate
should be used with caution, given the number of underlying as-
sumptions. For example, it depends on the poorly known particle
energy distribution, and in particular on the low energy cut-off
of the emitting electrons (see e.g. Beck & Krause 2005).

These different estimates provide direct evidence of the
complex structure of the cluster magnetic field and show that
magnetic field models where both small and large scale struc-
ture coexist must be considered. The intracluster magnetic field
power spectrum has been investigated in several works (Vogt &
Ensslin 2003, 2005; Murgia et al. 2004; Govoni et al. 2006;
Guidetti et al. 2008; Laing et al. 2008). In addition, a ra-
dial decline of the magnetic field strength is expected from
magneto-hydrodynamical simulations performed with different
codes (Dolag et al. 1999, 2005; Brueggen et al. 2005; Dubois
et al. 2008; Collins et al. 2010; Dolag & Stasyszyn 2009;
Donnert et al. 2009a), as a result of the compression of thermal
plasma during the cluster gravitational collapse.

In this paper we present a new study of the Coma clus-
ter magnetic field. We analyzed new Very Large Array (VLA)
polarimetric observations of seven sources in the Coma cluster
field, and used the FARADAY code developed by Murgia et al.
(2004) to derive the magnetic field model that best represents
our data through numerical simulations.

The Coma cluster is an important target for a detailed study
of cluster magnetic fields. It is a nearby cluster (z = 0.023), it
hosts large scale radio emission (radio halo, radio relic, bridge)
and a wealth of data are available at different energy bands, from
radio to hard X-rays.

The paper is organized as follows: in Sect. 2 the properties
of the X-ray emitting gas are described, in Sect. 3 radio obser-
vations are presented, and the radio properties of the sources are

analyzed. RM analysis is presented in Sect. 4 while in Sect. 5
the adopted magnetic field model is described. The method we
adopted to compare simulations and observations is reported in
Sect. 6, numerical simulations are presented in Sect. 7 and re-
sults are discussed in Sect. 8. Finally, conclusions are reported
in Sect. 9.

A ΛCDM cosmological model is assumed throughout the
paper, with H0 = 71 km s−1 Mpc−1,ΩM = 0.27,ΩΛ = 0.73. This
means that 1 arcsec corresponds to 0.460 kpc at z = 0.023.

2. Thermal component from X-ray observations

The study of the magnetic field through the Faraday RM requires
knowledge of the properties of the thermal gas (see Eq. (2)). This
information can be derived from X-ray observations. In Fig. 1
the X-ray emission of the Coma cluster is shown in colors. X-ray
observations in the energy band 0.1−2.4 keV have been retrieved
from the ROSAT All Sky Survey data archive. After background
subtraction the image has been divided by the exposure map and
smoothed with a Gaussian of σ = 60′′.

The radio contours of the NVSS (NRAO VLA Sky Survey)
at 1.4 GHz are overlaid onto the X-ray emission in Fig. 1. The
location of the sources studied in this paper are marked with their
names. Note that the extended radio emission of the radio halo,
relic and bridge are completely resolved out in the NVSS image
due to the lack of extremely short baselines.

The X-ray emission is from thermal bremsstrahlung, and
can be used to trace the thermal particle distribution in the
ICM. The distribution of the gas is well reproduced by the
so-called “β-model” (Cavaliere & Fusco Femiano 1976), re-
ported in Eq. (3):

ne(r) = n0

(
1 +

r2

r2
c

)− 3
2 β

, (3)
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