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The impact of ram pressure stripping on galaxy evolution is 
well known (for example, ref. 1). Recent multi-wavelength 
data have revealed many examples of galaxies undergo-
ing stripping, often accompanied with multi-phase tails2–13.  
As energy transfer in the multi-phase medium is an outstand-
ing question in astrophysics, galaxies in stripping are great 
objects to study. Despite the recent burst of observational 
evidence, the relationship between gas in different phases 
in the tails is poorly known. Here we report a strong linear 
correlation between the X-ray surface brightness and the Hα 
surface brightness of the diffuse gas in the stripped tails at 
~10–40 kpc scales, with a slope of ~3.5. This discovery pro-
vides evidence for the mixing of the stripped interstellar 
medium with the hot intra-cluster medium as the origin of the 
multi-phase tails. The established relation in stripped tails, 
also in comparison with the probably related correlations 
in similar environments such as galactic winds and X-ray 
cool cores, provides an important test for models of energy 
transfer in the multi-phase gas. It also indicates the impor-
tance of the Hα data to study clumping and turbulence in the 
intra-cluster medium.

We have constructed the largest sample of ram pressure strip-
ping (RPS) galaxies in nearby clusters with both deep Hα data 
(tracing warm gas with T ≈ 104 K) from narrow-band imaging or 
MUSE integral-field spectrograph and deep X-ray data (tracing 
hot gas with T ≈ 107 K) from Chandra or XMM-Newton (Table 1 
and Supplementary Tables 1 and 2). All 17 galaxies have Hα tails 
detected by previous work and 12 of them have X-ray tails detected, 
including 6 new ones presented in this work. The tails are divided 
into 42 regions with sizes from 6.3 kpc2 to 2.1 × 103 kpc2, all beyond 
D25 (the isophotal level of 25 mag arcsec−2 in the B band) of the gal-
axy. The X-ray surface brightness (SB) in these regions, with point 
sources excluded, is measured. If undetected, 5σ upper limits for 
the X-ray emission are derived (for 8 regions in 7 tails). The X-ray 
bolometric fluxes and luminosities are also derived. Similarly, the 
Hα SB in these regions, with background sources and H ii regions 
excluded, is also measured. As shown in Fig. 1, there is a strong 
correlation between the X-ray SB and the Hα SB in the tail regions. 
The correlation is well described by a simple linear relation of  
SBX/SBHα = 3.48 ± 0.25 (mean ± s.d., as also shown in the right panel 
of Fig. 1) and the intrinsic scatter of the correlation is small at ~10%. 

Our simple linear relation is also different from the previous cor-
relation derived from one galaxy14.

We can also examine individual Hα/X-ray tails. ESO 137-001  
hosts the brightest Hα/X-ray tail15,16. We present a new Hα image 
of ESO 137-001, with new MUSE data to achieve complete cov-
erage of its X-ray tail. As shown in Fig. 2 and Supplementary  
Figures 1 and 2, the general positional correlation between Hα and 
X-rays is very good. Both show double tails extending to at least 
80 kpc from the galaxy. We are able to study the Hα–X-ray correla-
tion in 14 tail regions of ESO 137-001. As is the case for every RPS 
tail, the study is limited by the X-ray data. Beyond ~15 kpc from 
the nucleus, the MUSE exposure is only 15–35 minutes per field, 
but sufficiently deep to probe the Hα emission at ~ kpc scales. By 
contrast, the Chandra exposure is 38.4 hours that covers the whole 
tail region, and the median area of tail regions is 136 kpc2. On the 
other hand, it is unclear whether such a correlation still holds at 
~ kpc scales, given the observed scatter at ~10–40 kpc scales. One 
upper limit for ESO 137-001 is around some Hα diffuse emission 
just beyond the primary X-ray tail (Fig. 2). Further X-ray exten-
sion beyond what is shown in Fig. 2 is indeed suggested from 
the Chandra temperature map15. We also show the X-ray and Hα 
images of other RPS tails in Supplementary Figs. 3–13. Generally 
good correlation between Hα and X-ray can be seen but the data 
quality (almost always for X-rays) does not allow for more detailed 
studies at smaller spatial scales. The X-ray properties of these tails 
are presented in the Supplementary Table 3.

We examined the correlation at similar region sizes of 300–
440 kpc2 and the results are the same (Supplementary Fig. 14). As 
the model with a constant X-ray/Hα ratio describes the data well, 
we also attempted to examine whether this constant depends on the 
cluster. The derived ratios are 3.1 ± 1.0, 2.5 ± 0.5, 2.8 ± 1.1, 3.7 ± 0.4 
and 4.4 ± 0.7 for Virgo, A2626, A1367, A3627 and Coma respec-
tively. Thus, while the current data may suggest a small cluster-to-
cluster variation, more data are required to examine the trend with 
cluster mass or pressure of the intra-cluster medium (ICM). One 
factor to contribute to the scatter is the remaining H ii regions, or 
recent star formation (SF). While the flux fraction of H ii regions in 
our tail regions is typically very small (Supplementary Fig. 15), the 
X-ray/Hα ratio from SF is typically much smaller from our stud-
ies of galaxy regions (Supplementary Fig. 16). We also examined 
whether the X-ray/Hα ratio in the tail changes with the projected 
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distance from the galaxy (Supplementary Fig. 17). The ratio prob-
ably increases at >60 kpc from the nucleus for one tail with the 
best X-ray data, but the results for other tails remain inconclusive. 
If mixing between the stripped interstellar medium (ISM) and 
ICM eventually depletes the stripped cold gas, the depletion is not 

observed from the ratio between the soft X-ray gas and the warm 
gas within ~ 60 kpc from the galaxy. However, it remains to be seen 
how the ratio of the hot (or warm) gas to the cold gas changes with 
the distance to the galaxy in stripped tails, ideally with the H i and 
CO data. We also examined the correlation between the X-ray/Hα 
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Fig. 1 | Hα–X-ray SB correlation for diffuse gas in stripped tails. X-ray luminosity and flux are bolometric. Errors for detections are 1σ. Upper limits (shown 
as arrows) are 5σ. a, The correlation shown as the luminosity SB. The black dashed line shows the best fit from the Bayesian method developed by ref. 48,  
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

Hα
. The black solid line 

shows the best fit with a slope of 1 from the same method, or SBX/SBHα = 3.48 ± 0.25. b, The correlation shown as the flux SB ratio versus the Hα 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 ref. 18 for several regions in the galactic wind of NGC 253.

Table 1 | The sample of the RPS galaxies in this work

Galaxy (cluster) Redshift LW1
a SFRb LFIR

c rd Numbere

Unit (109 L⊙) (M⊙ yr−1) (109 L⊙) (kpc)

NGC 4569 (Virgo) -0.00078 0.74 1.3 9.9+0.3
−0.8 477 5 + 1

NGC 4330 (Virgo) 0.00521 0.058 0.17 1.2 ± 0.2 607 1 + 1

ESO 137-001 (A3627) 0.0154 0.49 0.97 5.2 ± 0.1 172 14 + 2

ESO 137-002 (A3627) 0.0190 3.4 1.1 12.2 ± 0.2 97 2 + 3

UGC 6697 (A1367) 0.0224 2.4 6.2 23 ± 1 614 2 + 1

CGCG 097-073 (A1367) 0.0243 0.18 1.1 4.4 ± 0.3 865 1 + 1

CGCG 097-079 (A1367) 0.0236 0.41 1.6 6.1 ± 0.2 816 1 + 1

2MASX J11443212+2006238 (A1367) 0.0240 1.0 3.5 - 703 1 + 1

CGCG 097-092 (A1367) 0.0213 0.68 1.6 - 886 1 + 0

D100 (Coma) 0.0171 0.55 0.50 4.3 ± 0.1 236 4 + 1

NGC 4848 (Coma) 0.0235 2.7 4.0 26.1 ± 0.7 764 3 + 1

IC 4040 (Coma) 0.0262 1.9 2.9 27.9 ± 0.5 406 1 + 1

GMP 2923 (Coma) 0.0289 0.083 0.10 - 346 1 + 0

GMP 3779 (Coma) 0.0185 0.82 1.2 6.9 ± 0.2 554 1 + 1

GMP 3816 (Coma) 0.0315 0.91 1.5 9.8 ± 0.2 362 1 + 1

GMP 4555 (Coma) 0.0277 0.60 0.81 5.7 ± 0.2 656 1 + 1

IC 5337 (A2626) 0.0619 10 7.4 - 84 2 + 1
aThe WISE band 1 (3.6 μm) luminosity as a proxy of the stellar mass. The Galactic extinction was corrected with the relation from ref. 46. The typical errors are 2%–5%. bThe star formation rate (SFR) derived 
from the Galaxy Evolution Explorer (GALEX) near-ultraviolet (NUV) flux density and the total far-infrared (FIR) luminosity from Hershel with the relation from ref. 47. If the FIR luminosity is unavailable, the 
SFR is derived from the GALEX NUV flux density and the WISE 22 μm flux density with the relation from the same reference. The Kroupa IMF is assumed and the typical root mean squared scatter of the 
relation is ~23%. cthe total FIR luminosity derived from the Herschel data dthe projected distance of the galaxy to the cluster X-ray centre ethe number of regions in the tail plus galaxy, respectively
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ratio and the distance of the galaxy from the cluster centre, scaled by 
the virial radius or not, as well as the relative velocity of the galaxy 
to that of the cluster, scaled by the radial velocity dispersion of the 
cluster. No correlation was found.

Our results suggest that the formation of the X-ray tail is tightly 
related to the formation of the Hα tail, which in turn indicates a 
strong correlation between the hot gas and the warm gas. This is 
also strong evidence for mixing between the stripped ISM and the 
hot ICM, at spatial scales smaller than ~10 kpc, as good correlation 
has been established above this scale from the current data. The 
emissivity of both phases, all proportional to density squared, may 
have a similar dependence on the ambient pressure. We attempt a 
simple model to study this ratio and the results hinge on the detailed 
multi-phase gas distribution in small scales of the mixing layer 
(Supplementary Information). The multi-phase stripped tails have 
not been well studied in simulations and the correlation between 
different phases has not been examined in detail. Ref. 17 gave the 
total X-ray and Hα luminosities for stripped tails in three different 
simulation runs. The estimated X-ray/Hα ratio is 1.3–4.6 in these 
three runs, with the lowest ratio coming from the run with the low-
est ambient pressure. More simulations are needed to better explore 
the Hα–X-ray correlation at different spatial scales and compare 
them with the observed relation. The evolution of this X-ray/Hα 
ratio is another interesting question to be addressed by simulations 
and observations in the future.

Stripped tails have become another kind of unique environ-
ment where a multi-phase medium and SF are present, similar to 
multi-phase galactic winds (for example, ref. 18) and X-ray cool 
cores surrounding the brightest central galaxies in galaxy groups 
and clusters (for example, ref. 19). Thus, it is natural to ask whether 
a similar relationship between X-ray and Hα exists in those two 
environments. However, such correlations in X-ray cool cores and 

galactic winds have not been studied in detail (Supplementary 
Information). The existing works on galactic winds of nearby star-
bursts have suggested a tight Hα/X-ray correlation with similar 
ratios to those found in stripped tails, while the X-ray/Hα ratios 
in X-ray cool cores are typically smaller. Future sample studies can 
explore the Hα–X-ray correlation in galactic winds and X-ray cool 
cores better.

In the stripped tails, the diffuse Hα emission (excluding emis-
sion related to H ii regions or SF) probably originates from the 
turbulent mixing layer between the cold phase (molecular gas or/
and atomic gas) and the hot ICM. Hydrodynamic instabilities and 
turbulence increase the contact surface between two phases and 
enhance mixing. We can consider the ratio between the turbulence 
eddy turnover timescale and the cooling timescale, teddy/tcooling, the 
C-ratio (for example, ref. 20) or the Damköhler number (for exam-
ple, ref. 21). This ratio may vary with locations in the multi-phase 
medium in stripped tails. In the ICM around the stripped tails,  
tcooling is almost always longer than 10 Gyr. For a turbulence veloc-
ity of 100 km s−1 at a spatial scale of 10 kpc, teddy is 0.1 Gyr. Thus, 
the ratio should be much less than one for efficient mixing. When 
moving towards the stripped cold ISM, gas temperatures after 
mixing are lower and cooling can be much stronger to increase the 
teddy/tcooling ratio over 1, where inhomogeneous cooling results in a 
multi-phase medium. For the T ≈ 107 K gas in the stripped tails,  
tcooling is typically 0.3–3 Gyr. For T ≈ 105−6 K gas, tcooling should be 
much smaller. With an analogy to galactic winds, the stripped 
cold ISM clouds can grow via mixing under certain conditions 
(for example, refs. 22,23), but can also fragment and even ‘shatter’ in 
the surrounding ICM, probably forming a complex distribution of 
small clumps resembling droplets (for example, ref. 24). The mag-
netic field may also play an important role in mixing (for example, 
ref. 25), as its existence is also implied by narrow Hα filaments 
observed in many tails of our sample.

Besides the Hα–X-ray (or warm gas–hot gas) correlation shown 
here, is there a tight correlation between other phases in stripped 
tails? The dominant mass component in stripped tails, at least at the 
early stage of stripping, is probably the molecular gas10,12. The cold 
gas in stripped tails, traced by H i and CO, should eventually be 
evaporated or cool to form stars, resulting in an increasing hot (or 
warm) gas to cold gas ratio. Ref. 12 explored the Hα–CO (or warm 
gas–cold gas) correlation but more CO detections from the stripped 
tails are required to explore the correlation better. Moreover, while 
compact molecular clouds have been revealed in the best-studied 
RPS tail of ESO 137-001 (ref. 26) (also shown in Fig. 2), the same 
study also suggests most molecular gas is diffuse in the tail. Future 
studies may need to separate the compact/diffuse molecular com-
ponents in the correlation studies.

Evaporating cold gas stripped from galaxies also contrib-
utes to the ICM clumping. The clumpiness of the ICM has been 
studied with X-ray observations, directly from, for example, SB 
fluctuation27, or indirectly from, for example, cluster outskirts 
and scaling relations28. The ICM clumping can bias the measured 
X-ray properties of the cluster, for example, density, gas mass and 
pressure, which can further bias the resulting mass of the clus-
ter28,29. Characterization of ICM clumping is important for cur-
rent and next generation surveys in the X-ray and millimetre via 
the Sunyaev-Zel’dovich effect, as well as using clusters as precise 
cosmology probes. An important source of the ICM clumps is 
the stripped ISM, either by ram pressure or tidal force. When the 
stripped ISM evaporates in the ICM, it induces inhomogeneities. 
The tight correlation revealed by our studies suggests that at least 
some ICM clumps can be probed and even predicted by sensi-
tive, wide-field Hα surveys (for example, ref. 30). This discovery 
opens a new window to use Hα to trace hot gas structure in the 
ICM, including both the density fluctuations and the kinematic 
substructure.
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Fig. 2 | The Hα–X-ray correlation for ESO 137-001’s tail with the brightest 
X-ray and Hα emission. a, The X-ray emission is shown in blue (0.6–2 keV 
from ref. 15) and the Hα emission from this work is shown in red, while the 
CO (2–1) emission from ALMA26 is shown in green. The nucleus of the 
galaxy is marked with a black dot and the white ellipse shows the half-light 
region of the galaxy from its Hubble Space Telescope F160W data. One 
can also see a very good correlation between the Hα and the X-ray diffuse 
emission in the tail. b, The Hubble Space Telescope composite image of the 
galaxy is also shown with the MUSE Hα in red. Credit: b, STScI.
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Methods
We assume that the current value of the Hubble constant H0 = 70 km s−1 Mpc−1, the 
matter density parameter ΩM = 0.3 and the dark energy density parameter ΩΛ = 0.7. 
The distance to the Virgo cluster is 16.5 Mpc (ref. 31) and the distance to the other 
clusters is derived from the assumed cosmological parameters. At the distance of 
the Virgo cluster, A3627, A1367 and Coma, 1″corresponds to 80 pc, 327 pc, 445 pc 
and 466 pc, respectively. All X-ray spectra are fitted using the C-statistic and the 
quoted uncertainties are 1σ.

Chandra and XMM-Newton data processing. We processed the Chandra data 
with the Chandra Interactive Analysis of Observation (CIAO; version 4.12.1)  
and calibration database (CALDB; version 4.9.3), following the procedures in 
previous work15,32.

We processed the XMM-Newton data using the Extended Source Analysis 
Software integrated into the XMM-Newton Science Analysis System (version 
17.0.0), following the procedures in ref. 33. Briefly, we reduce the raw event files 
from metal oxide semiconductor (MOS) and positive–negative junction (pn) 
CCDs using tasks emchain and epchain, respectively. The solar soft proton flares 
are filtered out with mos-filter and pn-filter to obtain clean event files.

For selected tail regions, the local background from regions adjacent to the 
tail regions is always used. The conversion from the count rate to the X-ray flux is 
derived from the spectral fit of the full tail region and is assumed to be the same 
for different tail regions. We use the AtomDB (version 3.0.9) database of atomic 
data and the solar abundance table from ref. 34. We use the XSPEC apec model 
to fit the X-ray emission from tails. For the XMM-Newton data, the spectra from 
MOS/pn are fitted jointly. The galactic column density is modelled using tbabs, 
with values from the NHtot tool35. X-ray flux and luminosity shown are bolometric 
(0.01–100 keV).

Hα data processing. For six galaxies in the sample (ESO 137-001, UGC 6697, 
CGCG 097-073, CGCG 097-079, D100 and IC 5337), there is complete or partial 
coverage of their tails with MUSE. MUSE36 is an optical integral-field spectrograph 
on the Very Large Telescope, which provides a 1’ × 1’ field of view with wavelength 
coverage from 4750 Å to 9350 Å in the nominal mode. For ESO 137-001, MUSE 
observations come from the European Southern Observatory (ESO) programmes 
60.A-9349(A) (Science Verification), 60.A-9100(G) (Science Verification), 
095.A-0512(A) (principal investigator or PI: M.S.) and 0104.A-0226(A) (PI: M.S.), 
with 12 pointings from 21 June 2014 to 17 March 2020 to cover the full tail. The 
total exposure time is 5 hours and 35 minutes, with the tail regions observed in 
20.9–35 minutes and some galaxy regions observed in 90 minutes. The seeing 
is 0.57″–1.94″ with a median of 1.04″. The MUSE data effectively remove the 
Galactic stars and the resulting Hα image is much deeper than the narrow-band 
image by ref. 37. This new mosaic also covers the tail much more completely than 
the old one published in refs. 16,38. D100 was observed on 11 May 2019, under the 
ESO programme 0103.A-0684(A) (PI: P.J.), with a median seeing value of 1.12″. 
Only one field was observed with a total exposure time of 33 minutes to cover the 
galaxy and the front part of the tail. We also used the Hα flux maps measured with 
MUSE on three A1367 galaxies, UGC 6697, CGCG 097-073 and CGCG 097-079, 
under the ESO programmes 096.B-0019(A) and 098.B-0020(A) (PI: G.G.). The Hα 
flux map of UGC 6697 comes from ref. 39 and details of the observations can be 
found there. CGCG 097-073 was observed in three pointings, with 43 minutes on 
the galaxy and 38.85 minutes on 2 tail regions. CGCG 097-079 was observed in five 
pointings, with 43 minutes on the galaxy and 38.85 minutes on 4 tail regions. The 
observations of these 2 galaxies were taken from 12 February 2016 to 1 April 2017, 
with seeing of 0.35″–1.31″ (a median of 0.76″).

We used the MUSE pipeline (version 2.8.1; ref. 40) to reduce the raw data. The 
MUSE pipeline was run with the ESO Recipe Execution Tool (EsoRex), which 
provides a standard procedure to reduce the individual exposures and combine 
them into a datacube. The additional sky subtraction was performed with the 
Zurich Atmosphere Purge software41. To combine the individual datacubes into 
the final mosaic, we adopted the CubeMosaic class implemented in the MUSE 
Python Data Analysis Framework (MPDAF) package42. For the final datacube 
mosaic, we adopted the public IDL software Kubeviz38 to perform the spectral 
analysis. We first used the colour excess to correct the Galactic extinction, which 
was obtained from the recalibration43 of the dust map of ref. 44 and adopted a 
galaxy extinction law from ref. 45 with the extinction coefficient RV = 3.1. We also 
smoothed the datacube with a Gaussian kernel of 4 pixels (or 0.8″) for ESO 137-
001 and 3 pixels (or 0.6″) for D100. We fitted the Gaussian profile to each emission 
line and obtained the flux. The spaxels with S/N < 3 and velocity error and velocity 
dispersion error >50 km s−1 are masked. The detailed MUSE results will be 
presented in future papers.

Other Hα data come from the narrow-band imaging observations as listed 
in Supplementary Table 2. [N ii] emission is removed by assuming [N ii] λ6584/
Hα = 0.4 and [N ii] λ6548/[N ii] λ6584 = 1/3. Galactic extinction is corrected in all 
cases as stated above. Bright H ii regions in the tail are masked for both the MUSE 
and narrow-band imaging data. The same criteria as used in ref. 38 are applied for 
the selection of H ii regions. Specifically, SEXTRACTOR was run on Hα images. 
H ii regions are selected as point-like sources (CLASS_STAR > 0.9) with a low 
ellipticity (e < 0.2). For diffuse Hα emission in tails, no correction on any intrinsic 

extinction was applied, for both narrow-band imaging data and the MUSE data. 
The correction on the stellar absorption was made on the galaxy for both MUSE 
and narrow-band imaging data. Such a correction has little effect on our results on 
tails since the stellar continuum beyond D25 is very weak.

Data availability
The X-ray and optical data that support the plots within this paper and other 
findings of this study are either publicly released (Chandra, XMM-Newton and 
Very Large Telescope/MUSE data) or published (narrow-band imaging data), as 
shown in Supplementary Table 2. The key results of this work (X-ray and Hα SB in 
tail regions) are also attached as an online table. Other results and reduced images 
of this work are available from the corresponding author M.S. upon reasonable 
request. Source data are provided with this paper.

Code availability
The software to reduce the X-ray and optical data in this work is publicly released. 
Upon request, the corresponding author M.S. will provide the code (Python and 
Wip) used to produce the figures.
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