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Version 0:
Reviewer comments:
Referee #1

(Remarks to the Author)

In "The Wind Blowing in the Core of the Centaurus Galaxy Cluster", the XRISM collaboration present an analysis of high
resolution X-ray spectra obtained using the XRISM observatory from the Centaurus Galaxy Cluster. Using these spectra, the
authors show that the hot X-ray emitting gas has a substantially different velocity from the optical velocity of the galaxy which
lies at the center of the cluster. Due to the location of the peak of offset, it appears unlikely to be AGN generated. The likely
cause is the sloshing of the hot intracluster medium generated by the merger of a subcluster with the main Centaurus cluster.
The sloshing could have implication for feedback in the cores of clusters if it could help distribute the injected energy.

This paper is exciting to me for a number of reasons. Firstly, it presents some of the first data on clusters from the recently
launched XRISM telescope. Unfortunately due to the loss of Hitomi, we only had high resolution non-dispersive spectra from
one clusters, the Perseus cluster, and this is only the second one | have seen. Secondly, this observation shows an offset
between the hot gas and central galaxy in this object. This result was not expected by me and is novel. Thirdly, the low
velocity dispersion found in this object, like in Perseus, provides very important information for the study of AGN feedback
and turbulence in clusters . Therefore | think it is worthy of publication.

Despite the interesting dataset and conclusions, | found the information about the X-ray spectral analysis in the extended
section and statistics not sufficent. As the conclusions depend on the fitting of models, the reader needs to know that the
conclusions are robust against the particular model choices.

Firstly, to understand how strong the results are, | would be interested in understanding how important the individual lines
are in the fits, and how important is the choice of temperature components. It is very hard to see this in Fig 1 or extended
data Fig 1. Zoomed plots around important emission lines showing the data, model and residuals would be helpful to
understand the results. In addition, | suggest the authors test whether consistent velocities are obtained from different
emission lines (although the temperature values may need to be fixed for this to work). Can the wind velocity, for example,
be measured purely from the Fe lines?

I was unable to find an argument for the number of temperature components in the paper, or whether this was important. It
would be good to know how the choice of number of components was arrived at. For example, could two components be
fitted to the non-central regions, and would it change the results? Could powerlaw (T1->T2) or log-normal (T,sigma)
temperature distributions produce different results? We also know from grating and CCD results that there is even cooler X-
ray emitting material at around 0.8 keV (e.g. RGS results in Sanders et al. 2008) than XRISM cannot detect with its poor low
energy effective area, and therefore there is a wider range of hot gas temperature present.

Can the metallicity of the individual elements freely vary? If they are not, | am concerned that the fit might be forced into the
wrong parameter space by trying to fit lines without having the correct normalisation. There seems to be residuals in
Extended Data Fig 1 at the location of some of the X-ray lines (e.g. near 7.8 keV), indicating that model is not fitting well
there. How important is this for the results?

| also could not see any statistical information about how good the fits are. | think at the least, a chi2 value for the best fitting
model could be given (after grouping the spectra).



The fits were based on the APEC model. Was the SPEXACT model from SPEX tried? Did it give consistent velocities?
| have some more minor suggestions below

1. In the abstract the sign of the velocity relative to the central galaxy is not obvious to me from the text.

2. Page 4, line 146. It is not clear to me what is meant by "brushing".

3. The paper should be clearer about the model and which parameters are free and which linked, and what energy range is
fitted. For example, is the velocity of the hot and cold components in the center assumed to be the same?

4. Can the velocity of the hot and cold components be measured separately, to see if there is a difference between the hotter
gas likely more associated with the cluster and cooler material which could be linked to the galaxy?

5. As the measurements of the velocities are not independent, it could be helpful to see how correlated the measurements
are by each other. The authors could consider including plots to show the contours between pairs of velocity (and possibly
other) measurements, perhaps in the style of a "triangle plot", as is used for showing constraints on cosmological
parameters.

6. The cavities claimed in section 1.3 seem like they were previously found in the Chandra data and are not new as claimed
(section 3.4 in Sanders et al. 2016). Also, what cluster center was assumed for the deprojection analysis? | also note that the
<1 keV temperature component was not included in this analysis.

Referee #2

(Remarks to the Author)

This manuscript presents the first accurate measurements of velocities and velocity dispersions for the intracluster medium
(ICM) in the Centaurus cluster. The results, some of the earliest using X-ray spectroscopy from the XRISM mission, are
sufficiently accurate for the first time to provide physically interesting constraints on the dynamics of the cluster atmosphere.
While the angular resolution of the XRISM telescope is only about 1.3 arcmin, the proximity of the Centaurus cluster means
that velocities can be determined in regions separated by about 15 kiloparsecs, comparable to the size of the central galaxy.
The measurements reveal gas flow on this scale that is argued to be a consequence of a merger merger activity in this
system. These are ground breaking measurements and certainly warrant

publication in the Nature.

My comments on the manuscript are all minor. Some details of the analysis and interpretation could be improved, and some
of the presentation could be clearer.

019 - 023: Although the first part of the abstract reads well, it contains minor technical errors. Clusters are not the "largest
graviationally bound structures," but the largest gravitationally collapsed structures (the bound region is generally
significantly larger than the size defined for a collapsed halo). The phrase "faster than the age of the cluster" is not physically
meaningful. Nor is "line emission from the predicted cooling rate." Although we may understand what is meant, the language
should be more precise to avoid the possibility of confusing less experienced readers.

056: Angular resolution can be expressed in many ways. Does "half the diameter" mean the half power diameter?
065: More usually the "aim point"

083: The central galaxy is not generally at rest with respect to a cluster. Unless NGC 4696 can be shown to be at rest in the
cluster, it can only be said that the ICM is streaming towards us relative to NGC 4696.

090: 1) If NGC 4696 is moving, the central ICM could still be at rest in the cluster. 2) In astrophysics, "wind" is used to
describe gas flows out of galaxies and smaller systems and away from stars. For both reasons, | suggest finding another
term for this relative motion.

112-114: Is the "oscillatory motion" that of the gas, the galaxy or their relative motion? Since the orbital period of the galaxy
differs from the period of sloshing (which is related to the Brunt-Vaisala frequency), they will quickly lose phase with one
another. Also, although gas motions in the vicinity of a sloshing cold front are predominantly parallel to the front (tfransverse
to the radius), is this true away from the vicinity of the front? To form the contact discontinuity, gas parcels with significantly
different entropies must be brought close together. In an atmosphere that is stably stratified and initially spherical, that
requires some gas to be moved radially by a substantial distance.

116: Lucey et al. [15] argue that the two subclusters are approaching one another for the first time, in which case we should
not expect any sloshing yet due to that merger between these subclusters.

125-140: The slingshot model describes a subhalo that is close to the apocenter of its orbit after at least one core passage. It
accounts for how a BCG can have a projected velocity towards the tail of gas that was stripped from around it. The
phenomenon of sloshing describes gas that is confined by an approximately spherical gravitational potential. The velocity
offset of NGC 4696 from the mean of Cen 30 is fairly typical of the velocity offsets measured for BCG's, so that its relatively



low speed along the line-of-sight does not require it to be near the apocentre of its orbit. Furthermore, there is no reason to
expect its orbital phase to have any particular relationship to the phase of the sloshing (see comment 112-114 above). On
the other hand, continued sloshing does require a relatively well defined central gravitational potential. While it is very likely
that the small blueshift of NGC 4696 is a consequence of past merger activity, | very much doubt that the central gas has
been stripped from around it by ram pressure. On the other hand it is also perfectly reasonable that the increasing blueshift of
the gas to the west is related to sloshing in the cluster. In short, | am sceptical of the model as illustrated in Figure 4, but only
to the extent that it appeals to the slingshot model. The blueshifted mean gas velocities may well be related to sloshing, but
the blueshift of NGC 4696 is probably a matter of chance.

151: This effect is well worth noting. However, it might be better to say "shifting low entropy gas away from the centre of NGC
4696," since that is the most significant effect.

152: Change "shifting" to "shifted"

168: | suggest dropping this throw away comment. In a typical cluster, the increase in gravitational potential over ~20 kpc
would bring the gas to rest in any case.

176: Suggest changing "the gas spirals down" to "the cooling gas moves inward"
182: Covering fraction is more significant than volume filling fraction for the impact on a wind.

201-203: Is the lower AGN power in the Centaurus cluster consistent with its cooling rate? While noting that the power
available to heat the gas is small, it would be good to provide this comparison too.

320-323: Suggest "is overlaid on the velocity map in a"
381: "observational data"

398: Change "<\sim" to "\lesssim"

410: Expand the abbreviation LSF

412: "lower energy emission lines"

424: Delete "scales”

442: "line width from our"

443: How is this "as shown in Fig. 1?"

450: Delete "method"

458: Suggest "and the effect of small wobbles in attitude”

459-469: This explanation should be improved by better and consistent use of terms. Spatial mixing takes emission from a
region of the source model and distributes it over several observed regions.

470: "spectra for each region" (delete "only")

471:Is the point is that this exercise to show that the velocity difference is robust?
479: Delete the second "and"

481:"are" ->"is a"

Also "it" -> "this effect"

487:"The foreground..."

492: There should be some discussion of how the line properties plotted in Extended Data Fig. 4 were obtained (at least a
reference).

520: The version of Chandra CalDB used should be stated.
528: The model projct is a mixing model, not a multiplicative model.
533-534: Since the phabs component models foreground absorption and the unresolved point sources (and AGN) are

disributed in the galaxy, a more physical spectral model would be
phabs(projct(apec+powerlaw))



The results will be the same if the absorbing column for each region is the same, but it does not make sense to allow the
column to vary if phabs is applied before projct.

846: This caption should be clearer. Presumably, each coloured line (other than green) in the left panel represents the a
contribution from one region to the total spectrum of the central region and similarly for the SW region.

897: The contours do not represent "predictions," but estimates for the locations of the cavity borders.
Referee #3

(Remarks to the Author)

This paper presents a detailed analysis of observational data obtained from the XRISM satellite for the Centaurus nearby
cluster of galaxies. Taking advantage of the unprecedented combination of spectral resolution of the Resolve instrument
onboard of XRISM, and of the telescope sensitivity, the Authors carry out an analysis aimed at characterizing the velocity
field of the intra-cluster medium (ICM) in the core region of Centaurus.

The main results of this analysis is that gas motions along the line of sight in the central ~ 30 kpc regions are characterized
by a bulk flow of few hundreds km/s, tagged as "wind" by the Authors, while velocity dispersion is rather low, consistent with
a sub-Machian turbulence. These results are interpreted as the signature of gas sloshing, induced by the overall ICM
dynamics of Cen-A, with a possibly limited role of the central AGN in injecting turbulence in the ICM.

The extraordinary quality of the data definitely makes this paper suitable to be published in Nature. In general the paper is
clearly written. The analysis well motivated and described in the
Methods section.

Here below | report my comments that the Authors should address before the paper can be recommended for publication.

Lines 73-77. The Authors report here the values of the temperatures for the two-temperature model of the central region and
for the other outer regions.

- How does these results compare with temperatures from Chandra and XMM-Newton observations within these regions?
The Authors show the results of their Chandra data analysis in Methods Sect. 1.3. They should compare the XRISM/Resolve
temperatures at least with those from these Chandra data, using both the same hard band covered by Resolve and the
whole soft+hard band of Chandra.

- The cooler component in the central region has a temperature (T~1,4 keV) smaller than the lower limit (1.8 keV) of the
energy band covered by Resolve. Therefore, for this component to give a significant contribution in the Resolve band, it
probably needs to be associated to a fairly large Emission Measure. Could the Author provide also the values of the
Emission Measures (and their uncertainties) of these two components?

- Do Chandra data also show significant evidence of these two components?

Lines 88-90. The Authors provide the values of the Mach numbers for the ICM components. Besides such values, which are
given with two decimals, the Authors should explicitly report also the associated uncertainties.

Line 118. Minor point. The Authors suggest that NGC4696 could "oscillate around the bottom of the gravitational potential
well". In fact it is the galaxy itself that could trace the bottom of the potential well, while the gas is sloshing around it.

Lines 140-142. The Authors quote the analysis of Chandra data by Sanders et al. (2016), showing a shift of metal
abundance to the west, in support of the suggested picture of a rotational motion consistent with the east-west gradientin
bulk velocity (Fig. 3). Is this pattern in metallicity from Chandra data consistent with the metallicity from the Resolve analysis
in the different regions reported in Extended Data Table 1? At a first sight, this is not obvious.

Line 163. The Authors provide the value of the kinetic energy associated to the bulk motion of the gas mass comprised in the
Resolve FOV. It could be interesting to compare this energy with an estimate of the energy provided by the AGN over a
typical duty cycle. If the latter turns out to be much smaller than the former, this would explicitly support the picture that the
AGN can not be the trigger of the wind.

Lines 193-195. The low value of sigma_v leads the authors to suggest a limited role of the AGN in determining the gas
motion at the center. On the other hand, since Q_{turb}/Q_{cool}~1, the Authors suggest that even a relatively small value of
sigma_v could be enough to offset cooling from dissipation of turbulence. It is not clear whether this contradict the statement
reported already in the abstract, that it is the wind that can distribute the AGN heating to the medium, thereby regulating
cooling. A clarification on this issue would be required.

Lines 196-198. Based on Extended Data Fig. 3, the Authors claim for a metal accumulation in the central regions. This
would suggest a limited role of AGN feedback in displacing metal enriched gas. However, the lowest panel of this figure
shows a drop in metallicity in the central regions (incidentally, this seems to be at variance with the usual trend for lower-
entropy gas to be typically more enriched). | would ask the Authors to clarify this point.



Lines 209-210. The Authors claim that the gas sloshing could play a more important role in regulating the thermal state of

ICM than the motions induced by AGN cavities. It is not clear why from this the Authors conclude that central AGN can be

strongly influenced by gas bulk motions at larger scales. The only possible evidence is for AGN not strongly impacting the
large-scale gas motions. It may be appropriate to downtone somehow this last statement.

Line 481. Minor: are diffuse -> is a diffuse.

Lines 488-489. The authors should clarify this sentence. For which flux did they use the upper limit? Did they compare the
results obtained before and after correcting for the AGN contribution?

Extended Data Table 1. The reported uncertainties are 1sigma statistical errors. For how many interesting parameters are
these uncertainties computed? Temperature, emission measure and metallicity?

Extended data Figure 3. | would suggest to include also a panel for the entropy profiles. Admittedly, entropy is a quantity
derived from density and temperature. Still, itis a useful quantity to assess the cool-coreness of clusters.

Version 1:

Reviewer comments:

Referee #1

(Remarks to the Author)

| thank the authors for a careful reading of my comments, the changes made to the paper and for the checks they conducted.
| am satisfied that the paper presents a very interesting and secure result.

I only have some very minor corrections or suggestions:

Line 375 "Resolve" -> "The Resolve"

Line 384: The sentence is a bit confusing. Is it really CALDB8, not CALDB? Is this xa_rsl_* file part of the CALDB or
something else?

Fig 1: Units are not given for the scale.
Line 430: Should this be a few per hour or a few hours?
Referee #2

(Remarks to the Author)
| recommend that the revised manuscript be accepted.

Referee #3

(Remarks to the Author)
The Authors adequately addressed my comments in the revised version of the manuscript. For this reason, | consider it now
suitable for publication in Nature.

I have only one final comment that | invite the Authors to consider.

Lines 576-588. The results for the 2T model from the analysis of Chandra data is now reported. When carried out in the
same hard band of Resolve, it provides temperature values that are consistent to, though slightly lower than those from
Resolve. Quite interestingly, the analysis in the broad band give temperature values that are significantly lower. | would
suggest the Authors adding a comment on this.
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*kkkkkkkkhkk Referee #1 (Remarks to the Author). kkkkkkkhkhkkkkhkhkkkhkhkkkkhkhkhkhkhhkkhkhkkkkhkhkkkkhkkkk

We thank the reviewer for his/her helpful comments. Major revisions are indicated in the text
of the manuscript in bold red type. Our responses to the reviewer's questions (in bold italics)
are given below in normal blue font.

In "The Wind Blowing in the Core of the Centaurus Galaxy Cluster", the XRISM collaboration
present an analysis of high resolution X-ray spectra obtained using the XRISM observatory
from the Centaurus Galaxy Cluster. Using these spectra, the authors show that the hot X-ray
emitting gas has a substantially different velocity from the optical velocity of the galaxy which
lies at the center of the cluster. Due to the location of the peak of offset, it appears unlikely to
be AGN generated. The likely cause is the sloshing of the hot intracluster medium generated
by the merger of a subcluster with the main Centaurus cluster. The sloshing could have
implication for feedback in the cores of clusters if it could help distribute the injected energy.

This paper is exciting to me for a number of reasons. Firstly, it presents some of the first data
on clusters from the recently launched XRISM telescope. Unfortunately due to the loss of
Hitomi, we only had high resolution non-dispersive spectra from one clusters, the Perseus
cluster, and this is only the second one | have seen. Secondly, this observation shows an
offset between the hot gas and central galaxy in this object. This result was not expected by
me and is novel. Thirdly, the low velocity dispersion found in this object, like in Perseus,
provides very important information for the study of AGN feedback and turbulence in
clusters. Therefore | think it is worthy of publication.

Despite the interesting dataset and conclusions, | found the information about the X-ray
spectral analysis in the extended section and statistics not sufficient. As the conclusions
depend on the fitting of models, the reader needs to know that the conclusions are robust
against the particular model choices.

Firstly, to understand how strong the results are, | would be interested in
understanding how important the individual lines are in the fits, and how important is
the choice of temperature components. It is very hard to see this in Fig 1 or extended
data Fig 1. Zoomed plots around important emission lines showing the data, model
and residuals would be helpful to understand the results. In addition, | suggest the
authors test whether consistent velocities are obtained from different emission lines
(although the temperature values may need to be fixed for this to work). Can the wind
velocity, for example, be measured purely from the Fe lines?

We added the zoom-in spectrum around the He-alpha Fe band in Extended Data Fig.1.
When we performed the SSM fits using only the spectra above 5 keV (mainly derived from
the He-alpha Fe lines), the resultant values of the turbulent velocities for the central and SW
regions changed by only 1 and 26 km/s, respectively, which are consistent with the results of
the original broadband fit within the statistical errors for each other. In addition, the
differences between the >5keV fit and the broadband fit for the redshifts (bulk velocities) for
the central and SW regions are negligible. Here only the lower temperature component in
the central region in the >5 keV fit was fixed to the value in the broadband fit. As for the
emission lines in the lower energy band, since the systematic errors are relatively large (~35



km/s for the turbulent velocity of 100 km/s) as shown in the text, we could not find a
significant difference.

We added the explanation in the text (L413-L422)..

I was unable to find an argument for the number of temperature components in the
paper, or whether this was important. It would be good to know how the choice of
number of components was arrived at. For example, could two components be fitted
to the non-central regions, and would it change the results? Could powerlaw (T1->T2)
or log-normal (T,sigma) temperature distributions produce different results? We also
know from grating and CCD results that there is even cooler X-ray emitting material at
around 0.8 keV (e.g. RGS results in Sanders et al. 2008) than XRISM cannot detect
with its poor low energy effective area, and therefore there is a wider range of hot gas
temperature present.

First, we adopted a single (1T) and double (2T) temperature model in the spectral fits for
each region. As a result, only the spectrum of the central region needed the 2T model, and
those in the other regions were well represented by the 1T model in the statistics. We added
the explanation in the text (L463-L466).

As for the power-law and log-normal models, we performed the fits with SPEX for FOV
regions, and the tendency of the resultant velocities and redshift were almost consistent with
the spectral fits with the 2T model with XSPEC for FOV. In addition, the simultaneous fit of
the Resolve and XMM RGS spectra was also performed with XSPEC, and the resultant
temperatures, velocities and redshifts were in close agreement with our results in this paper.
We are now preparing another paper on these temperature structures and the details are
described in the paper.

Can the metallicity of the individual elements freely vary? If they are not, | am
concerned that the fit might be forced into the wrong parameter space by trying to fit
lines without having the correct normalisation. There seems to be residuals in
Extended Data Fig 1 at the location of some of the X-ray lines (e.g. near 7.8 keV),
indicating that model is not fitting well there. How important is this for the results?

The abundances of Si, S, Ar, Ca, Mn, Cr, Fe and Ni were freely variable. The He abundance
is fixed at 1 solar. The abundances for other elements were fixed to be 1.5 solar. In the 2T
model for the central region, the parameters between hotter and cooler components except
for the temperatures and normalizations were linked to each other. We added the
explanations in the text (L466-L471).

Although some residuals are seen in the spectra, these are due to non-significant statistical
uncertainties and some are due to uncertainties in the non-X-ray background (NXB)
spectrum. The situation will improve when enough NXB spectra have been observed with
Resolve. Either way, it will have little effect on our final results.



I also could not see any statistical information about how good the fits are. I think at
the least, a chi2 value for the best fitting model could be given (after grouping the
spectra).

In the simultaneous spectral fits, we used the Cash statistic to analyse the high energy
resolution data with Resolve, and the spectra were grouped so that each bin had at least 1
count as shown in the text. We have written the number in the footnote of Extended Data
Table 1. The resultant C-statistic number shows that this fit is good enough.

On the other hand, after grouping the spectra by at least 25 counts in each bin, the
chi-square was calculated using the parameters from the spectral fit results, which was
1868.09 /1783 in chi2 / d.o.f. We added the sentence in the caption of Extended Table 1.

The fits were based on the APEC model. Was the SPEXACT model from SPEX tried?
Did it give consistent velocities?

We performed the SSM analysis with the SPEXACT model in SPEX (using the model in the
XSPEC provided by J. Sanders). The resultant turbulent velocities for central and SW
regions from SPEX were consistent within 5 and 7 km/sec, respectively, while the higher and
cooler component temperatures in the central region from SPEX had about 0.1 keV higher
numbers than those from the APEC model. On the other hand, the redshifts derived from
both SPEX and APEC were consistent for central and SW regions. Therefore, the tendency
from our results is fairly robust using both XSPEC and SPEX. We are also preparing other
papers on the temperature and abundance structures with both ATOMDB and SPEX.

I have some more minor suggestions below

1. In the abstract the sign of the velocity relative to the central galaxy is not obvious
to me from the text.

We put the words "towards us” (L030).

2. Page 4, line 146. It is not clear to me what is meant by "brushing”.

We have changed “brushing” to “along” (L142).

3. The paper should be clearer about the model and which parameters are free and
which linked, and what energy range is fitted. For example, is the velocity of the hot
and cold components in the center assumed to be the same?

The parameters such as abundances, turbulent velocity and redshift between the hotter and
cooler components are linked except for the temperatures and normalisations. We added the
explanations in the text (L466-L471).



We have fitted the spectra in the 1.8-12 keV band as described in the main text (L067).

4. Can the velocity of the hot and cold components be measured separately, to see if
there is a difference between the hotter gas likely more associated with the cluster
and cooler material which could be linked to the galaxy?

If the turbulent velocities of the two temperature components in the central region are not
coupled, we see no significant difference between their turbulent velocities within their
systematic errors. Detailed analysis with XMM-RGS spectra will be done in the next paper
we are now preparing.

5. As the measurements of the velocities are not independent, it could be helpful to
see how correlated the measurements are by each other. The authors could consider
including plots to show the contours between pairs of velocity (and possibly other)
measurements, perhaps in the style of a "triangle plot", as is used for showing
constraints on cosmological parameters.

The "triangle plot" between temperatures, turbulent velocities and bulk velocities for the
central and SW regions is presented below. The contours correspond to the two-dimensional
68% and 90% limits from the interior. The temperature is that of the higher component in the
central region. The plot demonstrates that there are no strong correlations among those
parameters (L487-L489).
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6. The cavities claimed in section 1.3 seem like they were previously found in the
Chandra data and are not new as claimed (section 3.4 in Sanders et al. 2016). Also,



what cluster center was assumed for the deprojection analysis? I also note that the <1
keV temperature component was not included in this analysis.

We rephrased the part about X-ray cavities - the cavities were indeed already proposed by
Sanders et al. 2016. We mentioned this in section 1.3 (L601-L602). We detected them
independently and were the first ones to estimate their significance as well as their volumes
and energies.

We centred the deprojection analysis at the position of the AGN (L546), but we also tested
the deprojected profiles centred at the X-ray peak, and the obtained profiles were consistent
- even electron densities were comparable within uncertainties.

We have included the <1 keV temperature component in this Chandra analysis; we have
detected <1 keV gas in our profiles (Extended Data Fig. 3).



*kkkkkkkkhkk Referee #2 (Remarks to the Author). kkkkkkkhkhkkkkhkhkkkhkhkkkkhkhkhkhkhhkkhkhkkkkhkhkkkkhkkkk

We thank the reviewer for his/her helpful comments. Major revisions are indicated in the text
of the manuscript in bold red type. Our responses to the reviewer's questions (in bold italics)
are given below in normal blue font.

This manuscript presents the first accurate measurements of velocities and velocity
dispersions for the intracluster medium (ICM) in the Centaurus cluster. The results, some of
the earliest using X-ray spectroscopy from the XRISM mission, are sufficiently accurate for
the first time to provide physically interesting constraints on the dynamics of the cluster
atmosphere. While the angular resolution of the XRISM telescope is only about 1.3 arcmin,
the proximity of the Centaurus cluster means that velocities can be determined in regions
separated by about 15 kiloparsecs, comparable to the size of the central galaxy. The
measurements reveal gas flow on this scale that is argued to be a consequence of a merger
merger activity in this system. These are ground breaking measurements and certainly
warrant publication in the Nature.

My comments on the manuscript are all minor. Some details of the analysis and
interpretation could be improved, and some of the presentation could be clearer.

019 - 023: Although the first part of the abstract reads well, it contains minor technical
errors. Clusters are not the "largest graviationally bound structures,” but the largest
gravitationally collapsed structures (the bound region is generally significantly larger
than the size defined for a collapsed halo). The phrase "faster than the age of the
cluster"” is not physically meaningful. Nor is "line emission from the predicted cooling
rate.” Although we may understand what is meant, the language should be more
precise to avoid the possibility of confusing less experienced readers.

We have revised as follows:

the largest gravitationally bound structures
-> the largest gravitationally collapsed structures (L019)

the ICM appears to cool radiatively faster than the age of the cluster
-> the radiative cooling time of the ICM is shorter than the age of the cluster (L021-L022)

line emission from the predicted cooling rate
-> line emission associated with the rapid cooling (L023)
056: Angular resolution can be expressed in many ways. Does "half the diameter”

mean the half power diameter?

Yes, that is half power diameter. We made a correction (L056).

065: More usually the "aim point”



We have corrected it (L065).

083: The central galaxy is not generally at rest with respect to a cluster. Unless NGC
4696 can be shown to be at rest in the cluster, it can only be said that the ICM is
streaming towards us relative to NGC 4696.

We have revised as follows (L083):

indicating that the ICM is streaming towards us
-> indicating that the ICM is streaming towards us relative to the galaxy, which we call the
"bulk flow"

090: 1) If NGC 4696 is moving, the central ICM could still be at rest in the cluster. 2) In
astrophysics, "wind" is used to describe gas flows out of galaxies and smaller
systems and away from stars. For both reasons, | suggest finding another term for
this relative motion.

We have changed the word "wind" to "bulk flow" throughout the paper.

112-114: Is the "oscillatory motion” that of the gas, the galaxy or their relative motion?
Since the orbital period of the galaxy differs from the period of sloshing (which is
related to the Brunt-Vaisala frequency), they will quickly lose phase with one another.
Also, although gas motions in the vicinity of a sloshing cold front are predominantly
parallel to the front (transverse to the radius), is this true away from the vicinity of the
front? To form the contact discontinuity, gas parcels with significantly different
entropies must be brought close together. In an atmosphere that is stably stratified
and initially spherical, that requires some gas to be moved radially by a substantial
distance.

The oscillatory motion is the relative motion between the gas and galaxy. To clarify this, we
have revised as follows (L112):

The sloshing of the core gas is a promising source of the wind
-> The sloshing of the core gas with respect to NGC 4696 is a promising source of the
bulk flow

As for the cold fronts, we speculate that we are seeing a spiral pattern at edge-on (L133).
The density jumps correspond to the surface of the spiral arms (Fig. 10 in Ascasibar and
Markevitch, 2006, ApJ, 650, 102). In this case the gas has an angular momentum to produce
the spiral pattern.



116: Lucey et al. [15] argue that the two subclusters are approaching one another for
the first time, in which case we should not expect any sloshing yet due to that merger
between these subclusters.

We have revised as follows (L117-L118):

The collision between Cen 30 and Cen 45 may have caused the sloshing. For example, the
collision perturbs the position of NGC 4696, causing the galaxy to oscillate around the
bottom of the gravitational potential well of the host cluster and sloshing the core gas.

-> This suggests that the cluster has not been relaxed and that internal gas

motion, including sloshing, is excited in the relaxation process.

125-140: The slingshot model describes a subhalo that is close to the apocenter of its
orbit after at least one core passage. It accounts for how a BCG can have a projected
velocity towards the tail of gas that was stripped from around it. The phenomenon of
sloshing describes gas that is confined by an approximately spherical gravitational
potential. The velocity offset of NGC 4696 from the mean of Cen 30 is fairly typical of
the velocity offsets measured for BCG's, so that its relatively low speed along the
line-of-sight does not require it to be near the apocentre of its orbit. Furthermore,
there is no reason to expect its orbital phase to have any particular relationship to the
phase of the sloshing (see comment 112-114 above). On the other hand, continued
sloshing does require a relatively well defined central gravitational potential. While it
is very likely that the small blueshift of NGC 4696 is a consequence of past merger
activity, | very much doubt that the central gas has been stripped from around it by
ram pressure. On the other hand it is also perfectly reasonable that the increasing
blueshift of the gas to the west is related to sloshing in the cluster. In short, | am
sceptical of the model as illustrated in Figure 4, but only to the extent that it appeals
to the slingshot model. The blueshifted mean gas velocities may well be related to
sloshing, but the blueshift of NGC 4696 is probably a matter of chance.

We have accepted the reviewer's suggestion that sloshing is a consequence of past merger

activity and have revised the sentences and Fig. 4 accordingly (L126-L128).

151: This effect is well worth noting. However, it might be better to say "shifting low
entropy gas away from the centre of NGC 4696," since that is the most significant
effect.

We have followed the reviewer's suggestion (L147).

152: Change "shifting" to "shifted"

We have corrected the typo (L148).



168: | suggest dropping this throw away comment. In a typical cluster, the increase in
gravitational potential over ~20 kpc would bring the gas to rest in any case.

We have dropped the last part of the sentence (L165).

176: Suggest changing "the gas spirals down" to "the cooling gas moves inward"
We have followed the reviewer's suggestion (L176-L177).

182: Covering fraction is more significant than volume filling fraction for the impact
on a wind.

We have changed the term "volume filling factors" to "covering fraction" (L184).

201-203: Is the lower AGN power in the Centaurus cluster consistent with its cooling
rate? While noting that the power available to heat the gas is small, it would be good

to provide this comparison too.

The AGN power is comparable to the cooling rate. In the revised manuscript we wrote
(L201-L206):

This is consistent with our conclusion that despite the presence of several generations of
AGN-induced cavities indicating jet powers reaching ~ 3 x 10743 erg s—-1 (see Extended
Data Table 2), which is comparable to the radiative cooling rate of the core (~ 3x10%43 erg
s—1) [29], the kinematic influence of central AGN in the Centaurus cluster through
turbulence is not significant.

320-323: Suggest "is overlaid on the velocity map in a"

We have followed the reviewer's suggestion (L320).

381: "observational data”

398: Change "<\sim" to "\lesssim"

Corrections have been made (L382 and L399).

410: Expand the abbreviation LSF

We added the explanation (L410).

412: "lower energy emission lines"



We added “energy” in the text (L413).

424: Delete "scales"

We deleted “scales” of the “a few hour scales” (L430).

442: "line width from our”

Correction has been made (L449).

443: How is this "as shown in Fig. 17"
We mean that the instrumental lines in the NXB shown by the gray line in Extended Data

Fig.1 (not Fig.1) did not affect the emission lines in the source spectrum on energy space.
We added the sentence (L449-L451).

450: Delete "method”

458: Suggest "and the effect of small wobbles in attitude”

Corrections have been made (L458, L476).

459-469: This explanation should be improved by better and consistent use of terms.
Spatial mixing takes emission from a region of the source model and distributes it

over several observed regions.

We have paraphrased this statement (L477-L479).

470: "spectra for each region” (delete "only")

Correction has been made (L483).

471: Is the point is that this exercise to show that the velocity difference is robust?

Yes. We have paraphrased it (L484)..

479: Delete the second "and”
481: "are" -> "is a"

Also "it" -> "this effect”

487: "The foreground...”



Corrections have been made (L498-L499, L507).

492: There should be some discussion of how the line properties plotted in Extended
Data Fig. 4 were obtained (at least a reference).

We have added the discussion at the end of section 1.2 (L527-531).

520: The version of Chandra CalDB used should be stated.

We added the version of CalDB to the manuscript (L539).

528: The model projct is a mixing model, not a multiplicative model.

We corrected that in the manuscript (L551).

533-534: Since the phabs component models foreground absorption and the
unresolved point sources (and AGN) are disributed in the galaxy, a more physical
spectral model would be

phabs(projct(apec+powerlaw))

The results will be the same if the absorbing column for each region is the same, but
it does not make sense to allow the column to vary if phabs is applied before projct.

The spectral model suggested by the referee would imply that the powerlaw component also
requires deprojection, which is not the case because it models a uniform unresolved
background made up of discrete sources. While in our model there are two phabs models,
they are tied together and represent the same Galactic absorption component.

846: This caption should be clearer. Presumably, each coloured line (other than green)
in the left panel represents the a contribution from one region to the total spectrum of
the central region and similarly for the SW region.

We have paraphrased this caption (L907-L912).

897: The contours do not represent "predictions,"” but estimates for the locations of
the cavity borders.

The outputs of ML algorithms are usually referred to as “predictions”, although, as the
referee suggests, they represent the best estimates of the cavity borders and thus their
sizes. We have replaced “predictions” with “best estimates” (L938).



*kkkkkkkkhkk Referee #3 (Remarks to the Author). kkkkkkkhkhkkkkhkhkkkhkhkkkkhkhkhkhkhhkkhkhkkkkhkhkkkkhkkkk

We thank the reviewer for his/her helpful comments. Major revisions are indicated in the text
of the manuscript in bold red type. Our responses to the reviewer's questions (in bold italics)
are given below in normal blue font.

This paper presents a detailed analysis of observational data obtained from the XRISM
satellite for the Centaurus nearby cluster of galaxies. Taking advantage of the
unprecedented combination of spectral resolution of the Resolve instrument onboard of
XRISM, and of the telescope sensitivity, the Authors carry out an analysis aimed at
characterizing the velocity field of the intra-cluster medium (ICM) in the core region of
Centaurus.

The main results of this analysis is that gas motions along the line of sight in the central ~ 30
kpc regions are characterized by a bulk flow of few hundreds km/s, tagged as "wind" by the
Authors, while velocity dispersion is rather low, consistent with a sub-Machian turbulence.
These results are interpreted as the signature of gas sloshing, induced by the overall ICM
dynamics of Cen-A, with a possibly limited role of the central AGN in injecting turbulence in
the ICM.

The extraordinary quality of the data definitely makes this paper suitable to be published in
Nature. In general the paper is clearly written. The analysis well motivated and described in
the Methods section.

Here below | report my comments that the Authors should address before the paper can be
recommended for publication.

Lines 73-77. The Authors report here the values of the temperatures for the two-temperature
model of the central region and for the other outer regions.

- How does these results compare with temperatures from Chandra and XMM-Newton
observations within these regions? The Authors show the results of their Chandra
data analysis in Methods Sect. 1.3. They should compare the XRISM/Resolve
temperatures at least with those from these Chandra data, using both the same hard
band covered by Resolve and the whole softt+hard band of Chandra.

We have compared the Chandra results with those from XRISM and found them to be
consistent (L576-L588).

- The cooler component in the central region has a temperature (T~1,4 keV) smaller
than the lower limit (1.8 keV) of the energy band covered by Resolve. Therefore, for
this component to give a significant contribution in the Resolve band, it probably
needs to be associated to a fairly large Emission Measure. Could the Author provide
also the values of the Emission Measures (and their uncertainties) of these two
components?



We wrote the resultant ratio of the emission measure of the hotter to cooler component was
0.94 +- 0.26 in the text (L490).

- Do Chandra data also show significant evidence of these two components?

Yes they do. The temperatures derived from Chandra for the Center region in Fig.1 with 2T
vapec are ~1.3 keV and ~2.5 keV (L585).

Lines 88-90. The Authors provide the values of the Mach numbers for the ICM
components. Besides such values, which are given with two decimals, the Authors
should explicitly report also the associated uncertainties.

We have added the uncertainties (L090-L091).

Line 118. Minor point. The Authors suggest that NGC4696 could "oscillate around the
bottom of the gravitational potential well". In fact it is the galaxy itself that could trace
the bottom of the potential well, while the gas is sloshing around it.

In the revised version, we have dropped the idea of the galaxy oscillation (slingshot).
Instead, we propose that the sloshing is probably caused by the large-scale gas motions in
the cluster caused by past cluster mergers (L126-L127).

Lines 140-142. The Authors quote the analysis of Chandra data by Sanders et al.
(2016), showing a shift of metal abundance to the west, in support of the suggested
picture of a rotational motion consistent with the east-west gradient in bulk velocity
(Fig. 3). Is this pattern in metallicity from Chandra data consistent with the metallicity
from the Resolve analysis in the different regions reported in Extended Data Table 1?
At a first sight, this is not obvious.

As the discussion is not easy to understand, we have removed it (L136).

Line 163. The Authors provide the value of the kinetic energy associated to the bulk
motion of the gas mass comprised in the Resolve FOV. It could be interesting to
compare this energy with an estimate of the energy provided by the AGN over a
typical duty cycle. If the latter turns out to be much smaller than the former, this
would explicitly support the picture that the AGN can not be the trigger of the wind.

The kinetic energy associated with the bulk motion of the gas is comparable to the energy
deposited in cavities (~ AGN power x duty cycle ~ 6 x 10257 erg; Extended Data Table 2).
Thus, this comparison alone does not lead to the conclusion that AGN cannot be the trigger
for the bulk flow (L161).



Lines 193-195. The low value of sigma_v leads the authors to suggest a limited role of
the AGN in determining the gas motion at the center. On the other hand, since
Q_{turb}/Q_{cool}~1, the Authors suggest that even a relatively small value of
sigma_v could be enough to offset cooling from dissipation of turbulence. It is not
clear whether this contradict the statement reported already in the abstract, that it is
the wind that can distribute the AGN heating to the medium, thereby regulating
cooling. A clarification on this issue would be required.

The main source of turbulence appears to be sloshing rather than past AGN activity, since
there is no significant increase in turbulent velocity around the AGN (Fig. 3b). If this is the
case, then the AGN contribution to Q_turb is limited (L196-L199).

Lines 196-198. Based on Extended Data Fig. 3, the Authors claim for a metal
accumulation in the central regions. This would suggest a limited role of AGN
feedback in displacing metal enriched gas. However, the lowest panel of this figure
shows a drop in metallicity in the central regions (incidentally, this seems to be at
variance with the usual trend for lower-entropy gas to be typically more enriched). |
would ask the Authors to clarify this point.

Recent studies have shown that the abundance drop in cluster centres is related to the cool
ICM (~1 keV or cooler) and that the abundance measurement for such cool gas suffers from
various systematic uncertainties (e.g. Fukushima et al. 2022, MNRAS, 514, 2222; Gatuzz et
al. 2023, MNRAS, 525, 6394). Indeed, our Chandra 1.8-7.0 keV analysis, which has less
contribution from the cooler component dominating around the Fe L band, shows a less
pronounced abundance drop compared to the 0.55-7.0 keV analysis, as shown in the
Extended Data Fig. 3. We will address this issue in a future paper focusing on metal
abundances and their spatial distribution. Nevertheless, the abundance depletion, if it exists,
is unlikely to be related to the bulk flow we detected for the hot ICM component. In the
revised manuscript, we have only mentioned one possible origin of this depletion (dust
formation; Sanders et al. 2016, MNRAS, 457, 82) as follows (L165-L168):

"We also note that the decrease in abundance at the cluster centre derived from the
Chandra spectrum (Extended Data Fig. 3) could be caused by something other than the bulk
flow (e.g., dust formation for the cooler gas)."

Lines 209-210. The Authors claim that the gas sloshing could play a more important
role in regulating the thermal state of ICM than the motions induced by AGN cavities.
It is not clear why from this the Authors conclude that central AGN can be strongly
influenced by gas bulk motions at larger scales. The only possible evidence is for
AGN not strongly impacting the large-scale gas motions. It may be appropriate to
downtone somehow this last statement.

As the sentences are not clear, we have removed them (L215).



Line 481. Minor: are diffuse -> is a diffuse.

We have corrected the typo (L499).

Lines 488-489. The authors should clarify this sentence. For which flux did they use
the upper limit? Did they compare the results obtained before and after correcting for
the AGN contribution?

We have added the number of the upper limit of the AGN flux in Taylor et al. (2006) to the
text (L509).

Yes, we compared the results without AGN to those with the AGN component, and the AGN
effect was negligible.

Extended Data Table 1. The reported uncertainties are 1sigma statistical errors. For
how many interesting parameters are these uncertainties computed? Temperature,
emission measure and metallicity?

The abundances of Si, S, Ar, Ca, Mn, Cr, Fe and Ni were freely variable. The He abundance
is fixed at 1 solar. The abundances for other elements were fixed to be 1.5 solar. In the 2T
model for the central region, the parameters between hotter and cooler components except
for the temperatures and normalizations were linked for each other. We added the
explanations in the text (L466-L471).

Extended data Figure 3. | would suggest to include also a panel for the entropy
profiles. Admittedly, entropy is a quantity derived from density and temperature. Still,
it is a useful quantity to assess the cool-coreness of clusters.

We added the entropy profile to the figure.



kkkkkkkkkk hkkkkkkkkhkkkhkhkkkhkkkhkhkkhkkkhhkkhkkkhhkkkkkkkkk
Referee #1 (Remarks to the Author):

We thank the reviewer for his/her helpful comments.

Line 375 "Resolve” -> "The Resolve”

We have corrected it.

Line 384: The sentence is a bit confusing. Is it really CALDB8, not CALDB? Is this

xa_rsl_* file part of the CALDB or something else?

At the time of the analysis, the official CALDB was not yet released by HEADAS, so we used

the CALDBS8 and xa_rsl_* files distributed within the XRISM team. This combination is

equivalent to the currently officially distributed CALDB for Resolve analysis.

Fig 1: Units are not given for the scale.

We have added units.

Line 430: Should this be a few per hour or a few hours?

It is “a few hours”. We have corrected it.

*kkkkkkkkk Referee #2 (Remarks to the Author).**************************************

We thank the reviewer for his/her helpful comments.

*kkkkkkkkk Referee #3 (Remarks to the Author).**************************************

We thank the reviewer for his/her helpful comments.



Lines 576-588. The results for the 2T model from the analysis of Chandra
datais now reported. When carried out in the same hard band of Resolve,
it provides temperature values that are consistent to, though slightly
lower than those from Resolve. Quite interestingly, the analysis in the
broad band give temperature values that are significantly lower. | would
suggest the Authors adding a comment on this.

We have added the sentence in the penultimate paragraph of section 1.3:

The reason why the broadband fit gives lower temperature values appears to
be the presence of the low-temperature gas component, which emits in the soft
band but does not contribute significantly to the hard band.
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