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Abstract

We present results from XRISM/Resolve observations of the core of the galaxy cluster Abell 2319, focusing on its kinematic properties. The
intracluster medium (ICM) exhibits temperatures of approximately 8 keV across the core, with a prominent cold front and a high-temperature
region (~11 keV) in the north-west. The average gas velocity in the 3'x 4’ region around the brightest cluster galaxy (BCG) covered by two
Resolve pointings is consistent with that of the BCG to within 40 km s~ and we found modest average velocity dispersion of 230-250 km s~
On the other hand, spatially resolved spectroscopy reveals interesting variations. A blueshift of up to ~230 km s~ is observed around the east
edge of the cold front, where the gas with the lowest specific entropy is found. The region further south inside the cold front shows only a small
velocity difference from the BCG; however, its velocity dispersion is enhanced to ~400 km s~', implying the development of turbulence. These
characteristics indicate that we are observing sloshing motion with some inclination angle following BCG and that gas phases with different
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specific entropy participate in sloshing with their own velocities, as expected from simulations. No significant evidence for a high-redshift ICM
component associated with the subcluster Abell 2319B was found in the region covered by the current Resolve pointings. These results highlight
the importance of sloshing and turbulence in shaping the internal structure of Abell 2319. Further deep observations are necessary to better

understand the mixing and turbulent processes within the cluster.

Keywords: galaxies: clusters: individual (Abell 2319)—galaxies: clusters: intracluster medium—Ilarge-scale structure of universe —turbulence —

X-rays: galaxies: clusters

1 Introduction

Massive galaxy clusters in the nearby universe, with intra-
cluster medium (ICM) temperatures reaching approximately
10 keV, represent some of the largest gravitationally bound
structures formed through the hierarchical growth of cosmic
large-scale structure (e.g., Voit 2005; Kravtsov & Borgani
2012). These clusters often reside at the intersections of cos-
mic filaments, where frequent mergers occur, indicating ongo-
ing mass assembly (e.g., Ricker & Sarazin 2001; Owers et al.
2011).

Such mergers release tremendous gravitational energy,
which is dissipated into the ICM via shocks and turbulence,
resulting in substantial heating (e.g., Markevitch & Vikhlinin
2007; Okabe & Umetsu 2008; Shi et al. 2020). These pro-
cesses also amplify magnetic fields and reaccelerate relativis-
tic electrons, giving rise to diffuse synchrotron radio emis-
sion such as radio halos and relics (e.g., Feretti et al. 2012;
Brunetti & Jones 2014; van Weeren et al. 2019). Under-
standing these mechanisms is crucial for quantifying the non-
thermal energy content of clusters and the interplay between
thermal and non-thermal components during structure forma-
tion. Although the spatial distribution and velocity dispersion
of member galaxies provide constraints on merger geometries,
high-resolution X-ray observations remain essential for prob-
ing the ICM and revealing features such as shock fronts, cold
fronts, sloshing structures, and bulk motions (e.g., Markevitch
& Vikhlinin 2007; Botteon et al. 2018). These observations of-
fer key insights into the thermodynamical properties and the
dynamical states of merging clusters (e.g., Yuan & Han 2020;
Chadayammuri et al. 2022; Omiya et al. 2023).

Gravitational potential fluctuations, gas turbulence, and in-
complete mixing of different entropy components during a
cluster merger cause disturbances in the ICM across various
scales (e.g., Paul et al. 2011; Mohapatra & Sharma 2019).
These appear as surface brightness fluctuations and distor-
tions in X-ray images, offering insights into merging structures
(e.g., Churazov et al. 2012; Zhuravleva et al. 2018; Heinrich
et al. 2024; Li et al. 2025). Although direct measurement of
gas motion is limited by the resolution of X-ray CCDs, care-
ful recalibration of energy scales has enabled estimates of bulk
ICM velocities to the ~200 km s~ level (Sanders et al. 2020;
Onmiya et al. 2024). The XRISM satellite (Tashiro et al. 2020),
launched in 2023, can measure line-of-sight ICM velocities
with ~15 km s~ accuracy, offering a powerful tool for re-
vealing merger geometry and internal ICM motion. These ob-
servations are crucial for understanding non-thermal energy
production in the ICM (e.g., XRISM Collaboration 2025a).

Abell 2319 (hereafter A2319) is one of the X-ray bright-
est nearby galaxy clusters (z = 0.055, Kluge & Bender
2023), characterized by a hot ICM with temperatures reach-
ing ~8 keV and a prominent cold front near its center (e.g.,
Markevitch 1996; Molendi et al. 1999; Govoni et al. 2004;
Ueda & Ichinohe 2024).

Sunyaev—Zel’dovich effect measurements provide further
evidence for the presence of hot gas in the outskirts, com-
plementing the X-ray observations (Ghirardini et al. 2018;
Hurier et al. 2019). Optical observations reveal that the
brightest cluster galaxy (BCG), CGCG 230-007, has a red-
shift of zpcg = 0.05458, which matches that of the average
redshift of the cluster (Oegerle et al. 1995). These observa-
tions also suggest that the system consists of two subclusters
superimposed along the line of sight, A2319A and A2319B,
indicating an ongoing merger. A giant radio halo extending
to 2 Mpc further supports this scenario, although the detailed
merger geometry remains under debate (Feretti et al. 1997;
Govoni et al. 2001, 2004; Million & Allen 2009; Farnsworth
et al. 2013).

X-ray observations from Chandra reveal enhanced surface
brightness extending counterclockwise from the BCG, sug-
gestive of sloshing motions in the plane of the sky (Walker
et al. 2016; Ichinohe et al. 2021). The radio halo shows a
slight south-westward extension, possibly tracing turbulence
induced by large-scale gas motions from south-west to north-
east (Storm et al. 2015). In contrast, the redshift of the subclus-
ter A2319B is offset by ~3000 km s~! from the main cluster
A2319A (Oegerle et al. 1995), implying a merger along the
line of sight. These seemingly contradictory features raise the
question of whether they originate from a single merger event
or multiple distinct interactions.

A2319 was within the XRISM sky visibility window right
after the launch. Consequently, the cluster was selected as
one of the first-light observation targets of the mission
(Uchida et al. 2025). In this study, we present results from
XRISM/Resolve observations of the core of A2319, focus-
ing on its thermodynamical properties and dynamical state.
Throughout this paper, we use Hy = 70 km s~! Mpc™, Q,, =
0.3 flat cosmology, in which 1" = 62.3 kpc at the cluster red-
shift. All errors are in the 10 confidence interval, otherwise
noted.

2 Observations and data reduction

2.1 XRISM observations

XRISM/Resolve conducted three observations of the central
region A2319 between 2024 October 13 and 24. As shown
in figure 1, two of these observations (OBSID: 000102000
and 000103000) were pointed near the cluster core (P2; RA,
Dec = 290.298, 43.945) for 140 and 189 ks, respectively.
The remaining observation (OBSID: 000101000) targeted a
region near the cold front (P1; RA, Dec = 290.300, 43.924)
for 147 ks. The three observations were carried out during
the commissioning phase of the system. Because the gate valve
opening operation did not go well, the original gain calibra-
tion plan could not be used and the mission needed to establish
the new gain calibration procedure. As such, a significant por-
tion of the exposure time was conducted under the 3 Fe filter
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Chandra ACIS image (0.5-4 keV)

SKY REGIONS
det. regions

200 kpc

3.2

Fig. 1. Chandra image of A2319 in the 0.5-4.0 keV energy band (the same
as that used in Wang 2019), overlaying regions used here for XRISM spa-
tially resolved spectroscopy. The boxes indicate the Resolve fields of view
corresponding to observations P1 (white) and P2 (green), respectively.
White boxes indicate the detector regions used for spectral extraction. For
the P2 pointing, region names are labeled with a prime symbol (e.g., b/,
d’) to distinguish them from those in P1. Note that Det-b and d in P1 are
offset by approximately 0.5 pixel relative to Det-b’ and d’ in P2. The dashed
orange regions represent the sky regions for which the ICM parameters
are derived. A black “x" marks the position of the BCG, and purple arrows
indicate the system of prominent cold fronts seen in the Chandra image.

wheel configuration. As the Mn K line emission and its tail
were too strong, these data cannot be used for our study. The
net exposure times with the open filter wheel configuration
were approximately 49, 89, and 56 ks for OBSID 000102000,
000103000, and 000101000, respectively.

2.2 Data reduction and screening

To reconstruct the energy scale for the observation, we used
a combination of the 3°Fe irradiation and the calibration
pixel to interpolate or extrapolate the detector gain of each
pixel to the nearest filter wheel measurement. The observa-
tions of A2319 presented here were carried out very early in
the XRISM commissioning phase, before the modern observ-
ing strategy was implemented. Thus the standard gain fidu-
cial methodology was not employed, and specific treatment
was applied. The detailed methodology is described in the
Appendix.

We extracted spectra from a full array of 34 pixels, exclud-
ing pixel 27, which has exhibited aperiodic gain variations,
and pixel 12, which is not within the field of view. For the
event files, we applied DERIV_MAX-dependent RISE_TIME
and STATUS|4] screening. In this analysis, we use only high-
resolution primary (“Hp” or ITYPE = 0) events.

The response files were generated using HEASoft version
6.34. In creating the redistribution matrix file (RMF), we
used cleaned event files to which the recommended additional
screening had been applied and that included all grades except
low-resolution secondary (Ls), to better reflect the Hp branch-
ing ratio. This exclusion was needed because of the large num-

ber of false Ls events associated with the on-board application
of secondary-pulse detection to atypically shaped pulses such
as clipped events. To better reproduce the detector response,
the whichrmf option was set to “L”. The ancillary response file
(ARF) was generated using xaarfgen with the Chandra image
as the input X-ray surface brightness distribution. A non-X-
ray background (NXB) spectrum was extracted from a NXB
database (v2) of Resolve night-Earth data using rsInxbgen and
weighting by the distribution of geomagnetic cutoff rigidity
sampled during each observation.

3 Data analysis and results

3.1 Spectral modeling

Spectral fitting to the Resolve data was done using XSPEC
version 12.12.0 (Arnaud 1996), adopting the atomic database
AtomDB version 3.0.9 for plasma model calculations. All ele-
mental abundances are given relative to the protosolar values
reported by Lodders, Palme, and Gail (2009). To model the
emission from the ICM, we employed the velocity-broadened,
collisional ionization equilibrium model (bapec) (Smith et al.
2001) in XSPEC. This model allows the plasma tempera-
ture, elemental abundances, redshift, and velocity broaden-
ing to be treated as free parameters. Thermal broadening is
also included. Although correction to the satellite’s orbital
motion was not applied, to enable comparison with galaxy
velocities measured in the optical band, we applied an aver-
age heliocentric correction to the fitted redshift by subtracting
12.42 km s~!, calculated using the barycen tool in HEASoft.
For the Galactic absorption, we used the multiplicative ab-
sorption model (¢babs), fixing the hydrogen column density to
11.2 x 10%° cm2, as determined by Willingale et al. (2013).
The NXB spectra of Resolve were modeled with a combina-
tion of power-law continua and Gaussian lines, and incorpo-
rated into the spectral fitting as an additive background com-
ponent. The cosmic X-ray background was not considered,
as it is less than 1% of the celestial signal anywhere in the 3-
9.5 keV energy band. Model fitting was evaluated using the
C-statistic (Cash 1979).

3.2 Spectral fitting of the full array

We performed spectral fitting of the full-array Resolve
data from observations P1 and P2. Both 000102000 and
000103000 observed the same region P2, and its difference is
negligible. We therefore linked the parameters between them.

It has been previously reported that the effective area cal-
ibration of Resolve is subject to significant uncertainties at
low energy. To mitigate this issue, we limited the fitting energy
range to 3.0-9.5 keV in this analysis.

The best-fitting model parameters of the single-component
fitting are listed in table 1, and the spectra with the best-fitting
model are shown in figure 2. Overall, the bulk ICM velocity
agrees well with that of the BCG, typically within ~40 km s~".
The ICM velocity dispersion is measured to be about 230-
250 km s~!, which is comparable to that at the center of the
Coma cluster (XRISM Collaboration 2025b). Although the
velocity dispersions are similar among the two clusters, the ef-
fective length scales over which they are measured are smaller
in A2319 due to the presence of a denser core. Based on depro-
jected density and temperature profiles, we roughly estimate
the effective length to be 150-200 kpc in P1 and P2 of A2319,
compared to ~250 kpc in the core pointing of the Coma
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Table 1. Best-fitting parameters of the full array in the 3.0-9.5 keV energy
range.

Parameter P1 P2

kT (keV) 8.88033 948553
Abundance* (Zo) 0.42f8j8§ 0v44f8:8§
Redshift (x1072) 5.446610 0000 5.4490+0 004
Relative velocity® (km s~1) —-37+39 —30ﬂ2
Velocity dispersion (km s™!) 249+ 23241
C-stat/d.o.f. 13367/12994 27972/25992

*We adopted the solar abundance table of Lodders, Palme, and Gail (2009).
TVelocity relative to BCG.

cluster. This difference implies a more dynamically disturbed
state in P1 and P2 of A2319.

Furthermore, a recent study using surface brightness fluctu-
ation techniques with Chandra data reports an ICM velocity
of ~250 km s~! within R»500 (~700 kpc) for A2319 (Heinrich

et al. 2024). Although the analyzed region and methodology
differ from our XRISM-based approach, the derived veloc-
ity scale is in overall agreement with our results. Notably, the
fluctuation-based method captures a broad range of velocity
modes across spatial scales from a few tens to several hun-
dreds of kiloparsecs, reinforcing the physical consistency be-
tween these independent diagnostics of the ICM velocity field.

3.3 Spatially resolved spectroscopy

To quantitatively investigate the spatial structure of the ICM,
we performed a spatial-spectral mixing (SSM) analysis. This
method accounts for the contamination of photons from
neighboring sky regions into each detector (sub)region due to
the relatively broad point spread function (PSF) of the X-ray
mirror assembly (XMA). We include the PSF scattering effects
in our model following the multi-source ARF technique de-
scribed in Hitomi Collaboration (2018), using the Chandra
image in the 0.5-7.0 keV band as the input.

%
T T bt
b i

6.24 6.26 6.28 6.30 6.32 6.34 6.36 6.38

'6.54 6.56 6.58 6.60 6.62 6.64

Energy (keV)

Fig. 2. (Top) Resolve spectra in the 3.0-9.5 keV energy band for regions P1 and P2. The spectra shown in black, red, and green represent Resolve

observational data corresponding to OBSIDs 000101000, 000102000, and 000103000, respectively. The best-fitting models are overlaid on each spectrum

with NXB models, illustrating the goodness of fit between the observational data and the corresponding model. Data are binned by a factor of 4 eV for
display purposes. (Bottom) Enlargement of the Resolve spectra around the He-like Fe lines (left) and H-like Fe lines (right). Data are binned by a factor of
2 eV for display purposes. The blue lines indicate the expected line centers of the He-like Fe Ko complex (w, x, v, z) and H-like Fe Lyaq » with a velocity of

18636 km s~', which is the average velocity of A2319B.
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We divided the cluster core into five sky regions, labeled A
through E as shown in figure 1 overlaid on the Chandra im-
age of the cluster. The regions are selected to focus on interest-
ing parts of the core; for example, Reg-A isolates the ICM in-
side the prominent cold front. We then selected regions in the
Resolve field of view that follow these sky regions as closely
as possible, and extracted spectra from those regions. To ac-
count for mixing between the sky and detector regions, we
used the high-resolution Chandra image as a model of the X-
ray surface brightness to compute the contribution of each
sky region to individual detector regions. We performed si-
multaneous fitting of all spectra and model components cor-
responding to the individual sky regions. To incorporate pho-
tons scattered from outside the field of view into the spectral
model, the boundaries of the sky regions were extended be-
yond the detector field of view. Specifically, regions A, B, and
D were extended to reach the cold front boundaries identi-
fied by Ichinohe et al. (2021), while regions C and E were
defined as circular regions with radii of 3, centered on the
P2 pointing position. We note that the leak-in contributions
from outside the cold front boundaries are estimated to be
approximately 4% for Reg-A, 2% for Reg-B, and much less
for other regions. Since the parameters in these outer regions
cannot be reliably constrained with the current data, we sim-
ply ignored them and did not include them in the spectral
modeling.

On the detector side, spectra were extracted independently
for each observation. As shown in figure 1, for the P1 pointing,
we divided the field of view into regions a, b, and d, while for
the P2 pointing, we used regions b’, ¢, d’, and ¢/, resulting in
seven detector regions in total. Since each detector region may
receive photon contributions from all five sky regions, we gen-
erated a cross-region ARF for every combination of sky and
detector regions. By this approach, we can construct a self-
consistent spectral model that reflects the instrument’s spatial
resolution and accurately models spatial photon mixing. Re-
gions are selected to be wide enough in comparison with the
PSF (which has a 1!3 half-power diameter) so that in each
spectrum the dominant fraction of the photons originates in
the underlying sky region.

Each spectrum was simultaneously fitted using five bapec
models corresponding to regions A-E, with individual com-
ponents convolved with their respective ARFs. The physical
parameters, such as temperature, metal abundance, redshift,
velocity dispersion, and normalization, were tied across all
spectra to which the same sky region contributed. Figure 3
shows two examples of spectra in detector regions, plotted to-
gether with fitted contributions from the five sky regions. As
expected, the Reg-A component is dominant in the Det-a re-
gion, and the Red-D component is dominant in the Det-(d+d’)
region.

The fitted results are presented in figure 4. For reference,
the fitting results without accounting for SSM in each de-
tector region are summarized in table 2 in the Appendix.
We note that, although our sky regions extend beyond the
boundaries of the detector as described above, the derived
ICM parameters are most relevant for the parts of the re-
gions that are inside the field of view, where we have the data.
If there are parameter variations within each sky region, we
would not be able to detect them without additional Resolve
coverage.

Regions A and D, located near the cold front, exhibit

bulk velocities consistent with that of the BCG, +14ﬂé‘5‘
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Fig. 3. Resolved spectra around the Fe K« lines of Det-a (upper) and
Det-d+d’ (lower) for the SSM analysis. The spectra of regions d and d’
are co-added using mathpha for display purposes. The solid lines repre-
sent the modeled contributions from individual regions: Reg-A (red), Reg-B
(orange), Reg-C (magenta), Reg-D (blue), and Reg-E (green).

and —25f§; km s~!, respectively. In contrast, Reg-B, lo-
cated south-east of the BCG, exhibits a significant blueshift,
—22833 km s~'. Meanwhile, the northern side of the BCG
shows a redshift relative to the BCG: Reg-C exhibits a bulk
velocity of 66735 km s™!, and Reg-E shows 93731 km s~1. The
velocity difference between Reg-B and Reg-E thus amounts to
approximately 300 km s~'. The bulk velocities of these re-
gions differ by more than 4 o.

The velocity dispersion across the field generally lies in
the range of 100-200 km s~!, comparable to that of the
Coma cluster. An enhancement is observed near the south
end of the cold front: Reg-A shows a velocity dispersion of
405f;21 km s~'. The spectrum of Det-a around the Fe K«
lines is shown in the upper panel of figure 3. The difference
in the line width between the high-dispersion Det-a and the
low-dispersion Det-d spectra is clearly visible. Notably, Reg-A
shows the highest velocity dispersions reported by XRISM for
the several clusters observed to date. For comparison, previ-
ous studies have reported typical values of ~100-200 km s~!
in the central regions of nearby clusters such as Perseus, Abell
2029, and Coma (e.g., Hitomi Collaboration 2016; XRISM
Collaboration 2025a, 2025b).
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Fig. 4. Maps of temperature (top left), abundance (top right), bulk velocity (bottom left), and velocity dispersion (bottom right), based on the spatial regions
defined in figure 1. All maps are derived from broad-band fits in the 3.0-9.5 keV range; values in parentheses indicate the corresponding results from
the narrow-band fits (6.2-6.7 keV). The black star indicates the position of the BCG. Contours represent the X-ray surface brightness, highlighting the
correspondence with spatial structures. The boxes indicate the fields of view corresponding to observations P1 (cyan) and P2 (green). The units of the

color bars are, in order: keV, solar, km s~', and km s~'.

Table 2. Best-fitting parameters of the detector regions in the 3.0-9.5 keV energy range.

Parameters Det-a* Det-b Det-d Det-b’ Det-c’ Det-d’ Det-¢’

KT (keV) 7.66%03 7.72404 8.6610:% 8.42+042 8.50+0-32 9.26404 9.84104
Abundance (Z) 0.35f8:81 0.39f8:8§ 0.34f8:8§ 0.39fg:8‘3‘ 0.371’8:83 0.36fg:8§ 0.404_“8:8:
Redshift (x1072) 5.4435T0018%  5.4367100151 546671001007 54155001016 5.468970005  5.446870010  5.4817H0(100°
Relative velocity (km s~') —60.0733¢ ~76.37403 +13.81370 —140.017333 +20.1%332 —46.01312 +58.61399
Velocity dispersion (kms~!)  312+3} 232+ 147+ 24673 206*24 195441 193428
C-stat/d.o.f. 7652/12994  9748/12994  9103/12994  20243/25992 20675/25992 19058/25992  20627/25992

*Spectral fitting results obtained without applying SSM. Det-a, b, and d are in the data of OBSID:000101000, almost matching Reg-A, B, and D. Det-b’, ¢/,

d’, and €’ are in the data of OBSID:000102000 and 000103000, almost matching Reg-B, C, D, and E.

The temperature map reveals that the ICM is relatively ~ servations that identified a high-temperature belt structure
hot across most regions. The central regions and the south- ~ (Govoni et al. 2004; Ichinohe et al. 2021). The abun-
eastern regions are slightly cooler, around 7.6-7.7 keV. In  dance map shows modest spatial variations, ranging from
contrast, Reg-E exhibits higher temperatures of 11.0‘5:5 keV, 0.28 to 0.46 solar. Higher abundances (~0.45 solar) are
consistent with previous Chandra and XMM-Newton ob- found in regions B and E, near the BCG, while somewhat
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lower values (0.28-0.38 solar) are observed in regions A
and D.

We also performed narrow-band SSM fits restricting within
6.2-6.7 keV range, where the temperature is primarily con-
strained by the Fe K line ratio. The best-fitting values from
these fits are shown in parentheses in figure 3, and are consis-
tent with those from the broad-band fits.

4 Discussion

The mean redshifts in the two XRISM/Resolve pointings cov-
ering the core of the A2319 cluster are consistent with the
BCG optical redshift within 40 km s~!. Our spatially resolved
velocity measurements uncover two significant features in this
sloshing core: (a) a ~300 km s~! variation in the line-of-sight
velocities across the core, with one region (Reg-B in figure 4)
showing a highly significant >200 km s~! deviation from the
mean, while other regions show velocities within 100 km s~!
of the mean, and (b) a relatively high line-of-sight velocity dis-
persion (~400 km s™') in Reg-A immediately inside the cold
front, while its line-of-sight velocity is close to the mean.

4.1 Sloshing inclined to the sky plane

If the low-entropy gas is rotating as a result of sloshing, the
central ICM with the lowest entropy and the ICM near the
cold front should be moving in three-dimensional space. Hy-
drodynamical simulations of minor mergers (ZuHone et al.
2016) between clusters demonstrated that, when the sloshing
plane is oriented along the line of sight, the velocity difference
amounts to M = 0.2-0.3. Low-entropy ICM in A2319 has
a temperature of ~8.5 keV and its sound speed is estimated
to be C; = (ykgT/pum,)'/? = 1500 km s~!, assuming a mean
molecular weight © = 0.6 and an adiabatic index y = 5/3.In
this case, a velocity difference of 300-450 km s~! would be
expected.

The Chandra X-ray image shows a “spiral structure” as-
sociated with sloshing motions, extending counterclockwise
from the BCG to the east and then to the south, spanning ap-
proximately 200 kpc (see figure 8 of Ichinohe et al. 2021). This
indicates that the sloshing motion has some motion in the sky
plane. Significant blueshifted motion at Reg B (around the east
edge of the cold front) and almost zero redshift in Reg-A (to
the south) suggest that an ICM flow following the BCG is ro-
tating with some inclination to the line of sight, and the com-
ponent in Reg-B is “falling” into the BCG potential from the
far side. The Chandra X-ray brightness and temperature maps
show that Reg-B is likely a distinct structure in the sloshing
core, with the lowest specific entropy (Ichinohe et al. 2021). In
simulations of sloshing (e.g., Ascasibar & Markevitch 2006),
the lowest-entropy gas is continuously separating itself from
the rest of the moving core, falling towards the peak of the
gravitational potential, overshooting it, and repeating the pro-
cess, and our velocity findings appear consistent with this pic-
ture. Although the detailed geometry of the ICM flow is not
clear, the “spiral structure” and the “falling low entropy gas”
suggest that the sloshing, or ICM rotation in the central re-
gion, has some inclination to the sky plane.

4.2 Development of turbulence near the cold front
The velocity dispersion map in figure 4 shows that the ICM
near the southern part of the cold front (Reg-A) has a ve-

locity dispersion value of 4057°! km s™!, which may reflect

enhanced turbulence or projection effects downstream of the
sloshing flow. In observations of large-scale rotational mo-
tions such as sloshing, emission lines can be broadened due
to the superposition of multiple ICM components with dif-
ferent line-of-sight velocities (Inogamov & Sunyaev 2003).
We cannot distinguish based on our data alone whether it
is turbulence or shear; however, the Chandra image strongly
suggests that the front at this location is oriented in the sky
plane, with the velocity flows occurring in the sky plane; thus
strong shear along the line of sight is less likely than turbu-
lence. Of course, there can be two or more overlaid compo-
nents with different line-of-sight velocities there, as discussed
later.

If we interpret the line broadening as isotropic turbulence,
then its turbulent Mach number near the cold front reaches
M;p = 0.49f8:ﬁ, indicating relatively stronger subsonic tur-
bulence. This corresponds to a non-thermal pressure (NT)
fraction of

2
Doe . Mip 541060, (1)
Ptot M%D + 3/)/ 47

assuming an adiabatic index of y = 5/3 (e.g., Eckert et al.
2019). This may reflect continuous energy injection by
sloshing-induced shear flows, or possibly an evolution from
initially anisotropic motions toward a more isotropic turbu-
lent state over time, as discussed in the context of the Coma
cluster (e.g., Churazov et al. 2012; Zhuravleva et al. 2019).

Such high velocity dispersion near the cold front may
also be associated with eddy-like features produced by shear-
induced instabilities. Previous studies based on Chandra
images have suggested the presence of Kelvin—-Helmholtz in-
stability (KHI) along the cold front boundary in A2319, espe-
cially to the west of the segment of the front in Reg-A, as indi-
cated by image residual and temperature structures (Ichinohe
etal.2021). If such KHI-induced eddies are present, they could
introduce anisotropic velocity perturbations that are observed
as enhanced dispersion when spatially averaged by the PSF of
XMA. Such eddies would also drive turbulence. This scenario
is consistent with the observed broadening, the variations of
the line-of-sight velocity within Reg-A, and the possible redis-
tribution of kinetic energy into turbulence in the downstream
region.

Alternatively, some of the observed velocity dispersion may
result from bulk flow components projected along the line of
sight. We divided Det-a into two subregions, east and west,
but could not find a statistically significant velocity difference.
Therefore, the overall structure of the possible bulk motion is
not clear. In the downstream of the sloshing flow, the ICM
may be diffusing perpendicularly to the flow direction—that
is, along our line of sight—leading to line broadening due to
superposed velocity components. In either case, the kinetic en-
ergy of the flow would be redistributed into turbulence and
lateral motions, potentially causing a decrease in the flow ve-
locity downstream. Indeed, a slight drop in the line-of-sight
velocity is observed in the south-eastern region, supporting
the presence of such redistribution. Another possibility is the
line-of-sight velocities diverging in opposite directions at the
nose of the front, as seen in simulations at certain stages and
locations (e.g., Ascasibar & Markevitch 2006), but this is un-
likely at the current stage, with the spiral structure that we
clearly see in the image, where most of the flow velocity inside
the front should be in the sky plane along the front.
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4.3 High redshift clump (A2319B)

As stated in the introduction, A2319 hosts an isolated optical
galaxy group (A2319B) located approximately 10" north-west
of the center, with an average velocity of 18636 km s~! or
2 =10.06212 (Oegerle et al. 1995), redshifted by 3000 km s~!
from the BCG. Identifying ICM emission from A2319B is
important to understand the merger geometry around this
cluster. Markevitch (1996) used ASCA data and found that
the region located at A2319B is relatively cooler compared
to the surrounding areas. Using Suzaku XIS data, Sugawara,
Takizawa, and Nakazawa (2009) further discovered that this
cold region has a higher elemental abundance compared to
the surrounding regions. On the other hand, redshift measure-
ments showed no significant signs of redshifted ICM com-
pared to the surrounding areas. This non-detection is likely
attributable to the limited energy resolution of the CCD detec-
tors, which makes it challenging to resolve redshift differences
of a few thousand km s~! amidst line blending and calibration
uncertainties.

Although the Resolve field of view does not cover that re-
gion, the galaxies from that subcluster do spread across the
whole cluster, and we searched for an ICM component red-
shifted by 3000 km s~ using data from Resolve, which offers
more than 30 times higher energy resolution than XIS. We
added a model component with a velocity of 18636 km s~! to
the baseline model listed in table 1 and performed spectral fit-
ting. The velocity dispersions were fixed to the values given in
table 1. In the lower panel of figure 2, the expected line centers
of the He-like Fe Ka complex (w, x, y, z) and H-like Fe Lya; »
are indicated by blue lines. In the fitting results, the upper limit
of the flux corresponding to the component at 18636 km s~!
was calculated to be 2.66 x 107'° erg s=' cm™2 sr~! (0.5-
10.0 keV) at a 90% confidence interval. This value can be
considered as statistical fluctuation, and it can be concluded
that the component at 18636 km s~! was not detected in this
observation.

4.4 High-temperature ICM in the northern region

The temperature map in figure 4 shows that Reg-E has an av-
erage temperature of approximately 11 keV, which is higher
than that of the surrounding regions. Chandra data (Ichinohe
et al. 2021) also show that Reg-E includes another cold front,
distinct from the main one on the eastern side of the core.
This secondary front is located at a much smaller off-center
distance and exhibits a significant temperature gradient. It is
a site where hot gas from larger radii is driven inward by
sloshing motions, approaching the cluster center and eventu-
ally mixing with the cooling core gas. This process provides a
heat influx into the core and may counteract runaway cooling
(Fujita et al. 2004; ZuHone et al. 2010).

It is interesting to try to detect any velocity differences
within this region, given that it includes gas inside and out-
side the cold front, which has different temperatures (with
the cooler, denser gas located inside the cold front). Reg-E
is redshifted by about 90 km s™' relative to the BCG. The
spectrum of Det-¢’ (see figure 5) shows that the position of
the He-like Fe lines (6.2-6.4 keV), which come from gas in
a broad range of temperatures, shows a good match between
the model and the data, while that of the H-like Fe lines (6.5-
6.7 keV), which originate from hotter gas phases, is more red-
shifted in the data. When fitting the spectrum with the temper-
ature fixed, the bulk velocity relative to the BCG is found to
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Fig. 5. Enlargement of the Resolve spectrum around the He-like (left) and
H-like (right) Fe lines of Det-e’. Data are binned by a factor of 2 eV for
display.

be 37.732:; km s71(6.2-6.4 keV) and 92.62‘2:} km s~1(6.5-
6.7 keV), respectively. The difference suggests that the low-
temperature and high-temperature ICM components have dif-
ferent velocities and these components are mixed in the spec-
trum. The current dataset, however, lacks sufficient statistical
significance to clearly separate these two spectral components.
Additional XRISM pointing(s) around the high-entropy ICM
region will solve this in the future.

5 Conclusions

We have presented results from the XRISM observations of
the core of A2319, one of the X-ray brightest nearby hot clus-
ters, focusing on its kinematic structure. The ICM temperature
was found to be approximately 8 keV across the cluster core,
with a prominent cold front structure and a region of elevated
temperature (~10 keV) in the north-west. The bulk velocity
around the BCG is consistent with that of the BCG within
40 km s~ . A blueshift of up to ~230 km s~ is observed along
the eastern edge of the cold front, located south-east of the
BCG, where the gas with the lowest specific entropy is found,
while the region farther south along the cold front shows only
a modest redshift. However, in the southern region inside that
front, the velocity dispersion increases to ~400 km s~!, sug-
gesting the development of turbulence. These features indicate
that the ICM is undergoing sloshing motion with a certain in-
clination angle relative to the plane of the sky, following the
motion of the BCG. We also investigated the possible presence
of high-redshift ICM associated with the subcluster A2319B
but found no significant detection within the current field of
view.

Overall, these results provide new insights into the internal
dynamics of A2319, highlighting sloshing motions that occur
with a moderate inclination to the plane of the sky. The gas
phases with different specific entropies move independently
of each other, as expected from simulations of sloshing. They
also contribute to our understanding of the cluster’s three-
dimensional geometry and the role of turbulence in shaping
the thermal and kinematic structure of the ICM. Deeper ob-
servations and additional pointings will be essential to further
explore the detailed nature of the high-temperature gas and
the turbulent properties of the sloshing flow.
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Appendix. Energy scale calibration and
uncertainty

The gain of the XRISM Resolve microcalorimeter detectors is
affected by its environment, including the temperature of the
50 mK heat sink, bolometric effects of the detectors themselves
due to thermal radiation from the instrument thermal shields,

and the temperature of the amplifier and bias electronics in the
warm instrument electronics. The net effect is a detector gain,
and thus energy scale error, that is time dependent. XRISM
carries multiple on-board calibration sources to monitor the
time-dependent gain and to reconstruct the time-dependent
energy scale using a non-linear correction method described
in Porter et al. (2016).

Current XRISM observations obtain gain fiducials by ro-
tating > Fe X-ray sources on the Resolve filter wheel into
the instrument field of view for 30 min intervals strategically
placed during each observation. The gain correction scheme,
described in Porter (2024) and Sawada (2024), is highly effec-
tive in reconstructing the energy scale, typically to within 0.1-
0.2 eV at 6 keV. The gain fiducial intervals are closely spaced
around events that disturb the gain, which include recycling of
the 50 mK refrigerator and large-scale temperature changes of
the instrument electronics due to changes in the spacecraft ori-
entation after slewing to a new target. Outside of these large
disturbances, the time-dependent instrument gain is extremely
linear and is only sparsely sampled with gain fiducials approx-
imately every 20 h in the standard XRISM/Resolve observing
strategy. Finally, the Resolve instrument includes a calibration
pixel that is part of the microcalorimeter array but located
just outside the field of view. The calibration pixel is continu-
ously illuminated by a heavily collimated > Fe X-ray source. In
standard XRISM/Resolve observations, the calibration pixel
is used to measure the efficacy of the energy scale reconstruc-
tion by comparing the Mn Ka fiducial line offset and resolu-
tion during the observation, but only gain corrected using the
sparsely sampled fiducial intervals used for the main obser-
vation. These metrics are a standard product of the XRISM
pipeline.

As the observations of A2319 were carried out very early in
the XRISM commissioning phase, before the modern observ-
ing strategy was implemented, the standard, sparsely sampled
gain fiducial methodology was not employed. However, dur-
ing this time, the Resolve instrument team was benchmarking
the on-orbit instrument performance using the same *Fe fil-
ter wheel sources now used for gain reconstruction. An event
history plot for the A2319 “core” observations is shown in
figure 6. During the A2319 observations, there are long peri-
ods with and without the filter wheel *>Fe sources in the field
of view. While the periods with the 3 Fe sources are not usable
for science, they provide adequate gain calibration fiducials
for the periods without the sources in the field of view. This
required some careful handling of the observation data be-
cause there were subtleties that are not properly handled by
the standard Resolve pipeline gain calibration methodology.
For example, the beginning fiducial for OBSID 000101000
actually occurs during the previous OBSID, similarly for OB-
SIDs 000102000 and 000103000. There is also a small 50 mK
set point error in the 50 mK temperature controller during
OBSID 000101000 that was corrected by cross-calibration
with the calibration pixel (the set point error occasionally oc-
curred during passages through the South Atlantic Anomaly
and was permanently fixed later in commissioning). During
OBSID 000103000 there was a recycle event of the adiabatic
demagnetization refrigerator (ADR) that cools the 50 mK de-
tector heat sink. This heavily disturbs the detector gain. In this
case, the detector gain was forward extrapolated from the ear-
lier fiducial interval up to the ADR recycle since this is firmly
within the linear gain drift period for the detectors. The pe-
riod after the ADR recycle was back-extrapolated from the
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Fig. 6. Overview of the A2319 observations where each “dot"” represents an X-ray event color coded by pixel. The start of each OBSID is indicated along
with the positions of the ADR refrigerator recycles. Further, the periods when the filter wheel °Fe X-ray sources were in the field of view are indicated

along with the unobscured observations of Abel 2319. The light green points at 5.9 and 6.4 keV are the continuously illuminated calibration pixel.

following gain fiducial, but only during the linear portion of
the gain history that begins 6 h after the ADR recycle (Porter
2024). Finally, the last portion of OBSID 000103000 has no
ending fiducial measurement, but is firmly within the linear
gain drift period, and was thus forward extrapolated from the
prior fiducial region.

In all cases, the calibration pixel was analyzed using the
same time-dependent gain correction method described above
for the main array. However, the calibration pixel is contin-
uously illuminated, so we fit the Mn Ka line from the Fe
source to track the energy resolution and the line shift as a
measure of the efficacy of the energy scale reconstruction. This
is the same methodology used in all Resolve observations.
This gave calibration pixel resolutions of 4.45 + 0.02, 4.45
+ 0.02, and 4.46 + 0.02 eV FWHM at 5.9 keV for OBSIDs
000102000, 000102000, and 000103000 respectively, which
is exactly in line with the ensemble of XRISM/Resolve obser-
vations (Porter 2024; Kelley 2025; Leutenegger 2025). Simi-
larly, the energy scale errors were —0.41 4+ 0.01, 0.14 £ 0.01,
and 0.04 £ 0.01 eV for the same OBSIDs. Using the standard
resolve method for estimating the energy scale systematic un-
certainties (Eckart 2024), we add the calibration pixel uncer-
tainties in quadrature with estimates of the underlying energy
scale uncertainty of 0.3 eV in the band 5.4-9 keV, and 1 eV
outside of that band. This yields energy scale uncertainties for
these observations of 0.51, 0.33, and 0.30 eV in the energy
band of 5.4-9 keV, respectively.

Because these A2319 observations need special care on gain
handling, we present the ICM parameter maps before apply-
ing the SSM correction in table 2. As expected, the tenden-
cies of the parameters are very similar to those of figure 4.
SSM corrects the smearing effect caused by the modest PSF of
XRISM, and therefore differences between the parameters are
enhanced after correction.
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