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ABSTRACT

We investigate the velocity structure of nebular gas in the central galaxies of four clusters: Abell

1835, PKS 0745-191, Abell 262, and RXJ0820.9+0752, using data from the Keck Cosmic Web Imager

(KCWI). Velocity structure functions (VSFs) of the [OII] emission line are compared to VSFs of

molecular clouds observed with the Atacama Large Millimeter/submillimeter Array (ALMA). Apart

from Abell 262 where the gas is located in a circumnuclear disk, the nebular gas in the remaining

galaxies lies in off-nuclear filamentary structures with VSFs steeper than the Kolmogorov slope. This

steepening may be plausibly attributed to gravity although other factors, such as magnetic stresses

and bulk motion, may be significant. The VSFs of CO and [OII] emission are similar in RXJ0820 and

Abell 262, indicating close coupling of the nebular and molecular gases. In contrast, the nebular and

molecular gases are differentiated on most scales in PKS 0745 and Abell 1835. This discrepancy is

likely due to the radio-AGN churning the gas. We compare the scale-dependent velocity amplitudes

of the hot atmospheres constrained by X-ray surface brightness fluctuation analysis using Chandra

observations to the nebular VSFs. The large-scale consistency in Abell 1835 and RXJ0820 is consistent

with condensation from the hot atmospheres. We explore substantial systematic biases, including

projection effects, windowing, and smoothing effects when comparing VSFs using different telescopes

and instruments.
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1. INTRODUCTION

Galaxy clusters, the universe’s largest gravitation-

ally bound structures, are filled with ionized hot atmo-

spheres with temperatures between from 107 K and 108

K. Within the cores of these clusters, an increase in gas

density is expected to lead to substantial accumulations

of cold gas, enable the condensation of molecular clouds

at rates exceeding 100 M⊙ yr−1, and thereby foster vig-

orous star formation but is unseen (Cowie & Binney

1977; Cavagnolo et al. 2008; Rafferty et al. 2008; Pe-

terson & Fabian 2006). Despite central radiative cool-

ing timescales often being shorter than the ages of clus-

ters, their hot atmospheres are globally stable, remain-

ing in both hydrostatic and thermal equilibrium (Mc-

Court et al. 2012). One or more heat sources are re-

quired to maintain this stability. The most prevalent

heating mechanism is radio-mechanical Active Galac-

tic Nucleus (AGN) feedback, in which the energy is in-

jected from central supermassive black holes (SMBHs),

interacting with the intercluster medium (ICM) via jet-

inflated bubbles of relativistic plasma, seen as cavities

in X-ray images (Voit & Donahue 2005; Fabian 2012;

B̂ırzan et al. 2012). The AGN energy associated with

the cavity alone is enough to offset radiative cooling,

by measuring the surrounding pressure and volume of

the cavities using the X-ray data (Rafferty et al. 2006).

However, the process by which this energy is transferred

to the ICM is not well understood.
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Turbulence is thought to be an important channel

for coupling feedback to the environment (Churazov

et al. 2002; Omma et al. 2004; Gaspari et al. 2014).

The analysis of X-ray surface brightness (SB) fluctu-

ations indicates that the ICM in the cluster cores is

turbulent, consistent with velocities consistent with the

Hitomi Doppler line broadening measurements (Hitomi

Collaboration et al. 2016). Turbulent dissipation may

be sufficient to compensate for cooling losses, although

measurement uncertainties prevent a conclusive deter-

mination (Zhuravleva et al. 2014a). Other possibilities

for channeling energy to the ICM include shocks (Heinz

et al. 1998; Fabian et al. 2006; Markevitch & Vikhlinin

2007; Randall et al. 2011), sound waves (Sternberg &

Soker 2009; Sanders & Fabian 2007; Nulsen & McNa-

mara 2013), streaming and diffusion of cosmic ray pro-

tons (Loewenstein et al. 1991; Guo & Oh 2008; Pfrom-

mer 2013), radiative heating (Nulsen & Fabian 2000;

Ciotti & Ostriker 2001), and mixing of gas between the

ICM and the hot bubbles (Hillel & Soker 2016, 2017).

Many or all may contribute to heating.

Despite suppression of cooling by heating processes

in groups and clusters, the detection of cool-phase gas

within the atmospheres of the brightest cluster galaxies

(BCGs) and giant elliptical galaxies indicates significant

cooling. Massive molecular gas reservoirs over 109 M⊙
are observed near the nucleus of some clusters, which fu-

els star formation and sustains the feedback loop (Edge

2001; Salomé & Combes 2003; Rafferty et al. 2008; Rus-

sell et al. 2019; Olivares et al. 2019). ALMA observa-

tions of central galaxies in clusters show that the molec-

ular gas preferentially lies around and in the wakes of

buoyantly rising bubbles (McNamara et al. 2014; Rus-

sell et al. 2017, 2019; Olivares et al. 2019). However,

if and how the molecular gas couples to the bubbles is

not understood. The cold dense gas may be accelerated

outward from the center. Alternatively, with the diffi-

culty of lifting high column density clouds, the molec-

ular gas might cool from the hotter gas lifted behind

bubbles (McNamara et al. 2016). Moreover, optical line

emission at ∼ 104 K is commonly observed in the cen-

ters of cool-core clusters (Heckman et al. 1989; Craw-

ford et al. 1999; Cavagnolo et al. 2008; McDonald et al.

2011; Gingras et al. 2024). This filamentary nebular

emission, tracing warm ionized envelopes of many cold

molecular gas clouds (Jaffe et al. 2005), wraps around

both the radio jet and the X-ray cavities (Salomé et al.

2008; McNamara et al. 2014; Vantyghem et al. 2016;

Russell et al. 2017). Such a spatial coupling is consis-

tent with a top-down multi-phase condensation cascade,

within which both the warm ionized and cold molecu-

lar components are cooling products that rain from the

hot ambient plasma. Their kinematics are predicted to

retain the ‘memory’ of the hot gas from which they con-

dense (Gaspari et al. 2017, 2018; Voit 2018).

The velocity structure function (VSF) provides a pow-

erful tool to characterize gas motions and dynamical

processes. The kinematics of multi-phase filaments in

three nearby galaxy clusters, Perseus, Abell 2597, and

Virgo, have been examined by Li et al. (2020). Their re-

sults indicate that the cold filaments in these clusters are

well coupled to the turbulent nature of the hot gas that

is present. The agreement between the turnover scales

of the VSF and the dimensions of the observed bubbles

inflated by jets suggests that activity from the central

supermassive black hole drives turbulent gas motions in

cluster cores, highlighting the potential role of turbu-

lence in channeling feedback energy to the ICM. In con-

trast, Hillel & Soker (2020) noticed that the VSFs of cold

filaments in these three clusters were steeper than the

Kolmogorov slope of 1/3, typical for classical turbulent

cascades, leading them to claim that turbulence may

not be a major heating mechanism in these clusters due

to long dissipation timescales. Instead, they concluded

that mixing with hot gas from the bubbles is more effec-

tive in counteracting radiative cooling. By comparing

with 3D hydrodynamical simulations of jet-inflated hot

bubbles, as studied in (Hillel & Soker 2016), they sug-

gested that jets could directly induce turbulence with a

VSF slope steeper than 1/3. By examining magnetohy-

drodynamical (MHD) simulations of self-regulated AGN

feedback in a Perseus-like cluster, Wang et al. (2021)

found that the cold phase (T < 104 K) VSF was steeper

than predicted by Kolmogorov’s theory and attributed

this steepening to gravitational acceleration acting on

cold clouds. The results imply that the turbulence in the

surrounding hot medium may be driven by the motion of

precipitating cold filaments and by AGN jets. Further-

more, by varying initial outflow properties in hydrody-

namical simulations, Hu et al. (2022) discovered that a

supersonic turbulent velocity structure with VSF slope

of 1/2, can be generated and be ’frozen’ within the Hα-

emitting filaments emerging from fast AGN-driven hot

outflows. Gravitational interaction tends to flatten the

VSF of the cold phase over a short timescale, approxi-

mately 10 Myr, indicating that the lack of flattened VSF

reflects the short-lived nature of the Hα emitting phase.

The nebular emission from the core regions of four

galaxy clusters—Abell 1835, Abell 262, PKS 0745-191,

and RXJ0820.9+0752—has been analyzed using new op-

tical observations from the Keck Cosmic Web Imager

(KCWI) (Morrissey et al. 2018; Gingras et al. 2024). As

the [OII] emission line doublet is the highest luminosity

line observed in the KCWI data, Gingras et al. (2024) fo-
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cused on the [OII]3726,9 Å, also incorporated data from

previous multiwavelength studies, including radio and

X-ray observations, to examine the morphology and dy-

namics of the nebular gas. In this work, we continued

our VSF analysis by utilizing this integral field spec-

troscopy (IFS) data, which offers a larger field-of-view

(FOV) and relatively high spectral resolution compared

to earlier studies. This enables us to effectively probe

the dynamical processes affecting the gas across a broad

range of spatial scales. Furthermore, the velocity struc-

tures of the multi-phase filaments may reflect the origins

of the filaments and the interactions between AGN feed-

back and the intracluster medium (ICM). Therefore, we

have also incorporated multi-wavelength observations to

provide a detailed analysis of the kinematics of both

molecular gas and the hot gas, and to conduct a thor-

ough comparison with the warm ionized gas. The molec-

ular gas in these clusters was observed by ALMA and

is traced by J = 1 - 0, J = 2 - 1, and J = 3 - 2 rota-

tional transitions of CO with high spatial and velocity

resolution. Additionally, by comparing the VSF feature

scales with the structures identified in the X-ray images

observed by the Chandra X-ray Observatory, we can ex-

plore the correlations between their dynamics and the

jet-inflated bubbles within these systems.

The line-of-sight velocity dispersion of the hot ICM

has been measured directly in the core of Perseus by Hit-

omi (Hitomi Collaboration et al. 2016) with relatively

low spatial resolution. Under certain assumptions, the

scale-dependent velocity amplitude of the hot gas mo-

tion can be derived indirectly from the measured power

spectra of X-ray SB fluctuations. In this work, we an-

alyze the velocity power spectra of hot gas motion ob-

tained from Chandra observations and compare them to

the VSFs of filaments observed with KCWI. This anal-

ysis provides us with insights into the role of turbulence

in reheating the ICM and the connection between the

motion of gas in different phases and the activity of the

central SMBHs.

In Section 2 we introduce the central galaxies studied

in this work and provide a summary of the data pro-

cessing procedures. In Section 3 we present the results

of the VSF measurements based on KCWI and ALMA

observations, analyzing their shapes, slopes, and ampli-

tudes, and comparing them to Kolmogorov turbulence

theory and hot ICM motions obtained from X-ray SB

analysis. In Section 4 we discuss the shape of measured

VSFs, as well as the the interaction between gas in dif-

ferent phases. Finally, we conclude this work in Section

5. Throughout the paper we assume a standard ΛCDM

cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and

ΩΛ = 0.7.

2. CLUSTER SAMPLE AND OBSERVATIONAL

DATA

2.1. Cool Cluster Sample

Though limited to only four clusters, the sample in

this study is adequately representative of the broader

cool cluster population and was chosen to encompass

a broad range of feedback properties. The details are

listed in the Table 1. The redshifts lie between z =

0.0165 and z = 0.2512. The cluster atmospheres have

central cooling times below 1Gyr and harbor substantial

reservoirs of molecular gas with masses ranging between

108 M⊙ and 1010 M⊙. The central galaxy of Abell 1835

is experiencing powerful radio-mode feedback and has

a high star formation rate (McNamara et al. 2006). A

powerful radio source is in the core of PKS 0745, more

than ten times higher than those of other clusters in

our sample. CO emission emitted from molecular gas

in these clusters spatially overlaps the nebular gas in

all sample clusters, allowing us to directly compare the

kinematics of these gas phases. In RXJ0820, the molec-

ular and nebular gases show a significant spatial offset

from the central galaxy. Both gas phases in Abell 262

exhibit a disk-like structure that rotates around the nu-

cleus. Combined with the detection of X-ray cavities in

these clusters, which result from previous central AGN

activity, the multi-wavelength observations allow us to

study the dynamics of different phases of the ICM and

their interconnection in the AGN feedback model.

2.2. KCWI Data Reduction

Details of the KCWI observations and data reduction

of these four central galaxies are presented in Gingras

et al. (2024); here we report the most relevant details.

The properties of KCWI observations are given in col-

umn (2) - (4) of Table 2. The data was reduced using

the KCWI IDL Data Extraction and Reduction Pipeline

(KDERP). The data was resampled onto a 0.29′′×0.29′′

spaxel grid, and a mosaic was created from the individ-

ual pointings observed for each cluster.

The stellar continuum and emission lines in each

spaxel were simultaneously fit using the IFSFIT IDL li-

brary. To obtain the stellar velocity in the innermost 1”

region of the central galaxy, which was used as the sys-

temic velocity of the system, a spatially-integrated spec-

trum was created by summing the spectra from spaxels

with a strong stellar continuum in the central galaxy.

Emission lines were masked out and the stellar contin-

uum was fit using the Penalized Pixel-Fitting method

PPXF (Cappellari & Emsellem 2004). The stellar com-

ponent is matched to stellar population synthesis (SPS)

models (González Delgado et al. 2005). The best-fit SPS

models across all stellar ages were then summed to ob-
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tain the stellar continuum fit in the spatially-integrated

spectrum.

The stellar continuum and emission lines were fit si-

multaneously. Using MPFIT (Markwardt 2009), the line

profiles were convolved with the KCWI spectral reso-

lution to fit the emission lines. The flux ratio of [OII]

doublet was fixed at 1.2, based on an assumed electron

density of 400 cm−3 (McLaughlin & Bell 1998; Pradhan

et al. 2006). A flux threshold of signal-to-noise ratio

(S/N) > 5 per spaxel was applied to all the flux and

kinematic maps of the [OII] 3726,9 Å doublet presented

here.

In performing the emission line fits, a second compo-

nent is included when the Bayesian Information Crite-

rion (BIC) for the two-component fit is less than that

for the one-component fit and when neighboring spaxels

also require a second kinematic component. Of the four

cooling clusters observed, only one kinematic component

is required for Abell 262 and RXJ0820, while a second

kinematic component is needed in Abell 1835 and PKS

0745. More details are provided in Gingras et al. (2024).

Figure 1 presents the median velocity v50, which is

the 50th percentile of the cumulative velocity profiles of

the [OII] emission line doublet in the four cooling clus-

ter cores. Positive velocities indicate a redshift when

compared to the systemic redshift of the central galaxy,

while negative velocities are blueshifted. The nucleus of

the central galaxy, located at the origin of the images,

corresponds to the brightest spaxel in the stellar contin-

uum flux map of Abell 1835, PKS 0745 and RXJ0820.

The location of the nucleus in Abell 262 is determined

from the spaxel with the highest stellar velocity disper-

sion, as a strong central dust lane leads to substantial

extinction in this central galaxy. Most of the nebular gas

is redshifted with respect to the stars by approximately

150 km s−1 in Abell 1835, 135 km s−1 in PKS 0745, and

150 km s−1 in RXJ0820. The nebular gas in Abell 262

is blueshifted in the south and redshifted in the north,

with median velocities ranging between − 314 km s−1

and + 422 km s−1. This clear velocity gradient demon-

strates ordered motion along the north-south axis.

2.3. ALMA Observations

We use archival ALMA observations of the four cool-

ing cluster cores in sample to compare the dynamic prop-

erties of the cold molecular gas with the warm ionized

gas. Details of these observations are listed in column

(5) - (7) of Table 2. The data were calibrated using

the ALMA pipeline reduction scripts with CASA version

4.7.2. Standard phase calibration was performed, and

the data cube was binned in 10 km s−1 resolution. The

black dashed contours in Figure 1 represent the region of

the CO emission detected at a 3σ level by ALMA. While

the observed molecular gas spatially overlaps with the

nebular gas, it is more concentrated near the central

galaxy of each cluster (Gingras et al. 2024).

Figure 2 presents the velocity maps of the molecular

gas traced by CO emission. These velocity fitting re-

sults are published in Russell et al. (2019). Gaussian

smoothing over the synthesized beam was applied. The

origins are consistent with those in Figure 1, indicating

the locations of the nuclei of the central galaxies. CO

emission shown was detected at a S/N > 3σ threshold.

When multiple CO lines are detected, we present either

the stronger line or the line with higher spatial resolu-

tion over a larger area, whichever is more suitable for

our purposes. The specific CO emission line used for

each object is listed in column (5) of Table 2.

2.4. Chandra X-ray Observations

To investigate the dynamics of the hot atmospheres

in the cores of these clusters, we measured its velocity

power spectra within the KCWI [OII] emission regions

based on archival Chandra X-ray data available in the

archive, observed by the Advanced CCD Imaging Spec-

trometer (ACIS). Details of the Chandra observations

are listed in column (8) - (9) of Table 2. Each obser-

vation was reduced by CIAO 4.15 with the latest CALDB

4.15 calibration, following the standard algorithm de-

scribed by Vikhlinin et al. (2005). Intervals contami-

nated by background flares were removed from each ob-

servation using the light curves extracted from level-2

event files above 10 keV. The X-ray background files
were estimated using blank sky files, which were re-

normalized to align with the count rates in the 10-12

keV band. To measure the gas density fluctuations,

the exposure-corrected, background-subtracted images

of each observation were generated in the 0.5− 3.5 keV

band. In this energy range, the X-ray emissivity is in-

dependent of gas temperature for clusters with a mean

temperature T >∼3 keV. For each target, all observa-

tions were reprojected onto the observation with the

largest exposure time and summed up into a single

mosaic image. The bright point sources identified us-

ing wavdetect tool, as well as the central AGNs, were

masked out from subsequent SB analysis.

3. RESULTS

In Section 3.1, we first introduce the methods used

for VSF analysis in this study. Section 3.2 presents the
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Table 1. Target details

Target R.A. Dec. z a b d Mmol

(J2000) (J2000) (kpc) (kpc) (kpc) (M⊙)

(1) (2) (3) (4) (5) (6) (7) (8)

Abell 1835 14:01:02.1 +02:52:43 0.2514 14 10 17 5 ×1010

16 12 23

Abell 262 01:52:46.5 +36:09:07 0.0160 11 10 8 3.4 ×108

11 10 10

RXJ0820.9+0752 08:21:02.3 +07:51:47 0.1103 9 5 6 3.9 ×1010

PKS 0745-191 07:47:31.3 -19:17:40 0.1024 10 10 6 4.6 ×109

17 17 20

Note—Targets details: (1) Cluster name. (2) Right ascension (RA). (3) Declination (Dec).
(4) Redshift (5) Major axis of X-ray cavity. (6) Minor axis of X-ray cavity. (7) Distance
from cavity center to the core. (8) Molecular gas mass. References: (5)-(7): Abell 1835:
McNamara et al. (2006); Olivares et al. (2019), Abell 262: Rafferty et al. (2006); Clarke
et al. (2009), RXJ0820.9+0752: Vantyghem et al. (2019), PKS 0745-191: Sanders et al.
(2014).

Table 2. The observations used in this analysis

Target KCWI Observations ALMA Observations Chandra Observations

Seeing FOV Emission Extent CO Line Beam Size Emission Extent ObsIDs Clean Texp

(”) (” × ”) (kpc × kpc) (” × ”) (kpc × kpc) (ks)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Abell 1835 0.8 35 × 33 62 × 51 J = 3 - 2 0.45 × 0.6 25 × 22 6880, 6881, 7370 178

Abell 262 0.9 30 × 32 5.5 × 8.9 J = 2 - 1 0.6 × 1.0 2 × 4 / /

RXJ0820.9+0752 0.9 21 × 24 41 × 26 J = 1 - 0 0.7 × 0.7 18 × 11 17194, 17563 60

PKS 0745-191 1.2 26 × 31 33 × 30 J = 3 - 2 0.2 × 0.3 11 × 14 2427, 6103, 7694, 176

12881, 19572 - 5

Note—Columns (1) Cluster name. KCWI observations: (2) Seeing. (3) Total field of view of multiple pointings. (4) [OII] emission extent.
ALMA observations: (5) CO emission line used for fitting. (6) The synthesized beam size. (7) CO emission extent. Chandra observations:
(8) Chandra ObsIDs used in this work. (9) Cleaned exposure time.

VSFs of v50 for four central galaxies. Each Gaussian

velocity component is analyzed for Abell 1835 and PKS

0745 in Section 3.3. Comparisons between the VSFs of

warm ionized gas and the cold molecular gas traced by

ALMA CO emission are detailed in Section 3.4. Addi-

tionally, velocity spectra of hot gas observed by Chandra

X-ray observations are discussed in Section 3.5.

3.1. Velocity Structure Function

The VSF is a powerful analytical tool that extends

beyond turbulence studies. It provides insights into the

kinematics of gas, allowing us to identify and quantify

the physical processes driving the observed motions such

as rotational dynamics, gravitational effects, and inter-

actions with external forces.

For VSF calculation, the projected separation, de-

noted by l, and the absolute velocity difference |δv| =
|vi − vj | is determined for all possible combinations of

selected pixels. These pixel pairs are then grouped into

distinct bins based on their separation l. Within each

bin, the average of the velocity differences ⟨|δv|⟩is com-

puted to determine the VSF amplitude at that spe-

cific scale. We experimented with evenly grouping pairs

across the scales of interest and confirmed that the VSF

results remain consistent.

The measurements are taken only at scales exceed-

ing the point spread function (PSF). The bins with an

insufficient number of pixel pairs can undermine the re-

liability of VSF measurements, especially at larger sep-

arations where the constraints of the image size become

a limiting factor. To address this, bins where pairs drop
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Figure 1. The median velocity v50 maps of the [OII] emission line doublet with respect to the stellar velocity of the system.
The central galaxy nucleus is designated as the reference point for each map’s origin. Positive velocities indicate redshift, while
negative velocities denote blueshift relative to the stellar velocity. The black solid lines indicate the integrated flux contours for
10%, 20%, 40%, and 80% of the maximum CO (3-2) emission in Abell 1835 and PKS 0745, CO (2-1) emission in Abell 262,
and CO (1-0) emission in RXJ0820. Areas within the black dashed lines highlight regions where CO emissions are detected by
ALMA. The dashed magenta ellipses show the positions of the X-ray cavities.

below 20% of the peak value are excluded. This thresh-

old ensures that sufficient pairs are included at each sep-

aration. The turnover scale refers to the point where the

VSF amplitude reaches a local maximum. This scale

may indicate the scale where energy is injected into the

system and subsequently dissipates onto smaller scales,

or it may be related to other factors such as bulk mo-

tions. Our findings indicate that the VSF is reliable up

to scales no larger than half the extent of the map. Sig-

nificant slope changes or turnovers may be influenced

by insufficient pixel pairs at large separations — a lim-

itation resulting from the restricted image size. This

phenomenon, referred to as the ‘window effect’, stems

from statistical uncertainty due to limited data size.The

impact of the window effect on VSF measurements is

further explored and discussed in Appendix A.1.

The velocity differences |δv| spread over a wide range

within each bin. Simply using the mean difference

does not adequately represent the |δv| among all pairs.

Therefore, to obtain a more comprehensive understand-

ing, we analyze the |δv| distribution at each measured

scale. This detailed examination enhances our under-

standing of the characteristics of the resulting VSFs as

well as the kinematics of gas within the cluster cores. We

group the pairs into 10 km s−1 bins, ranging between 0

and the maximum |δv| for each object. To allow for

an efficient comparison analysis, each |δv| bin count is

normalized by the total number of pairs at that scale,
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Figure 2. Median velocity maps of molecular gas in the central regions of four galaxy clusters from our sample, derived from
ALMA observations. The maps show CO (3-2) emission for Abell 1835 and PKS 0745, CO (2-1) emission for Abell 262, and CO
(1-0) emission for RXJ0820, all detected at a signal-to-noise ratio greater than 3σ. Map origins align with the nucleus positions
defined in the KCWI [OII] maps (presented in Figure 1). Red hatched ellipses represent the synthesized beam size and dashed
magenta ellipses indicate the locations of X-ray cavities.

ensuring value ranges between 0 and unity, allowing for

comparison across scales.

Three of the clusters exhibit distributions with a peak

at lower values and an extended tail reaching toward

higher values. This shape resembles a log-normal distri-

bution, which describes a dataset where the logarithm

of the values follows a Gaussian distribution. The |δv|
distribution in each separation bin was fitted by a log-

normal profile. Using the parameters from the best-fit

model, the VSFs we reconstructed based on the mean

of the log-normal distribution. However, the |δv| dis-
tribution of the disk in Abell 262 does not fit a log-

normal distribution; more details will be discussed in

Section 3.2. To maintain consistency across objects and

to allow comparisons with previous studies, we continue

to use the averaging method for calculating the VSF.
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Nevertheless, modeling the |δv| distributions and not

just the VSF alone may provide better constraints and

allow for more detailed comparisons to simulations than

VSFs alone.

3.2. VSF of warm ionized gas

3.2.1. Abell 1835

Abell 1835 is a typical example of a cool core cluster

where the central galaxy is undergoing intense radio-

mode feedback. X-ray observations have revealed two

cavities as surface brightness depressions: one with a

radius of ∼16 kpc, located ∼23 kpc northwest of the

center, and another with a radius of 14 kpc, situated

∼17 kpc to the southwest (McNamara et al. 2006). Fur-

thermore, Abell 1835 is characterized by strong nebu-

lar emission, with an Hα luminosity of 1.7× 1042 erg/s

(Wilman et al. 2006). The [OII] emission traced by

KCWI extends over a wide area, reaching beyond ∼ 45

kpc in right ascension and ∼ 50 kpc in declination. As

seen in the upper left panel of Figure 1, the nebular

gas closely reflects the alignment of the X-ray bubbles,

extending approximately 50 kpc along the axis of the

bubbles. The median velocity of the [OII] emitting gas

ranges between -30 km s−1 and +290 km s−1. Most neb-

ular gas is redshifted, indicating a consistent movement

away from the observer relative to the central stellar

velocity (Gingras et al. 2024).

The middle panel of Figure 3 displays the VSF of

nebular gas in Abell 1835. The VSF ranges from 30

km s−1 on the smallest scale of ∼4 kpc to 88 km s−1 at

a scale of 22 kpc. The turnover presented at a scale of

22 kpc suggests the driving scale of turbulence, which

corresponds to the distance from the X-ray bubble to

the nucleus of Abell 1835, indicating a potential link to

radio-mechanical AGN feedback. Below this scale, the

VSF increases steadily with a slope of approximately

0.39 at scales between 10 and 20 kpc and steepens at

scales below 10 kpc. A summary of the [OII] VSF mea-

surements for Abell 1835, as well as those for the other

three clusters, is presented in Table 3.

The side panels of Figure 3 illustrate the distribu-

tions of velocity differences |δv| at four distinct scales

to present the characteristic shapes as the scale varies.

The mean |δv| of all pairs is indicated by the blue ver-

tical dashed line, corresponding to the VSF amplitude,

marked by a red star in the middle panel. The his-

tograms typically show a left-skewed peak towards the

lower velocity differences, while the extended tails indi-

cate a significant number of pixel pairs with high |δv|.
As the separation scale grows from panels A to D, the

tail of the distribution broadens, with |δv| values reach-
ing up to approximately 290 km s−1 at a scale of 32

Table 3. VSF of KCWI [OII] emission line

Target Scales Turnover scale Scales for fit Slope

(kpc) (kpc) (kpc)

(1) (2) (3) (4) (5)

Abell 1835 3.6− 43 22 3.6− 22 0.58

3.6− 12 0.70

12− 22 0.39

Abell 262 0.6− 5.9 / 0.6− 5.9 1.0

RXJ0820.9+0752 2− 17 9 2.0− 8.7 0.60

PKS 0745-191 3.1− 24 9 3.1− 8.1 0.50

Note—Columns: (1) Target, showing the cluster name. (2)-(5) VSF
Characteristics, including probed scales, turnover scale, scales for slope
fitting, and best-fitting slope of the VSF.

kpc. This trend is consistent with the expectation that

larger separations correlate with higher velocity differ-

ences. However, at smaller scales, such as the 5.75 kpc

scale shown in panel A, a notably high |δv| tail ex-

tends to nearly 200 km s−1, far exceeding the mean

of ∼ 44 km s−1. This may be attributed to projec-

tion effects where pixel pairs close in projection but not

in three-dimensional space exhibit large velocity differ-

ences. The red solid line in the histograms represents

a log-normal fit to the distribution of |δv|. The means

derived from the log-normal fits, denoted by the vertical

red dashed lines, are consistently ∼14% to 22% lower

than the direct mean of all pairs, suggesting that VSFs

reconstructed by log-normal fitting can mitigate the in-

fluence of the extended tails, especially at smaller scales

where these tails are more pronounced. Based on the

comparison of the best-fit profiles and the distributions,

the log-normal fit provides a reasonable approximation

of these distributions in Abell 1835.

3.2.2. Abell 262

VSF can be measured at scales below 1 kpc due to

the low redshift of Abell 262 and are plotted and shown

in the middle panel of Figure 4. The mean velocity dif-

ferences, ranging between 47 km s−1 at a 0.56 kpc scale

and 510 km s−1 at a scale of 5.9 kpc, are substantially

higher than the other three targets which have veloc-

ity differences ∼100 km s−1. The continuous rise seen

here with a slope of ∼1 suggests that the absolute ve-

locity difference between two points increases linearly

with their separation distance. This pattern is typical

for systems where the velocity structure is dominated

by rotation, rather than random turbulent motion.
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Figure 3. Middle: VSF analysis of warm ionized gas, traced by KCWI [OII] emission, within the core of Abell 1835. Only
scales larger than seeing, and where pairs exceed 20% of the peak value, are plotted. Side panels: Distribution of velocity
differences |δv| among pixel pairs at four scales, marked as red stars in the VSF plot. The number of pairs in each |δv| group is
normalized by the total number of pairs for the entire separation bin to facilitate a comparative analysis of distribution shapes
across varying scales. The best-fit log-normal profile is displayed as a solid red line over the |δv| distribution. The vertical red
dashed line represents the mean of the log-normal distribution, while the blue line shows the mean |δv| of all pixel pairs within
the given bin.

The side panels of Figure 4 display velocity difference

distributions at four specific separations. At small scales

(in panels A and B), the distributions fit well by a log-

normal profile, shown as the red solid line. However, at

intermediate scales (in panel C), the distribution begins

to widen and flatten, suggesting a more diverse mixture

of velocity differences due to the varied orientations of

pixel pairs across the map. At larger scales (in panel

D, ∼ 5 kpc), the peak of the distribution shifts toward

higher |δv| values, marking a significant departure from

the log-normal fit. This shift is indicative of increasing

velocity differences with separation, consistent with the

ordered, large-scale rotational motion within the ionized

gas.

To further explore the motion of nebular gas in the

core of Abell 262, we compare the VSFs of different

[OII] brightness components within the central region

where ALMA CO emission is observed. The continuum-

subtracted [OII] flux map, presented in the left panel of

Figure 5, reveals that the pixels with the highest 25%

brightness in [OII] emission are concentrated near the

nucleus of Abell 262, surrounded by the outer top 50%

brightness component. The [OII] emission velocity dis-

persion map, illustrated in the middle panel of Figure 5,

reveals a central high dispersion region extends along

the axis of the AGN-driven radio jets. This suggests

that the enhanced velocity dispersion may be a result

of the jets colliding with the rotating gas disk (Gingras

et al. 2024).

The right panel of Figure 5 shows that the VSFs of

all [OII] brightness components exhibit identical slopes

of ∼1, suggesting coherent rotation around the center.

The region containing the top 25% brightest [OII] emis-

sion has the highest VSF amplitudes, shown as the black

points. A plausible explanation for the observed varia-

tion in VSF amplitudes is the differential rotation of

ionized gas around the cluster’s center, with higher an-

gular velocities at the center contributing to the higher

mean velocity differences observed in the brightest [OII]

regions. Another possible reason is the projection effect,

which will be discussed in detail in Section 4.2. The cen-

tral 25% of the brightest [OII] emission is located in the

high-density environment of the cluster core. More gas

velocity components are aligned along the line of sight,
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Figure 4. Middle: Similar to Figure 3, the middle panel displays the VSF for the nebular gas within the core of Abell 262.
Side panels: the distributions of |δv| within four separation bins.
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which is consistent with the high velocity dispersion and

contributes to the elevated VSF amplitudes measured.

3.2.3. RXJ0820.9+0752

RXJ0820 contains one of the most gas-rich central

galaxies known. However, as seen in the bottom left

panel of Figure 1, unlike the rest of the sample in

this study, the [OII] line emission is not centered on

the cluster nucleus but is instead offset to the north-

west of the central galaxy, extending 24 kpc in RA

and 15 kpc in DEC. A secondary galaxy located at ∼8

kpc SE to the main galaxy, moves at a relative veloc-

ity of ∼ 100 km s−1 (Bayer-Kim et al. 2002; Olivares

et al. 2019). Therefore, it is plausible that sloshing

motions, induced by the interaction with this nearby

galaxy, might also contribute to the formation of and

significant offset of cold gas reservoirs in RXJ0820 (Van-

tyghem et al. 2019).

The median velocity of [OII] emission is substantially

redshifted compared to the central stellar velocity, rang-

ing between −12 km s−1 and +286 km s−1. The re-

gion with the highest median velocity is located approx-

imately 4 kpc north of the nucleus, while the gas with

the lowest velocities is found ∼ 14 kpc west of the nu-

cleus. Given that the nebular gas is largely undisturbed,

with velocity dispersion below 100 km s−1, only a single

Gaussian component is required to fit the velocity dis-

tribution of the ionized gas. This smooth velocity map,

which lacks complex structures, is in a quiescent phase.

Figure 6 presents the VSF for the nebular gas in the

core of RXJ0820. The amplitude of the VSF increases

from below 30 km s−1 to 85 km s−1 over the scales span-

ning from 2 to 17 kpc. The VSF is linear with a slope

of ∼ 0.61 on scales of 2 - 8 kpc. The slope flattens pro-

gressively at larger scales around 9 kpc, which is close

to the size of X-ray bubble in RXJ0820, suggesting that

the central AGN activity may drive the motion of nebu-

lar gas. The log-normal distribution can adequately de-

scribe the |δv| distributions within the measured scales,

as shown by the red solid lines in the side panels of Fig-

ure 6. This suggests that the high |δv| tails, which are

likely due to projection effects on small scales, can be

mitigated by using a log-normal fit.

3.2.4. PKS 0745-191

The bottom right panel of Figure 1 displays the neb-

ular median velocity map of the core of PKS 0745. The

nebular gas shows an average redshift of ∼ 135 km s−1

relative to the systemic stellar velocity, ranging from

-75 km s−1 to +400 km s−1. PKS 0745 has the broad-

est emission lines among four central galaxies, indicative

of a highly disturbed environment with velocity disper-

sion up to 400 km s−1. As a result, the line profiles of

about 16% of the spaxels need to be modeled with two

Gaussian velocity components. The dynamics of each

gas component will be further discussed in Section 3.3.

The central galaxy of PKS 0745 contains a powerful ra-

dio source, emitting energy ten times higher than the

other targets (Pulido et al. 2018). The X-ray cavities,

with diameters ∼ 10 kpc and 17 kpc and located ap-

proximately 6 kpc and 20 kpc from the center along the

NW - SE axis, are asymmetrically positioned relative

to the nucleus (Sanders et al. 2014), closely following

the [OII] emission distribution, which spans 33 kpc in

RA and 30 kpc in DEC. The core of PKS 0745 con-

tains 4.9 × 109M⊙ of cold molecular gas, observed by

ALMA CO (3-2) emission line within 5 kpc of the nu-

cleus (Russell et al. 2016), as indicated by the central

black contours. It is mostly concentrated in the bright-

est nebular emission area and lies in filaments trailing

behind the X-ray cavities in the system.

Figure 7 illustrates the VSF of the nebular gas in

PKS 0745. Starting from the smallest measured scales

of 3 kpc to 8 kpc, the VSF rises linearly from around

60 km s−1 to a peak of approximately 95 km s−1 with

a slope of 0.50. The VSF displays a turnover at a scale

of ∼ 9 kpc, which is comparable to the size of the inner-

most cavity, which is 6 kpc southeast to the nucleus. It

then drops to a minimum of 85 km s−1 at ∼15 kpc before

rising again to over 120 km s−1 at the largest measured

scale of 24 kpc. The limited FOV restricts the measure-

ment of VSFs at larger scales. However, the complex

VSF characteristics observed in PKS 0745 may indicate

that the gas motions are driven by multiple cycles of

central AGN activities. In side panels, all four |δv| dis-
tributions exhibit left-skewed peaks with extended tails,

and are well modeled by log-normal profiles, similar to

those observed in RXJ0820 and Abell 1835.

3.3. VSF of the two velocity components in Abell 1835

and PKS 0745-191

Emission line velocity profiles reveal the gas kinemat-

ics. A single Gaussian component often inadequately

represents the line profile in the presence of multiple

kinematic components. Two Gaussian velocity com-

ponents were detected in Abell 1835 and PKS 0745

(Gingras et al. 2024), described in Section 2.2. The

first Gaussian component, representing the “core” of

the emission line, is typically narrower than the sec-

ond component, which often has a broad wing at the

base of the emission line. Multiple gas complexes along

the line of sight can contribute to the line broadening.

Turbulence introduces random motions resulting in a

broadened velocity distribution. Additional broadening

may arise from bulk motions associated with outflows,
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Figure 6. Middle: Similar to Figure 3, the middle panel displays the VSF for the nebular gas within the core of
RXJ0820.9+0752. Side panels: the distributions of |δv| within four separation bins.

Figure 7. Middle: Similar to Figure 3, the middle panel displays the VSF for the nebular gas within the core of PKS 0745-191.
Side panels: the distributions of |δv| within four separation bins.
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inflows, dynamical stirring, activities of supernovae and

AGN. To understand the kinematics of each component

in Abell 1835 and PKS 0745, we calculate the VSFs of

both velocity components of the ionized gas individually.

The left and middle panels of Figure 8 show the me-

dian velocity of the first and second Gaussian kinematic

components in the core of Abell 1835 (top row) and

PKS 0745 (bottom row), respectively. Only pixels with

both components detected at a significance of S / N > 3

are presented. The narrow component likely reflects the

more extensive outer, quiescent region of the nebula,

while the broad component, which is embedded within

the narrow component, is primarily associated with the

central region near the radio bubbles in Abell 1835 and

PKS 0745-191 (Gingras et al. 2024).

The second kinematic component exhibits a signifi-

cantly larger velocity variance across the field than the

quiescent first component. A velocity gradient is ob-

served in the velocity map of the second component

along the NW-SE axis of the X-ray cavities in Abell 1835

(Gingras et al. 2024). Additionally, highly redshifted gas

with velocities exceeding 500 km s−1 is detected to the

NW, E, and SE of the nucleus in the velocity map of the

second component for PKS 0745, following the positions

of X-ray cavities.

The right panels of Figure 8 show the VSFs for the

first and second Keck [OII] components in Abell 1835

and PKS 0745. The second component, indicated by

the red points, consistently shows higher VSF ampli-

tudes across all scales, while the VSFs of the first com-

ponent, represented by the green points, exhibit lower

amplitudes, reflecting its milder variance compared to

the second component. A summary of the VSF mea-

surements is provided in Table 4.

In Abell 1835, both velocity components exhibit ap-

proximately linear growth as the scale increases, with a

steeper progression observed at larger scales, approach-

ing a slope of 1/2. This steepening at larger scales may

be attributed to the gravitational acceleration of the gas,

as discussed in more detail in Section 4.1. Addition-

ally, the VSF of the second component begins to flatten

beyond the ∼ 23 kpc scale, which corresponds to the

distance of the X-ray bubbles from the center of Abell

1835. In A1853, the VSFs of [OII] emission obtained

using both components, as presented in Figure 3, also

exhibit a turnover at this scale. It suggests that the scale

of energy injection into the gas motions is closely linked

to the rising bubbles and the dynamics of the turbulent

component.

A similar pattern for both components is observed in

PKS 0745. The first component shows comparable lin-

ear growth with a slope of ∼0.2 at scales below 8 kpc,

followed by a steeper increase of ∼0.43. Meanwhile,

the VSF of the second component, represented by the

red points, exhibits a significantly higher amplitude. A

turnover is observed at the scale of 10 kpc, which is

close to the size of the secondary southeast X-ray cavity

in PKS 0745. A turnover is also observed at the same

scale in the VSFs of PKS0745, which uses a double-

component V50, as shown in Figure 7. This observation

further supports the idea that gas motions are induced

by AGN activity.

Overall, these findings suggest that the two different

Gaussian components trace two distinct kinematic com-

ponents with different origins. The second component

likely reflects the turbulent motion of gas driven by AGN

activity in the galaxy. Additionally, gravity likely also

has a significant influence on the motion of both com-

ponents.

3.4. Molecular Gas Distribution and Kinematics

Here we compare the kinematics of the nebular gas

to the cold molecular gas. Figure 2 shows the line of

sight velocity maps of the dominating component of CO

emission observed by ALMA in our samples. The CO

emission distribution is filamentary, clumpy, and asym-

metric. Most of the gas lies in extended filaments outside

of the nucleus surrounding or extending towards X-ray

cavities inflated by radio jets.

In PKS 0745, 4.6± 0.3× 109 M⊙ molecular gas is ob-

served in three filaments extending in the N, SW, and SE

directions (Russell et al. 2016). The N and SW molecu-

lar filaments extend up to 5.7 kpc and 3.6 kpc, respec-

tively, towards the X-ray cavities. Abell 1835 contains

5× 1010 M⊙ of molecular gas, detected by CO(3-2) and

CO(1-0) emission with ALMA (McNamara et al. 2006).

The molecular gas is concentrated around the central

galaxy and three filaments extending 35 kpc in RA and

∼25 kpc in DEC. Two filaments, projecting towards the

NW and SE X-ray cavities, appear to be part of a bipo-

lar outflow with a mass of around 1010 M⊙, which may

be driven outwards by the mechanical energy from the

buoyantly rising bubbles.

In contrast, the molecular clouds in RXJ0820 are dis-

placed northward 3 kpc from the nucleus, similar to

the nebular gas. The cold gas is concentrated into two

bright clumps. The brighter clump is approximately 3

kpc north of the BCG center, while the secondary clump

is 4.6 kpc west of the primary clump. The cavity is too

feeble to lift enough low-entropy gas to explain the ob-

served gas via simulated cooling. Instead, the sloshing
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Figure 8. Velocity maps and VSFs of the first Gaussian component and the second Gaussian component derived from KCWI
[OII] emissions in the core of Abell 1835 (top row) and PKS 0745 (bottom row). The maps include only spaxels where emission
lines can be accurately fitted by two kinematic components with a (S/N) ≥ 3. In the right panels, the VSFs for the 1st and
2nd components are represented by green and red points, respectively.

Table 4. The VSFs of two velocity components in Abell 1835 and PKS 0745-191

Target Component Scales Turnover Scale Scales for Fit Slope

(kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6)

Abell 1835 1st 4 - 30 – 4 - 17 / 17 - 30 0.35 / 0.53

2nd 4 - 30 23 4 - 23 0.53

PKS 0745-191 1st 3 - 15 – 3 - 8 / 8 - 15 0.19 / 0.43

2nd 3 - 15 10 3 - 10 0.21

Note—This table shows the VSFs for the first and second Gaussian components detected
by the [OII] emission in Abell 1835 and PKS 0745-191. The scales indicate the range
of spatial extents studied, the turnover scale where the VSF changes behavior, and the
range used for fitting the slopes of these functions.
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motions in the ICM, induced by the close passage of

a nearby galaxy, might contribute to the condensation

of the cold gas and its displacement (Vantyghem et al.

2019). Abell 262 is the only system here with a gaseous,

circumnuclear disk approximately 3 kpc across, whose

angular momentum axis lies approximately perpendicu-

lar to the radio jets and X-ray bubbles (Gingras et al.

2024).

To investigate the relationship between different gas

phases and their roles in AGN feedback, we calculate

the VSF of the cold gas observed by ALMA and com-

pare it with that of the warm ionized gas, as illustrated

in Figure 9. Here the median velocity of the Keck [OII]

emission is modeled using a single Gaussian component

for all four targets, including Abell 1835 and PKS 0745,

as the velocity of the molecular gas is similarly char-

acterized by a single dominant component. To ensure

accuracy, we focused only on central regions where both

CO and [OII] emissions are detected, as indicated by the

black dashed lines in Figure 1. The yellow points repre-

sent the VSF of warm nebular gas. Due to the compact

nature of the CO emission, the measurements are con-

fined to scales of approximately 10 kpc in all targets. A

measurement summary is provided in Table 5.

We examined and accounted for the systematic ef-

fects of telescope resolution, seeing, and smoothing ap-

plied during data processing to the comparison of VSFs

obtained from multiple instruments. Smoothing deter-

mines the low separation cut-off, the VSF slope, and am-

plitude. It decreases the velocity differences across the

field, leading to amplitude suppression, particularly at

scales below the smoothing kernel width, further steep-

ening the slope. The smoothing effect on VSF is detailed

in Appendix A.2.

The KCWI data has a lower spatial resolution than

ALMA. Its smallest spatial scale probed for VSF mea-

surement is determined by the seeing for each object.

The ALMA observations are smoothed by their synthe-

sized beam sizes during data reduction. For a direct and

meaningful comparison, we smoothed the ALMA maps

using box kernels to match their synthesized beam size

to the seeing of the KCWI observations. Due to the

asymmetry of the synthesized beam, we applied smooth-

ing based on the length of its major axis. The VSFs of

the smoothed CO emission are presented as the blue

points in Figure 9. The unsmoothed CO emission VSFs

are not shown, but the measurements are summarized

in Table 5.

The VSF of the ALMA CO (2-1) emission in Abell

262 ranges from 39 km s−1 at a scale of 0.2 kpc to 397

km s−1 at a scale of 2.6 kpc, with a slope of ∼ 0.97.

The smoothed ALMA VSF slope increases to ∼ 1.12,

as shown by the blue points in the upper right panel of

Figure 9, nearly aligning with the KCWI VSF of 1.21.

Despite slight differences observed at smaller scales, the

molecular gas VSF exhibits similar amplitudes to that

of the nebular gas, represented by the yellow points.

This consistency suggests that the warm and cold gas

phases are dynamically coupled in their rotation around

the nucleus.

The cold molecular and nebular gases in RXJ0820 also

exhibit a close coupling. The smoothed VSF of CO (1–0)

emission ranges from 33 kms−1 to 91 kms−1 at scales of

1.8 to 12.5 kpc, with a slope of ∼ 0.53. The KCWI [OII]

VSF within the CO emission region exhibits a slightly

steeper slope of 0.62 but with lower amplitudes, partic-

ularly at smaller scales. Nonetheless, both phases in-

crease similarly as scales increase and show no turnover.

Considering both cold molecular and nebular gas offset

from the cluster center, although mild differentiation be-

tween the two gas phases is seen, their kinematics, over-

all, are similar.

Compared to the quiescent gas in Abell 262 and

RXJ0820, the kinematics of the churned-up gas in Abell

1835 and PKS 0745 are more complex. The KCWI [OII]

emission VSF of Abell 1835 increases smoothly with a

slope of 0.85, while the smoothed molecular gas VSF

shows a turnover at scales of approximately 13 kpc,

which is close to the size of the X-ray cavity in Abell

1835. Due to the limited extent of the detected molec-

ular gas, the VSF cannot be measured at scales beyond

16 kpc. Consequently, the turnover at larger scales may

be influenced by the window effect, as discussed in Ap-

pendix A.1. The molecular and nebular gases are tightly

coupled on scales between 7 and 13 kpc. However, the

gas phases begin to differentiate more at smaller and

larger scales. The correlated kinematics at intermediate

scales may reflect similar morphologies along the bubble

axis where the outflow is observed (Gingras et al. 2024).

The velocity structure of the CO (3-2) line emission,

resolved into three main filaments that contain roughly

90 percent of the total molecular gas mass in the BCG of

PKS 0745, is used to compute the VSF of the cold phase

gas, and compared to the [OII] emission in the bot-

tom right panel of Figure 9. The VSF of the smoothed

ALMA CO emission, shown as the blue points, varies

from 52 km s−1 to 62 km s−1 at scales of 2.0 to 7.6 kpc,

which is lower than that measured in the other three

targets. This is consistent with the low-velocity dis-

persion of less than 150 km s−1, which is significantly

lower than the typical stellar velocity dispersion of such

a massive BCG. The [OII] emission VSF differs in am-

plitude from the molecular gas, and at some points has

opposite signs, indicating the two gas phases are moving
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separately. Due to the limited extent of CO emission,

we are unable to measure its VSF on the characteristic

scales of bubbles in this system.

The comparison between the first and second velocity

components of [OII] emission in Abell 1835 and PKS

0745 and the dominant component of molecular gas, as

shown in Figure 9, presents both intriguing insights and

challenges for interpretation. The first (green dashed

line) and second [OII] (red dashed line) components in

both systems exhibit slopes similar to those of the sin-

gle Gaussian VSFs but differ in amplitude by more than

a factor of two. Notably, these components appear to

be disconnected from the molecular gas, a phenomenon

that remains difficult to understand. A major factor

may be sensitivity, as nebular emission is more sensi-

tive to gas mass by two to three orders of magnitude.

Therefore, more sensitive ALMA observations would be

required to probe these components at the level of detail

provided by the [OII] observations.

In summary, the nebular and molecular gas VSFs for

Abell 262 and RXJ0820, apart from mild differentiation,

are broadly consistent indicating strongly coupled kine-

matics on all scales. However, the VSFs for PKS 0745

and Abell 1835, which are experiencing strong radio-

AGN feedback, are more complex. The gas is correlated

only at some scales in Abell 1835 but is differentiated at

all scales in PKS 0745.

3.5. Velocity Spectra of Hot ICM

We use existing Chandra X-ray observations to es-

timate the velocity spectra of hot ICM motion in our

targets. The X-ray emissivity in the soft energy band

(0.5 - 3.5 keV is used in this work) is weakly dependent

on temperature when the electron temperature exceeds

3 keV. Therefore, the SB fluctuations observed in X-ray

images reflect gas density fluctuations. First, the ‘un-

perturbed’ SB gradient is removed by dividing the raw

images by the best-fit spherically symmetric β-model.

Then, the rms of SB fluctuations at wavenumber k in

the residual images are calculated using the modified

∆-variance method (Arévalo et al. 2012), and are de-

projected to derive the scale-dependent amplitudes of

gas density fluctuations, A3D(k) (Churazov et al. 2012).

Using cosmological simulations of relaxed galaxy clus-

ters, Zhuravleva et al. (2014b) provide a theoretical ar-

gument and confirm the linear scaling relation between

the amplitudes of gas density fluctuations and velocity

fluctuations across a wide range of scales:

A3D(k) ≡ ∂ρk
ρ0

= η1
V1,k

cs
, (1)

where cs is the sound speed in the atmosphere, and

η1 ≈ 1±0.3 is the proportionality coefficient. The veloc-

ity spectra V1,k in this work are defined as velocity fluc-

tuation at scale l ≡ k−1, rather than the energy distri-

bution of velocity fluctuations obtained from the Fourier

transform of the velocity field. This method overcomes

the challenge of directly measuring gas velocity due to

the low spectral resolution of current X-ray observations.

The indirect velocity spectra measurements (Zhuravleva

et al. 2018) are consistent with the direct measurements

of line-of-sight velocity dispersion obtained by Hitomi

(Hitomi Collaboration et al. 2016) within the central 30

- 60 kpc of the Perseus cluster.

The projected areas where CO emission is detected

are too small for X-ray SB analysis, therefore, a di-

rect comparison to cold molecular gas is not included in

this work. The velocity amplitudes of hot atmosphere

motions are estimated within the KCWI [OII] emission

detected regions, marked as blue points in Figure 10.

The width of the blue regions reflects the 1σ statisti-

cal uncertainty. Due to the predominance of Poisson

noise at small scales, we only present measurements at

scales where the power of X-ray SB fluctuations is larger

than that of the Poisson noise. Deeper observations

are needed to accurately constrain gas perturbations on

smaller scales, allowing us to compare multi-phase gas

dynamics across a wider range of scales. Table 6 lists the

X-ray measurements in each cluster. Given the similar

rotational kinematics observed between the molecular

and nebular gas in the core of Abell 262, both exhibit

clear signs of ordered motion, which is beyond the limi-

tations of X-ray SB analysis. Therefore, we focused the

analysis on the other three targets, excluding Abell 262.

The right panel of Figure 10 shows the one-component

velocities of hot gas motions observed within the [OII]

emission-detected area in the core of Abell 1835, rang-

ing from 71 km s−1 at 18 kpc scale to 92 km s−1 at a 35

kpc scale. Although the energy injection scale cannot

be constrained from the SB fluctuation analysis, the ve-

locity spectrum and VSF of [OII] emission show consis-

tency around the [OII] VSF turnover scales of ∼ 20 kpc,

close to the bubble size in this system. Combined with

the cold gas distribution along the cavity axis, it sug-

gests that the nebular filaments likely condensed from

the turbulent hot ICM due to thermal instability, trig-

gered by the inflation of X-ray bubbles related to central

AGN activities in Abell 1835.

The velocity spectrum of RXJ0820 ranges between 68

km s−1 at a 17 kpc scale and 192 km s−1 at a 40 kpc

scale, shown in the middle panel of Figure 10. The FOV

of [OII] emission observations limits direct comparison

between the VSF of the nebular gas and the X-ray ve-
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Figure 9. Comparison of the VSFs of cold molecular gas and warm ionized gas in our sample clusters, traced by ALMA CO
emission and Keck [OII] line emission, respectively. The VSFs of the single component v50 (yellow points), the 1st (green dashed
line) and the 2nd (red dashed line) velocity component from the Keck observations are computed within the regions covered by
ALMA CO emission. For each cluster, the ALMA velocity map is smoothed with a box kernel to match the ALMA observation
beam size with the KCWI seeing, and the smoothed CO emission VSF is shown as blue points. Only scales exceeding the ALMA
observation beam size and KCWI seeing limits, and having a sufficient number of pixel pairs for reliable VSF calculation, are
displayed here. Reference lines with slopes of 1/1, and 1/2 are also included.

locity spectrum at large scales. Nevertheless, at the 17

kpc scale, where overlap occurs, the VSF amplitude of

the nebular gas and the derived velocity of hot atmo-

spheric motion are both measured at approximately 80

km s−1, indicating their potential coupling. Given that

the motion of cold filaments is also closely coupled with

that of the nebular gas, there are two possible scenarios

in which the filaments could share similar turbulent mo-

tions with the hot ICM: (1) the filaments form from the

hot atmospheres, allowing them to retain the turbulent

characteristics of the hot gas, or (2) the filaments, even

though formed independently, evolve to be co-moving

with the hot gas over time.

In the right panel of Figure 10, the hot atmosphere in

PKS 0745 exhibits a velocity spectrum ranging between

107 km s−1 and 151 km s−1 at scales of 8 kpc to 30

kpc. The VSF of the nebular emission is lower than

that of the hot ICM, and the turnover at the scale of 9

kpc seen in the ionized gas is not observed in the X-ray

measurements.

The slope of the velocity spectra may be affected by

the ∆-variance method used in the X-ray surface bright-

ness analysis. Furthermore, the considerable uncertain-

ties presented in Figure 10 correspond to a broad spec-

trum of slopes, preventing us from confirming or rul-

ing out Kolmogorov turbulence. Simulations including
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Table 5. Comparison between the VSFs of cold molecular gas and warm ionized gas

Target CO emission Smoothed CO emission [OII] emission

Scales |δv| Scale for fit Slope Scales |δv| Scale for fit Slope Scales |δv| Scale for fit Slope

(kpc) (km s−1) (kpc) (kpc) (km s−1) (kpc) (kpc) (km s−1) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

Abell 1835 1.4 - 15.8 36 - 77 6.8 - 11.6 0.83 3.3 - 15.8 48 - 72 6.8 - 11.6 0.92 3.3 - 15.6 28 - 97 3.3 - 15.6 0.85

Abell 262 0.2 - 2.6 39 - 397 0.2 - 2.6 0.97 0.4 - 2.6 55 - 391 0.4 - 2.6 1.12 0.4 - 2.8 40 - 452 0.4 - 2.8 1.21

RXJ0820.9+0752 0.5 - 12.5 21 - 98 0.5 - 12.5 0.48 1.8 - 12.5 33 - 91 1.8 - 12.5 0.53 1.8 - 12.3 25 - 90 1.8 - 12.3 0.62

PKS 0745-191 0.6 - 7.6 48 - 71 / / 2.0 - 7.6 52 - 63 / / 2.4 - 7.3 30 - 43 4.2 - 6.8 0.43

Note—Columns: (1). Target. (2) - (5). VSFs of CO emission: scales can be measured, measured VSF, scales for slope fitting, best-fit slope. (6)-(9). VSFs of
smoothed CO emission. (10) - (13). VSFs of [OII] emission in CO emission detected region.

Table 6. Velocity Spectra of Hot ICM

Target T Scales Vturb

(keV) (kpc) (km s−1)

(1) (2) (3) (4)

Abell 1835 2.7 16 − 35 71 − 92

RXJ0820.9+0752 1.3 17 − 40 68 − 192

PKS 0745-191 2.6 8 − 30 107 − 151

Note—Velocity spectra of gas motions derived from
Chandra X-ray SB fluctuations analysis: (1).
Cluster name, (2). Mean temperature in the
region of interest, (3). Spatial scales least affected
by Poisson noise, (4). Mean velocity amplitudes
of gas motions.

magnetic stresses in Fournier et al. (2025) found no sig-

nificant correlation between the behavior of the hot and

cold phases of model cool-core atmospheres. The VSF

power-law index of the cold phase varies while the hot

phase is more stable. The VSF amplitudes and indices

vary significantly depending on viewing angle and atmo-

spheric conditions, suggesting that these effects must be

carefully considered when interpreting observed VSFs.

In summary, in Abell 1835, RXJ0820, and PKS 0745,

the velocity amplitudes of gas motion in the hot atmo-

spheres determined by X-ray SB analysis range from

100 km s−1 to 200 km s−1, aligning with the expected

turbulent velocities of the ICM. The cold and hot gas

in Abell 1835 and RXJ0820, exhibit consistent kinemat-

ics at large scales, indicating a potential relationship in

their formation and evolution. It suggests that the in-

teraction and co-evolution of different gas phases play a

significant role in the dynamics of galaxy cluster cores.

4. DISCUSSION

4.1. The VSF slope and steepening at small scales

The VSFs of gas in all phases in Abell 262 exhibit

clear characteristics of ordered motion, with a slope of

∼ 1, consistent with disk rotation. Therefore, our dis-

cussion focuses on the VSFs in the other three filament-

dominated objects. In these clusters, the VSFs are

steeper than the 1/3 slope of classic Kolmogorov turbu-

lence in an incompressible fluid. We do not necessarily

expect the VSF slopes of the warm and cold gas phases

to follow the ideal Kolmogorov slope, which serves as a

reference for comparison.

The VSFs of filamentary nebular structures with

slopes ≥ 1/2 are reported in the centers of Perseus,

A2579, and Virgo (Li et al. 2020). The VSFs of mul-

tiphase filaments in the centers of 10 galaxy clusters

have been measured, and in all systems, the slopes are

found to be steeper than those expected by classical

Kolmogorov theory (Ganguly et al. 2023). Supersonic

turbulence, which has a characteristic slope of 1/2 has

been seen in simulations of of galaxy clusters and AGN

feedback, indicating that cold gas may fragment out

of a supersonic outflow driven by AGN jets or winds,

forming the extended filamentary nebulae (Qiu et al.

2020). These supersonic turbulent structures can be-

come ‘frozen’ in the cold gas and flatten rapidly over

a short timescale of approximately 10 Myr (Hu et al.

2022). Our observations reveal nebular and molecu-

lar gas speeds significantly below the hot atmospheres’

sound speeds.

For warm ionized gas at a temperature of ∼ 104 K, the

sound speed is ∼ 10 km s−1; thus, the VSF amplitudes

measured are highly supersonic. However, the velocities

we have observed pertain to external gas motions, and

the filaments themselves do not inherently exhibit super-

sonic characteristics. Thus, it is still uncertain whether

the steep VSF can be directly linked to the supersonic

nature of the originating outflows.
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Figure 10. Comparison between the VSFs of warm ionized gas traced by Keck [OII] line emission and the Chandra X-ray
surface brightness fluctuation analysis in the cool cores of Abell 1835, RXJ0820.9+0752, PKS 0745-191. The VSFs of warm
ionized gas are presented as the red points. Only scales exceeding the seeing limits, and with a sufficient number of pixel pairs
for reliable VSF calculation, are displayed here. The power spectra of hot ICM motion are computed within the regions covered
by KCWI [OII] emission and are depicted by the blue points. The hatched regions reflect 1σ uncertainty. Only scales least
affected by systematic uncertainties and Poisson noise are shown. The X-ray results are summarized in Table 6

Despite excluding measurements significantly affected

by the smoothing effect, amplitude suppression persists

across all ranges, not just contributing to the VSF steep-

ening at smaller scales (as detailed in Appendix A.2).

Other factors may also play a role.

Gravity will steepen the VSF. We investigated the in-

fluence of gravity following the methodology of Wang

et al. (2021): test particles with identical initial ve-

locities fall from the same height, overshoot the center

while decelerating outward and oscillate. We sample the

particles over different time intervals and find that the

VSF slopes are sensitive to the time interval sampled,

with the slope approaching a maximum of ∼ 1 during

the phase before the particles return toward the center.

Over a longer trajectory, which includes several oscilla-

tion periods, the VSF of gravity-dominated motion flat-

tens over time. However, it does not consistently con-

verge to 1/2 or 1/3, as suggested by Wang et al. (2021),

but rather approaches zero.

If the cold filaments condense out of the hot atmo-

sphere, they may retain the memory of the initial con-

ditions of the hot gas and fall toward the center under

gravity. However, they may not overshoot the center via

ballistic motion and continue oscillating around it. The

infalling filaments may collide with pre-existing cold gas

clouds, leading to a reduction in their velocity or their

disruption before reaching the center. The freefall of

cold gas can also be slowed by magnetic stresses, or ve-

locity kicks due to bulk motion. Therefore, during the

infall process, the VSF slope of the cold-phase gas is

likely to remain close to 1 or below. The steep slope

due to gravity is more pronounced on larger scales be-

cause the velocity differences accumulate over greater

displacements. This phenomenon may explain the de-

creasing differences in the VSFs of cold molecular gas

and warm ionized gas at large scales, as observed in

Figure 9.

Magnetic fields can stabilize gas motion by suppress-

ing the growth of hydrodynamic instabilities through

a mechanism known as ‘magnetic draping’. This stabi-

lization can steepen the VSF of turbulence generated by

AGN-driven bubbles, as the energy cascade to smaller

scales is hindered. Additionally, magnetic fields intro-

duce anisotropy into the velocity field, with more sig-

nificant suppression along the field lines (Bambic et al.

2018). Mohapatra et al. (2022) used simulations of ho-

mogeneous isotropic subsonic turbulence to study the

VSF of multiphase gas. They found that in the hot

phase, the gas remains more isotropic and is less con-

strained by magnetic tension forces. However, in the

cold phase, magnetic pressure dominates, leading to a

much steeper VSF, especially at smaller scales.

Some quasars exhibit Kolmogorov or shallower slopes.

Chen et al. (2023) found that among the four quasi-

stellar object (QSO) nebulae studied, only TXS0206-

048’s VSF follows the Kolmogorov slope, while the oth-

ers are shallower. The flatter VSFs may indicate mul-

tiple energy injection scales (ZuHone et al. 2016) in-

cluding AGN, mergers, magnetic field stresses (Wang

et al. 2021), or geometrical projection (see below in Sec-

tion 4.2). The conclusive interpretation is unclear, but

the agents governing the VSF of the quasars in (Chen

et al. 2023) differ from the central galaxies studied here.

4.2. Projection Effects

After accounting for smoothing, the VSFs of nebular

emission and molecular gas are broadly similar in the
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cores of Abell 262 and RXJ0820, indicating the cou-

pling of gas kinematics. However, the VSFs of [OII]

emission, shown as yellow points in Figure 9, are con-

sistently smaller and steeper than those derived from

ALMA CO emission, shown as blue points, across all

four targets, particularly at smaller scales. Projection is

likely responsible for these scale-dependent differences.

Although the VSFs of gas in both phases are computed

within the same projected region near the cluster center,

the measured VSFs are influenced by the depth of the

cloud along the line of sight L. At a given scale l < L,

the VSF is expected to be steepened, and the intrinsic

slope generally recovers at larger scales l > L (O’Dell

& Castaneda 1987; Xu 2020). This effect is similar to

the smoothing effect discussed in AppendixA.2 and is

usually termed ‘projection smoothing’. The nebular gas

envelops the cold molecular gas, thus having a larger

depth and being more significantly affected by projec-

tion smoothing. It is consistent with the relatively large

amplitude differences at small scales and the observed

steepening of the KCWI VSF below the scale of ∼6 kpc

in RXJ0820.

The clearest example of a projection bias is seen in

Abell 262, as shown in Figure 5. There the brightest

[OII] emission has the highest velocity amplitude and

is thus closer to the nucleus where the gas density is

highest. The lower speeds of the fainter emission along

any line of sight indicate emission further from the center

where the gas density is lower.

The kinematics in Abell 1835 and PKS0745 are dis-

tinct from Abell 262. The large velocity differences ob-

served at small scales cannot be fully explained by pro-

jection effects alone, indicating that the distinctions be-

tween the nebular and molecular gas are real. Feedback

acting on gases with significant variations in tempera-

ture, density, and volume filling factor may play a con-

tributing role.

Zhang et al. (2022) found that projection in compact

emission sources flattens the VSF rather than steepens

it. The velocity difference distribution plots reveal the

presence of high |δv| tails, even at small scales. These

pixel pairs may correspond to two physically distant

points that appear close in projection, potentially lead-

ing to an overestimation of the VSF amplitude at small

scales and thereby flattening the slope.

Both types of projection effects may occur simultane-

ously, but the resulting net effect depends on the dis-

tribution of clouds and the kinematics of their gas. We

cannot recover the intrinsic slope by correcting for pro-

jection effects because we lack specific knowledge about

these properties. In this study, we merely propose po-

tential explanations for the discrepancies observed in the

VSFs of [OII] and CO emissions across different scales,

presented in Figure 9.

5. CONCLUSIONS

The VSFs of [OII] emission are compared to cold

molecular gas probed by CO emission along common

lines of sight in four systems. In addition, the veloc-

ity spectra of the surrounding hot atmospheres are es-

timated from surface brightness fluctuations observed

with the Chandra X-ray observatory. These compara-

tive analyses enable us to explore correlations between

gas phases from temperatures ranging between 30 K and

107 K. Several technical issues that can bias the inter-

pretation of the VSF analyses are explored. The main

conclusions are as follows:

• The VSF of KCWI [OII] emission shows that the

nebular gas is disturbed in three of four clusters.

Abell 262 is the exception, where the gas is rotat-

ing about the nucleus.

• The cold molecular gas, traced by ALMA CO

emission, is spatially aligned with [OII] emission

in each central galaxy. A comparison of the VSFs

in RXJ0820 and Abell 262, where the gas is either

in rotation or relatively quiescent, shows similar

motions across all scales, but with minor differ-

ences. These similarities in motion may indicate

common dynamics and perhaps a similar origin of

formation.

• In Abell 1835, the VSFs of cold and warm gas

differentiate at small scales, while in PKS 0745,

they differentiate across all scales. The differenti-

ation may occur during interactions between the

cold and warm media and the radio jets and X-ray

bubbles.

• In Abell 262, the VSF slopes of the [OII] emis-

sion and CO emission of ∼ 1, consistent with or-

dered motion in a ring or disk. In contrast, the

VSFs in the remaining three systems are steeper

than the classical Kolmogorov turbulence slope of

1/3. The steepening may be caused by a variety of

factors including magnetic stresses and gravity, as

well as potential artifacts introduced by window-

ing, smoothing, and projection effects.

• The scale-dependent amplitudes of hot atmo-

spheric velocities are derived indirectly from the

surface brightness fluctuations using Chandra X-

ray observations within the KCWI [OII] emis-

sion regions. The velocity amplitudes are 100 −
200 km s−1, comparable to direct Hitomi measure-

ments of ICM velocity dispersion in the Perseus
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cluster. Due to Poisson noise, measurements can-

not be made on scales accessible by KCWI data.

However, we find a consistent and similar trend

in amplitude at large spatial scales in Abell 1835

and RXJ0820, suggesting that the cold phase gas

condensed from the hot atmospheres.

• Using simulations of Gaussian random fields with

known underlying power spectra, we explore the

impact of a restricted field of view on VSF mea-

surements. We find that when the spatial scale

measured exceeds half the width of the observa-

tion area, the declining number of pixel pairs can

distort the shape of the VSFs, potentially intro-

ducing unphysical features. Therefore, character-

istics appearing on large scales in VSFs should be

interpreted with caution. Given the observational

constraints of KCWI and ALMA, we are unable to

precisely constrain an energy injection scale lead-

ing to turbulence. However, a careful examination

reveals that the turnovers in the KCWI [OII] emis-

sion VSFs in Abell 1835, RXJ0820, and PKS 0745

correspond closely with the characteristic scales of

X-ray cavities present in the system. This suggests

that AGN activity may drive the gas motion in the

core and could play a significant role in energy in-

jection and transfer.

• The VSFs comparisons between data taken with

different instruments must account for differences

in spatial and spectral resolution. We find that

coarse spatial resolution and smoothing of the data

tend to suppress the VSF amplitude, particularly

at spatial scales smaller than the PSF and/or the

smoothing kernel, which in turn leads to VSF

steepening.
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APPENDIX

A. STATISTICAL UNCERTAINTY IN VELOCITY

STRUCTURE FUNCTION ANALYSIS

A.1. Window effect on the VSF

The smallest measurable scale in our analysis is con-

strained by the observational PSF, while the largest

scale is limited by the FOV of the data. As the sep-

aration increases, the number of pixel pairs decreases,

thereby reducing the statistical reliability of the VSF

and leading to distortion at larger scales. To mitigate

these statistical uncertainties, we include only measure-

ments at scales where bins exceed 20% of peak values

(with a minimum of 2000 pixel pairs for KCWI [OII]

VSFs). Additionally, any finite-sized dataset has a ‘win-

dow function’ due to its boundaries, which can distort

the true VSF shape. The scales at which VSFs ex-

hibit turnovers or changes in slope are indicative of the

underlying drivers of motion. This is particularly evi-

dent when these turnovers correspond to distinct phys-

ical features, such as the sizes of X-ray cavities within

the system, suggesting a direct relationship between gas

motions and AGN feedback mechanisms. However, if

the VSF turnover scale approaches the image extent, it

raises questions about their realiability. To determine

whether these features represent true physical phenom-

ena or artifacts, we used simulated Gaussian random

fields to explore the influence of the dataset’s limited

size on the VSF.

The blue line depicts the VSF derived from the en-

tire map, while the orange and green lines represent the

VSF for the 50-pixel and 100-pixel boxes, respectively.

A grey dash-dotted reference line with a slope of 1/2

indicates the expected VSF slope underlying the Gaus-

sian random field shown above. At smaller scales, the

VSFs across all areas closely follow the 1/2 power-law

behavior, confirming the VSF analysis’s ability to ac-

curately recover the underlying two-point distribution.

However, turnovers and deviations from the 1/2 slope

are observed at larger scales near the half-widths of the
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Figure 11. Window effect on VSFs. The top panels present a Gaussian random field with a power spectrum of α = 1/2, with
dimensions of 150× 150 pixels. The boxes shown on the plot indicate the sub-regions used to examine the effects of finite size.
The orange box has a width of 50 pixels, while the green box has a width of 100 pixels. The VSFs calculated from the simulated
map and the sub-regions are displayed in the bottom panels. The blue line represents the VSF calculated from the entire image.
The VSFs of the inner 50-pixel box, 100-pixel box are indicated by the orange and green lines, respectively. The three vertical
lines indicate the half-width of the corresponding windows used for analysis. The grey dash-dotted line represents the expected
VSF slope of 1/2 for reference.

analysis window, marked by the dashed vertical lines in

their respective colors. These distortions, observed in

all 50 realizations, result from the finite size of the re-

gions from which the VSF is calculated. We conclude

that the decrease in pair numbers at larger separations,

along with window effects, causes changes in VSF slope

and distortions in VSF shape. Therefore, the features in

measured VSFs are considered reliable only up to scales

no larger than half the image extent.

A.2. Image smoothing effect on VSF

We compare the VSF computed from ALMA and

KCWI observations to study the coupling between the

motion of warm and cold gas, as seen in Figure 9.

The higher spatial resolution of CO ALMA observations

allows the VSF measurements at smaller scales than

[OII] emission detected by KCWI. The PSF and image

smoothing during data reduction introduce correlations

between adjacent pixels, that thus affect velocity differ-

ence measurements, and change the shape and slope of

the VSFs.

To examine the smoothing effect on the VSF mea-

surement, we generated multiple 50×50 pixel simulated

Gaussian random fields with a power-law power spec-

trum characterized by an underlying power of 1/2. One

realization is depicted in the top row of Figure 12. The

left panel shows the original, unsmoothed image, while

the middle and right panels display the image smoothed

by Gaussian kernel of σ = 5 pixel width and σ = 15

pixel width, respectively. From left to right, the pro-

gressive blurring of delicate structures and the apparent

reduction in image fluctuations are evident.

The VSFs, computed from the simulated fields

smoothed at different levels, are presented in the left

panel of the bottom row in Figure. 12. The VSF of the

unsmoothed image (shown as the red line) maintains

a slope of approximately 1/2 up to scales of ∼20 pixel.

For the VSFs of smoothed images, as represented by the

green and blue lines, we observe an amplitude suppres-

sion relative to the true VSF. The amplitude suppres-

sion is consistent with the reduced fluctuations due to

smoothing, which decreases the differences between pix-

els. This impact is dependent on the scales measured

and the kernel width. The amplitudes are more heav-

ily suppressed at small scales comparable to or less than

the kernel width, leading to a slope steepening, and con-

verging at larger scales. The steepest slope observed in

the VSF of the image smoothed by a 15-pixel width ker-

nel (blue line), resulting from the heaviest suppression

of the smoothing effect at small scales.

The scale-dependent impact is clearly presented by

the VSF ratio of the smoothed to the unsmoothed im-
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ages, as shown in the right panel of the bottom row in

Figure 12. The green line illustrates the mean ratio

of 50 VSFs obtained from the unsmoothed images to

those from images blurred by a 5-pixel width Gaussian

kernel, while the blue line represents the ratio for im-

ages blurred by a 15-pixel width Gaussian kernel. The

vertical dashed lines indicate the widths of the kernels.

The amplitudes are reduced more significantly at scales

below the kernel widths, with ratios becoming almost

constant at larger scales and approaching 1 as they near

the largest pixel separation detectable. The range of

scales impacted broadens as the kernel width increases.

This test not only highlights the impact of image

smoothing during data reduction but also emphasizes

the influence of the instrumental PSF. Notably, the ob-

served VSF provides only an upper limit on the intrinsic

slope. As the spatial resolution of telescopes improves,

we can get closer to the intrinsic slope. However, even

though the measurements on scales below which pixels

are strongly correlated are excluded, the resulting distor-

tions still leak to larger scales and cannot be thoroughly

avoided. Moreover, the smoothing effect must be consid-

ered when comparing the VSFs obtained from different

telescopes. To ensure accurate and effective comparison,

we applied a box kernel to smooth the ALMA observa-

tions, making their beam size match the seeing limits of

the KCWI data in Section 3.4.
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Figure 12. Smoothing effect on VSFs: Top: A Gaussian field with a power spectrum characterized by an underlying power of
1/2. To investigate the effect of image smoothing on VSF, the original image (left) is subjected to Gaussian kernel smoothing
with a kernel size of 5 pixels (middle) and a kernel size of 15 pixels (right). Bottom left: The corresponding VSFs are calculated
from simulated Gaussian fields. The red curve represents the unsmoothed image, displaying a slope close to 1/2. The green
and blue curves correspond to images smoothed with Gaussian kernels of 5-pixel and 15-pixel widths, respectively, revealing
a progressive amplitude suppression, particularly on smaller scales. Bottom right: Exploring the impact of various smoothing
levels on resulting VSFs. The green line and blue line illustrate the mean ratio of 50 VSFs of the unsmoothed images to those of
the images blurred by a 5-pixel width Gaussian kernel and to those of the images blurred by a 15-pixel width Gaussian kernel,
respectively.
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