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ABSTRACT

The generation mechanism of compressible fluid turbulence at kiloparsec scales in the interstellar medium is a long-lasting
puzzle. In this work, we explore the nature of large-scale turbulence in the external spiral galaxy NGC 6946. We use the visibility
moment estimator to measure the HI column density and line-of-sight turbulent velocity power spectra combining the new
observations of A array configuration of Karl G. Jansky Very Large Array (VLA) with the VLA B, C, D array observations
from The H1 Nearby Galaxy Survey. The estimated power spectra are obeying a power law with a slope of —0.96 £ 0.05 in
column density and —1.81 £ 0.07 in line-of-sight velocity in length-scales ranging from 6 kpc to 170 pc. This points towards a
forward energy cascade in the plane of the disc with a driving scale at least as large as 6 kpc. The values of the power-law indices
indicate a combination of solenoidal and compressive force responsible for driving the measured turbulence. The presence of
strong regular magnetic fields from the magnetic spiral arms in the galaxy is possibly contributing to the solenoidal part, while
self-gravity or gravitational instability can mostly be the input for the compressive part of the forcing in the driving mechanism.
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1 INTRODUCTION

Compressible turbulence in the interstellar medium (ISM) plays
an important role in governing galactic morphology, dynamics,
and chemistry. Compressibility in the turbulent ISM results in the
hierarchical formation of scale-invariant structures through which
energy cascades in a forward manner from large scales (i.e. few tens
of kiloparsec) to smaller scales where star formation is dominant
(von Weizsidcker 1951). Through different statistical estimators
like probability density function, structure-function, autocorrelation,
power spectrum, delta-variance etc., turbulent-generated coherent
structures are probed in our Milky Way galaxy at few parsec scales
(Crovisier & Dickey 1983; Crovisier, Dickey & Kazes 1985; Green
1993; Deshpande, Dwarakanath & Goss 2000; Dickey et al. 2001;
Miville-Deschénes et al. 2003, 2010, 2016; Kauffmann et al. 2010;
Roy et al. 2010, 2012; Pingel et al. 2013, 2018; Chepurnov et al.
2015; Marchal & Miville-Deschénes 2021) and in some neighbours
like Large Magellanic Clouds (LMCs), Small Magellanic Clouds
(SMCs), and other external galaxies at few kpc scales (Stanimirovic
et al. 1999; Elmegreen, Kim & Staveley-Smith 2001; Begum,
Chengalur & Bhardwaj 2006; Dutta et al. 2008, 2009b; Zhang,
Hunter & Elmegreen 2012; Maier et al. 2017; Dib et al. 2021; Pingel
etal. 2022 ). The power spectrum of density and velocity fluctuations
coming from the scale-invariant structures obeys a power law in the
length-scale region where the energy cascade happens. The possible
driving mechanism behind the generation of compressible turbulence
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in the ISM can be inferred from the power-law indices. For instance,
Chepurnov et al. (2010) estimated the velocity statistic of atomic
hydrogen emission from Milky Way at high latitudes and interpreted
the obtained steep velocity power law at ~100 pc scales as being
due to the shock-dominated turbulence. More similar studies using
multiwavelength observations in Milky Way have been conducted
and their results along with various simulations suggest that stellar
feedback is the possible driver of turbulence at sub-parsec scales
(Norman & Ferrara 1996; de Avillez & Breitschwerdt 2004; Mac
Low & Klessen 2004; Joung & Mac Low 2006; Hill et al. 2008;
Brunt, Heyer & Mac Low 2009; Falceta-Gongalves, Lazarian &
Houde 2010; Ruiz et al. 2013). However, at the larger scales of the
order of of kiloparsec, the scenario is different and is still not clearly
understood.

Power-spectrum estimation of atomic hydrogen (HI) intensity
fluctuations of numerous spiral and dwarf galaxies by Dutta et al.
(2013) and Dutta et al. (2009b) shows power-law behaviour at scales
ranging from 1 to 10 kpc. The power-law power spectrum obtained
in their sample indicates the presence of scale-invariant structures
in the ISM, which is attributed to the two-dimensional compressible
turbulence. Commonly from the H1I intensity distributions, power
spectra of column density and line-of-sight turbulent velocity can
be estimated, where the latter has information about the driving
mechanism of turbulence. Methods like velocity centroids, velocity
channel analysis (VCA), and velocity coordinate spectrum (VCS)
have been used in literature widely for estimating velocity power
spectrum in our Galaxy and dwarf neighbours like SMC and LMC
(Lazarian & Pogosyan 2000, 2006; Padoan et al. 2001; Esquivel &
Lazarian 2005). However, Dutta (2015) showed that these techniques
are not efficient in estimating the velocity power spectrum in
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external spiral galaxies. Dutta (2016) introduced a method which
estimates HI column density and line-of-sight turbulent velocity
power spectrum using moments of visibility. Nandakumar & Dutta
(2020) implemented a variant of the former, named Visibility
Moment power spectrum Estimator (VME), in external spiral galaxy
NGC 5236. They measured large-scale turbulence cascades starting
from a driving scale of 6 kpc to 300 pc and concluded that it is
possibly driven by gravitational instability or self-gravity. Dib &
Burkert (2005) showed through autocorrelation length estimation the
presence of turbulence cascade with input energy injected at a scale
of 6 kpc in dwarf irregular galaxy Holmberg II. Through theoretical
modelling, Krumholz & Burkhart (2016) investigated the correlation
between star formation rate, gas dispersion, and gas fraction in galaxy
models where gravity-driven and feedback-driven turbulence is
separately considered. Compared with the observational results on a
collection of galaxies, they show that predicted correlations from the
gravity-driven model is more agreeing with the observation. In later
advanced modelling of disc galaxies, Krumholz et al. (2018) show
that for gas-rich high-redshift galaxies, gravity-driven turbulence is
required to provide the observed gas dispersion, while in low-redshift
galaxies, both feedback and gravity give similar dispersion. In a
hydrodynamic simulation of LMC-sized galaxies, Bournaud et al.
(2010) show that large-scale turbulence is regulated by gravitational
instabilities. Recently Fensch et al. (2023) studied the evolution
of gravity-driven isothermal turbulent cascade in disc galaxies and
showed that velocity fluctuations obey Burger’s scaling. The slope
of the velocity power spectrum in their analysis agrees with the
estimations of Nandakumar & Dutta (2020) in NGC 5236 within 2 o
uncertainties.

In this paper, we use the VME estimator to measure HI column
density and line-of-sight turbulent velocity power spectrum of spiral
galaxy NGC 6946. We also compare the earlier results with NGC
5236 and try to make connections between them. NGC 6946 is
a bright late-type spiral galaxy. The atomic hydrogen distribution
and rotation curve of this galaxy was initially measured by Gordon,
Remage & Roberts (1968) using H1I observations from a 300 ft
radio telescope in National Radio Astronomy Observatory. Later,
Tacconi & Young (1986), with the HI observation using Karl G.
Jansky Very Large Array (VLA) telescope in the D configuration,
detected H1 emission in the disc that extends upto a radius of
~30 kpc. Beck & Hoernes (1996) detected two symmetric bright
magnetic spiral arms between the optical spiral arms in NGC 6946
using radio polarization observation. NGC 6946 has well-defined
spiral structures and is found to have HT structures like holes and
high-velocity gas (Kamphuis & Sancisi 1993; Boomsma et al. 2008).
Recently, Khademi & Nasiri (2023) showed that the observed H1
gas rotation curve of NGC 6946 is fitted better with a model where
the dynamical effect caused by the magnetic fields in the magnetic
arms is also taken into account. Dutta et al. (2009b) measured the
HT intensity fluctuation power spectrum of NGC 6946 using The
H1 Nearby Galaxy Survey (THINGS) data. The measured power
spectrum has power-law indices of —1.6 £ 0.1 in the range 4 kpc
to 300 pc. We present the results of our estimation of HI column
density and line-of-sight turbulent velocity power spectrum using
VME in NGC 6946. We use the combination of the VLA B, C, and
D configuration data from the THINGS survey and new observations
taken from the VLA A array configuration in our analysis. The
paper is organized as follows: Section 2 discusses the brief overview
of the VME estimator, Section 3 describes the observation and
further data reduction procedure of NGC 6946. The results of the
implementation of VME on calibrated data are presented in Section
4 and inferences on the possible driving mechanism behind the
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turbulence are discussed in Section 5. We conclude the paper in
Section 6 where we present our main findings of this work.

2 BRIEF OVERVIEW ON VISIBILITY MOMENT
POWER SPECTRUM ESTIMATOR

Characteristics of a turbulent ISM are imprinted in the two-point
correlation functions of its density and velocity fluctuations. These
can be probed through observation of H121 cm emission using radio
interferometers. During the H1 21 cm observations, a radio interfer-
ometer measures the visibility function V(U , V) at the baseline U in
the observing frequency v. The baseline is defined as the projected
distance between antenna pairs in units of observed wavelengths. For
a considerably small portion of the sky, these measured visibilities
can be approximated as the Fourier transform of the specific intensity
1(5, v) of HI emission coming from any point 0 = (0%, 0y) in the
sky (Thompson, Moran & Swenson 2017). Here, 6, and 6, are the
Cartesian coordinates in the small patch of the observed sky with
the origin at the centre of the field of view of observation. The
visibilities are measured only at discrete points sampled by antenna
pairs. Since for most of the radio interferometers, the visibilities
are not sampled uniformly and regularly in the baseline plane, the
observed visibilities provide rather incomplete information about
the sky in its Fourier plane. Deconvolution of the sampling pattern
is used to generate a specific intensity distribution model of the sky
from measured visibilities; however, incomplete baseline coverage
of an interferometer makes the deconvolution not an effective tool
for estimates of two-point correlations (Dutta & Nandakumar 2019).
The two-point correlations can be estimated unbiasedly from the
observed visibilities using visibility moment estimator (VME) as
follows.

The VME estimates the power spectrum of the H column density
and line-of-sight turbulent velocity of external spiral galaxies using
the moments of visibility. Dutta et al. (2009b) estimate the power
spectrum of HI intensity fluctuations using visibility correlation
estimator and later Dutta & Nandakumar (2019) study the advan-
tage of using this estimator in obtaining unbiased power-spectrum
measurement. The VME also uses this method of correlating mea-
surement at the visibility domain for estimating the power spectrum.
In a typical interferometric observation though it is expected that
visibility correlations are affected by antenna beam pattern, from
previous demonstrations of visibility correlation estimator, it is
shown that for a galaxy having angular extent of 6, these effects can
be mitigated at baselines larger than 1/0y (Bharadwaj & Sethi 2001;
Dutta et al. 2009b). A detailed description of how this is taken care
of in VME and their validity tests can be found in Dutta (2016) and
Nandakumar & Dutta (2020). We discuss only the basic foundation
of these estimators here. The estimators start by taking a zeroth and
the first moment of the visibilities with respect to the observing
frequencies. The jth moment of the visibility function is defined as
V;(U)= [dvv/ V(U, v). These moments give information about
the column density (fj = 0) and line-of-sight velocity distributions
(j =1). The column density distribution has an imprint on the overall
large-scale H1 structure of the galaxy as well as the fluctuations due
to compressible turbulence. The estimator uses the reconstructed
image of the galaxy to estimate the large-scale distribution of H1
column density unbiasedly and mitigate its effect from the visibility
moment zero (j = 0) in the baseline plane to unbiasedly estimate the
column density power spectrum. The visibility moment one (i.e. j =
1) incorporates the information on column density, the line-of-sight
component of the galaxy rotation velocity, and the random turbulent
velocity component. The VME uses the estimated column density
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Table 1. Table 1 summarizes the various parameters and observational details
of NGC 6946: (1) distance to the galaxy, (2) HI inclination angle (i), (3)
position angle (p), (4) optical radius (r25), (5) HI major and minor axes, (6)
star formation rate, (7) the total HI mass, (8) dynamical mass, and columns
(9) to (13) give the details about the new H1 observation carried out using
VLA telescope. The inclination and position angles given are disc-averaged
values and adopted from de Blok et al. (2008). The optical radii rps is the
radius where the B-band surface brightness is 25 mag arcsec ™2 (Walter et al.
2008). The H1 extent is defined as the major and minor axis at the level of
the column density of 10! atoms cm~2 (Dutta et al. 2013).

NGC 6946
(1) Distance 5.9 Mpc
(2) Inclination angle 33°
(3) Position angle 243°
(4) Optical radius (r25) 9.8 kpc
(5) H1 extent 35 arcmin x 25 arcmin
(6) Star formation rate 2.52 Mpyr™!
(7) HI mass 4.1 x 10°Mg
(8) Dynamical mass 7.3 x IO”M@
(9) VLA observation cycle VLA 18/A, 19/A
(10) Array Configuration A (3-170 kx)
(11) Bandwidth 4 MHz (L band)
(12) Spectral resolution ~0.4 km s~!
(13) On source time 11 h 36 min

power spectrum from visibility moment zero and the estimates of the
galaxy rotation velocity to find the power spectrum of the line-of-
sight component of turbulent velocity fluctuations. One of the major
assumptions of VME is that the galaxy of interest is a relatively thin
face-on disc with an inclination angle in the range ~15°-40°. NGC
6946 has an average inclination of 33°, well within this requirement.

3 OBSERVATION AND DATA REDUCTION

NGC 6946 is an SABcd-type bright late-type spiral galaxy with
prominent spiral structures (de Vaucouleurs et al. 1991; Font et al.
2014). Using the luminosity-based estimate by Karachentsev et al.
(2004) we adopt a distance of 5.9 Mpc to the galaxy in our analysis.
HT emission from the NGC 6946 has been observed as part of the
THINGS survey (Walter et al. 2008). The rotation curve presented
in de Blok et al. (2008) shows that the systematic tangential velocity
of NGC 6946 is fairly constant for a galactocentric radius greater
than 6 kpc. Moreover, the approaching and receding components of
the tangential velocity are also quite similar indicating a flatter disc.
The dynamical inclination and position angles are found not to vary
considerably making it a good choice for the application of VME.
The H 1 line profile width at 20 per cent of the peak intensity for NGC
6946 is 240 km s~!. Table 1 summarizes the various parameters and
observational details of NGC 6946. The reasonably larger extent of
the H1 disc in NGC 6946 helps us to measure the power spectrum to
larger length-scales.

As a part of the THINGS survey, NGC 6946 was observed using
B, C, and D array configurations of VLA for 10.5, 1.75, and 0.25 h,
respectively, with a spectral resolution corresponding to 2.6 km s~
Using calibrated visibilities from the THINGS survey, Dutta et al.
(2013) estimated specific intensity fluctuation power spectra of NGC
6946 by directly using visibility correlations. They found a single
power law of slope —1.6 &£ 0.1 in length-scale ranging from 300 pc
to 4 kpc that fits the H 1 intensity fluctuation power spectrum. This was
considered as an indication of turbulence cascade in the disc. Due to
the limited sensitivity and spectral resolution across required ranges
of length-scales, THINGS data themselves are not adequate enough
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for the estimation of the line-of-sight velocity power spectrum. To
probe the column density power spectrum to much lower scales
as well as to estimate the line-of-sight velocity power spectra we
proposed to observe the H1 emission from this galaxy with the VLA
A array configuration. The intention is to add the information from
the VLA A array baseline configurations that have a higher spectral
resolution with the already existing baseline coverages from the VLA
B C, and D arrays. We observed HI emission from the NGC 6946
using the A array configuration having baseline coverage ranging
from 3 to 170 kA at L band in two observation cycles in 2018 and
2019. A total of 14 h of observation was broken down into separate
2 h long observation blocks and carried out in a total of 7 d during
the two cycles. In total, we observed the galaxy for a total of 11.6 h
in the A array configuration. We use a total bandwidth of 4 MHz
(~845 km s~') with 2048 channels giving a spectral resolution of
~0.4 km s~!. The H1 emission from our Galaxy contributes within
the part of the bandwidth of observation, giving rise to additional
emission from the direction of the galaxy and absorption in the
spectra of the used bandpass calibrator source. We implemented
in-band frequency switching for bandpass calibration and hence
accurately spectral calibrated the data. We also identified the channels
with extra emissions from our galaxy and flagged them from the
observed data. The primary calibration and flagging were carried out
in each observational block separately using casa.! We combined
all the observational blocks into a single data using task ‘concat’
in casa. Final self-calibration and continuum subtraction procedures
were done in this combined data. For continuum subtraction, we
make a model of the continuum and subtract it in the uv-space from
the visibilities. We use the task ‘ft’ and ‘uvsub’ for the continuum
subtraction. The calibrated and continuum-subtracted data are then
used for further analysis. We also generated a natural weighted
clean image cube from the continuum-subtracted visibilities and the
required moment maps from this image (see Dutta & Nandakumar
2019 for detail). As mentioned earlier, we include the combined B,
C, and D array data from the THINGS survey in our analysis. We
received the primary calibrated visibility data from the THINGS
survey from Walter et al. (2008) on request. We performed visibility-
based continuum subtraction using a similar procedure described
here for THINGS data. The final calibrated and continuum-subtracted
data from both observations are further used for power-spectrum
estimations.

4 RESULTS

Implementation of the VME is discussed in Nandakumar & Dutta
(2020). We follow the same procedure here with the calibrated and
continuum-subtracted visibilities. We estimate the column density
and velocity power spectrum for our new VLA A band observation
and the combined B, C, and D array observation from the THINGS
survey separately. To calculate the locally averaged intensity mo-
ments, we use a two-dimensional Gaussian kernel of width 7 arcmin,
which is roughly one-fourth of the H1 extent in the disc. Hence,
estimated locally averaged intensity moments are used to mitigate
the large-scale variation of velocity and density from the estimated
visibility correlations as a part of the VME procedure (Dutta &
Bharadwaj 2013). The errors of the power spectra are estimated by
following the methods used in Dutta (2011).

Using the central 400 channels that correspond to 165 km s~! of
the processed visibility data, we estimate the H1 column density and

!Common Astronomy Software Applications
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Figure 1. Column density power spectrum of NGC 6946 as a function
of baseline U. The corresponding length-scales are also shown in the top
margin. The black solid circles correspond to the measurement of the column
density from the THINGS data alone. The black open circles correspond
to measurement using only the new VLA observations. These two sets of
points are scaled down by a factor of 10 for display purposes. The black solid
squares with error bars give the power-spectra measurements combining the
old THINGS and the new observations. The best-fitting power law to the
combined measurement is shown using black solid lines.

Table 2. Result of power-law fit (P = AU%) to the column density (Pgy)
and velocity (P,) power spectra of NGC 6946. The power-law amplitude
(A) at one steradian, best-fitting slope «, 1o errors associated with the fit,
the reduced x2 values, and the range of fit in baselines and corresponding
length-scale ranges are shown. The density power spectra fit is shown for the
THINGS data, the new observation data, and the combined power spectra.
The amplitudes for the density spectra are scaled by a factor of 10* and have
a unit of steradian. *The amplitude of the velocity spectra is not scaled and
is given in (km s1) 2 steradian.

Pui(U) Pur(U) Pui(U) Py (U)
Data THINGS New Obs Combined Combined
A(x 10%) 046 £ 0.08 23 £ 05 0.67 &= 0.09 59 + 13*
o —093 £ 0.1 —1.09 + 0.08—-0.96 £+ 0.05—1.81 + 0.07
Reduced x? 0.7 1.2 1.1 1.2
Unin (k) 1 3 1 1
Upax (kM) 6 36 36 35
Rmin(kpc) 1 0.16 0.16 0.17
Rumax (kpc) 6 2 6 6

line-of-sight velocity power spectrum. Note that we only consider
the central part of line emission where the signal-to-noise ratio is
much higher. The estimated HI column density power spectrum of
different observations is given in Fig. 1. The empty circles show
the measurements of the column density power spectrum Py; as
a function of baselines using new VLA A array observations and
the filled circles show those of THINGS observations. For the
THINGS observation also, we use the same part of emission for
power spectrum generation. Note that the power spectrum values
shown for new VLA and THINGS observations are scaled down by
a factor of 10 from their original values for presentation purposes.
A power law of Py = AU is fitted to these power spectra and
fitting parameters are given in Table 2. The column density power
spectra estimated from new observation is following a power law
from 2 kpc to 160 pc with a slope of —1.09 £ 0.08 and that of
THINGS observations has a slope —0.93 £ 0.01 from 6 to 1 kpc.
Note that with the new A array observations, we are able to measure
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Figure 2. The turbulent velocity power spectrum of NGC 6946 as a function
of baseline. The corresponding length-scales are also shown in the top
margin. The black solid circles with error bars correspond to the combined
measurement. The best-fitting power law to the combined measurement is
shown using black solid lines.

the power spectrum up to much smaller length-scales. We merged the
estimated power spectra over the entire baseline range and divided
them into an equal number of bins on a logarithmic scale. The final
combined power spectrum is estimated by taking the average of
power spectrum estimates in each logarithmic bin and the respective
errors in the bins are calculated by taking the root mean square of the
individual error of the estimates in each bin. The black squares with
error bars show the combined power spectrum and the black solid
line represents the best-fitting power law to the same. Clearly, the
combined power spectra also follow a power law in a baseline range
of 1-36 kA, which is equivalent to a length-scale range from 6 kpc
to 160 pc in the galactic disc of NGC 6946. The best-fitting values
of A and « to the combined power spectra are (6.7 4= 0.9) x 1073
steradian and —0.96 4= 0.05. The amplitudes mentioned here are at the
baseline of one wavelength. Note that the combined power spectrum
(black squares) shows a clear deviation from the power law at smaller
baseline of <1 kA. This is because, at these smaller baselines, the
effect from the large-scale features of the disc dominates. The slope
of the column density power spectrum of NGC 6946 measured in
our analysis matches only at 3o of uncertainty level with the slope
of the intensity fluctuation power spectrum reported by Dutta et al.
(2013). Note that the VME of the column density power spectrum
suppresses the effect of the window function at lower baselines better
than the legacy visibility correlation estimator used earlier. Hence,
the slope reported here can be considered more accurate.

Similarly, we estimated the line-of-sight velocity power spectra
of THINGS data and new VLA A array observation and combined
them to get the final line-of-sight velocity power spectrum. The power
spectrum estimates along with the error bars are shown with black
circles in Fig. 2. The black solid line represents the best-fitting power
law to the estimated power spectrum values. The velocity spectrum
obeys a power law of amplitude 59 #+ 13 (km s~!)? steradian and slope
—1.81 £ 0.07 in the baseline range 1-35 kA. This observationally
confirms the presence of turbulence cascade in the galactic disc of
NGC 6946 in scales ranging from 6 kpc to 170 pc.
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Table 3. Power spectral slope for density and velocity for different theoretical models of turbulence, simulations, and
observation. Here « is the compressibility factor. xNote that though Kolmogorov universal scaling is for incompressible
flows, isothermal compressible hydrodynamic simulations for sub/transonic turbulence suggest that the density field also

has a similar slope (Kim & Ryu 2005).

Type of turbulence PHI(fl ) PU(U ) References
Kolmogorov —5/3x% —5/3 Kolmogorov (1941)
Burger’s - -2 Burgers (1948)

Weizsacker do — 2 —5/3 — 4a/3 Fleck (1996)

Solenoidal —0.78 + 0.06 —1.86 £ 0.05 Federrath et al. (2009)
Compressive —1.44 + 0.23 —1.94 £+ 0.05 Federrath et al. (2009)

NGC 5236 —1.23 + 0.06 —191 £ 0.08 Nandakumar & Dutta (2020)
NGC 6946 —0.96 + 0.05 —1.81 £ 0.07 This work

5 DISCUSSION

Our measurement of column density and line-of-sight turbulent
velocity power spectrum of H1 in spiral galaxy NGC 6946 indicates
the presence of a large-scale energy cascade in the disc. In the power
spectra of dust emission in LMC and nearby galaxy M33 and that of
H1emission of NGC 1058, a break in the spectra has been observed
at the scales nearer to the scale height of the galaxy (Dutta et al.
2009a; Block et al. 2010; Combes 2012). Dutta et al. (2009b) have
demonstrated using numerical simulation that a 2D-3D transition
gives rise to a change in the slope of the power spectrum. They find
the relation between the angular scale in which the change in slope
happens and the scale height of the disc depends on the disc profile.
Kortgen, Pingel & Killerby-Smith (2021) also reported that the scale
at which the power-law index changes is not the scale height of the
disc but related to it. The scale at which the break is observed is
larger than the scale height of the disc (see Dutta et al. 2009b). This
broken power law is interpreted as a transition from large-scale two-
dimensional structures to small- scale three-dimensional structures
at the scale height of the disc. Koch et al. (2020) show that the
change in a slope is also observed at an angular scale related to the
PSF of the telescope. This effect is particular to the power-spectrum
estimation from images due to the existence of pixels smaller than
the telescope resolution (Dutta & Nandakumar 2019). Interestingly,
in our measurement, we do not see any transition or break in the
power law in both column density and velocity power spectra in the
entire range where the cascading is happening. Hence the power-law
power spectra of both density and velocity can be interpreted as the
two-dimensional structure that is generated by turbulence in the disc.

The slope of the power-law power spectra of column density and
line-of-sight turbulent velocity is the quantifier that tells us about
the nature of the turbulence. For instance, in incompressible fluid
turbulence, Kolmogorov theory predicts that the slope of the velocity
power spectra is —% (Kolmogorov 1941). In the case of compressible
fluid, though a well-established theory is not yet introduced, several
analytically computational models are proposed (Burgers 1948; von
Weizsicker 1951; Fleck 1996). The expected slope of the power
spectra proposed in these models is given in Table 3. Federrath,
Klessen & Schmidt (2009) find the slope of column density and
velocity power spectra of compressible fluid turbulence driven by
different types of forcing using numerical simulations. The slope
of H1 column density and turbulent velocity power spectra of NGC
5236 indicate that the driving force that generates turbulence therein
is compressive in nature (Nandakumar & Dutta 2020). For the galaxy
NGC 6946, the density power spectrum has a slope of —0.96. Using
the scaling relation between density and velocity power-spectrum
slope for compressible fluid turbulence by Fleck (1996), the velocity
power spectrum slope for NGC 6946 is expected to be —2.01. This
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is consistent with our measured slope of —1.80 £ 0.13 within 20
uncertainties. The slope of the velocity fluctuation power spectra
for two different forcing mechanisms, solenoidal and compressive,
is rather similar in the Federrath et al. (2009) analysis and it is
difficult to use the measured slope of the velocity fluctuation power
spectrum only to comment on the nature of turbulence forcing.
However, the density fluctuation assumes different power-law slopes
for different forcing mechanisms, making the slope of the density
fluctuation power spectrum an indicator of the forcing mechanism.
The column density slope of —0.96 is intermediate to the slopes found
for compressive and solenoidal forcing by Federrath et al. (2009).
We believe that the turbulence-driving mechanism for NGC 6946
comes from a combination of compressive and solenoidal forcing.
The following subsection discusses the various possible drivers that
can be attributed to the measured turbulence.

5.1 Nature of turbulence in NGC 6946

Comparing the slopes of our power spectra estimations with the
various theoretical and simulation models of turbulence in the
literature, we find that the input energy to the turbulence in NGC 6946
likely comes partly from solenoidal and partly from compressive
forcing. The compressive forcing can arise from the self-gravity
of the gas on large scales like in the case of NGC 5236 found by
Nandakumar & Dutta (2020). The findings by Romeo & Fathi (2015)
and Romeo & Mogotsi (2017) that the disc instability process triggers
fragmentation in molecular gas essentially support our results. The
known sources for solenoidal forcing in the galactic discs are the
differential rotation which generates shear and additional influence
of magnetic field in the disc (Sellwood & Balbus 1999; Federrath
et al. 2010). Large-scale galactic magnetic fields are observed in
several external spiral galaxies using radio synchrotron emission
(Chyzy & Buta 2008; Krause 2009; Beck 2013). The typical field
strength observed in spiral arms is 1-10 uG (Sofue, Fujimoto &
Wielebinski 1986). Inter-arm magnetic fields, known as magnetic
arms, are also observed. Such magnetic arms are found to be present
in NGC 6946 (Beck et al. 1996). Beck (2007) reports multiple strong
magnetic spiral arms (having field strength of ~20 puG) in NGC
6946 using radio polarization observation. On their investigation
of magnetic properties in this galaxy, the measured total magnetic
energy density is found to be of a similar order in the inner part of
the galactic disc (<2 kpc) compared to the outer part (up to 10 kpc).
The ordered magnetic fields are found to be present in NGC 6946
up to a radius of ~12 kpc and regular magnetic fields are detected
up to ~15 kpc in Beck (2007) observations. These detected ordered
fields are aligned along with the spiral structures which indicates
the possible interaction of the gas in the arms with a magnetic field.
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Applying a non-linear turbulent dynamo model to the NGC 6946,
through numerical studies, Rohde, Beck & Elstner (1999) show that
observed magnetic structures in NGC 6946 can be well reproduced.
These results suggest the observed magnetic structures are the result
of turbulent dynamics in the disc. Hence we are here to conclude that
the magnetic field of NGC 6946 may have a major role to drive its
large-scale turbulence.

The power-law behaviour in the power spectra shows an energy
cascade in an inertial range starting from 6 kpc to 170 pc. For the
measured power-law slope of —0.96 for column density fluctuations,
the expected slope of the corresponding autocorrelation function is
1.04. At scales of 6 kpc, these correspond to a standard deviation in
column density fluctuations of 0.01. For NGC 5236, the inertial range
begins at scales of 11 kpc, where the standard deviation in column
density fluctuation estimated is 0.011 at those scales (Nandakumar &
Dutta 2020). By scaling the estimated standard deviations of density
fluctuations compared with the latter, the standard deviation in
column density fluctuations at 11 kpc for NGC 6946 is twice that of
NGC 5236.

Though the velocity of gas has three vector components vy, vy, and
v, in its galactic coordinates, in a real observation what measures is
the line-of-sight velocity vjos. v, and vy, are the velocity components
along the plane of the disc and v, is the vertical velocity component.
For a typical galaxy, having an inclination angle i, the line-of-
sight component is given as vj,s = —v,sini + v cosi. Hence the
autocorrelation function of the line-of-sight velocity, &4, in terms of
different velocity components is

Ei0s(18" = 0]) = (Vi0s(0)v105(8))
= &, sin®i + &, cos? i, (D

where the autocorrelation function of the vertical component v,
is SZ(|§/ —6) = (vz(é)vz(é/)) and that of the planar component
vy is éy(|§’ - §|) = (vy(é)vy(é’)). Note that here we assumed that
any cross-correlation terms between the on-plane and off-the-plane
motions are negligible. Bournaud et al. (2010) estimate the power
spectrum of the different components of velocity fields from a
hydrodynamic galaxy simulation. They show the power spectra
of on-plane and vertical components of velocity in length-scales
from ~1.5 kpc to ~10 pc, where all three components follow the
same power law at smaller scales. At larger scales of the order
of kiloparsecs, on-plane components follow the same power law;
however, the perpendicular component flattens at larger scales greater
than the disc thickness. This is expected in thin-disc galaxies, where
the large amplitude of the motion of gas happens in the galactic plane.
A similar trend of flattening has been found in the power spectrum of
the vertical component at similar scales in the numerical simulation
studies on gravity-driven turbulence cascade in the disc by Fensch
etal. (2023). Hence we can infer the turbulent velocity fluctuations in
the plane of the disc as follows from equation (1) after assuming that
the right term in the equation is negligible. In our estimations, we see
that the line-of-sight turbulent velocity fluctuation power spectrum of
NGC 6946 has a power law with a slope of —1.81. This corresponds
to a slope of 0.19 to the autocorrelation function of the line-of-sight
velocity £, and hence the standard deviation of 27.1 km s~! in
turbulent velocity fluctuations at 6 kpc scales in the plane of the disc.

The energy input rate per unit area by the ISM turbulence can
be estimated using € ~ % X (Nuiymm) X ")? x vT/L, where Ny,
is the average column density over the disc, my; is the mass of
atomic hydrogen, and v” is the turbulent velocity fluctuation. The
quantity Ny, mp; gives the mass of HI in turbulence per unit area,
and L/vT gives the time-scale of energy input. We find from the

Large-scale turbulence cascade in NGC 6946

4695

moment zero map of NGC 6946 the value of Ngy, as 3.7 x 10%
atoms cm~2. Considering the energy input scale is at 6 kpc, we find
the turbulence energy input ~3 x 10~7 ergs cm 2 s~!. For NGC 5236,
this corresponds to an energy input of ~1.4 x 1077 ergs cm™2 s~ ! at
similar scales. An average rate of a supernova that happens once in
100 yr and releases around 10°! erg (Mackey et al. 2017) of kinetic
energy would give an energy input rate per unit area of ~1 x 1076
ergs cm~2 s~! in the H1 disc of NGC 6946 after considering an
efficiency factor of €5y ~ 0.1 to convert the ejected kinetic energy
to turbulent motions (Thornton et al. 1998; Tamburro et al. 2009).
Note that the energy input from the supernovae is around six times
of the measured turbulent energy at 6 kpc scales. However, whether
the kinetic energy input from supernovae can reach such large scales
coherently is still questionable.

6 CONCLUSION

It is well established now that the large-scale turbulence cascade
is present in the ISM of disc galaxies. Though in small scales it
is well clear from both observation and simulations that the stellar
feedback is enough to supply energy consistently to the cascade
in molecular cloud scales; whether the same is enough to drive
the turbulence in the galactic scale where diffuse atomic gas is
prominently seen is still in debate. Numerous observational studies
on external galaxies support the stellar feedback in sustaining the
energy required for large-scale cascades (Bacchini et al. 2020).
Utomo, Blitz & Falgarone (2019) conduct multiwavelength studies of
M33 to investigate the origin of ISM turbulence therein, where they
did the comparison of calculated turbulent energy with energy input
from various sources like supernovae, magneto-rotational instability,
and gravitational instability. Their results strongly suggest that upto
to a galactic radius of 7 kpc, supernovae alone are enough to maintain
the observed turbulent energy, while the contribution from others is
not sufficient. Contradicting to it, Koch et al. (2018) showed in the
same galaxy that both the energy inputs from supernovae and MRI
cannot explain the observed turbulent energy input. Various other
numerical simulations on turbulent ISM also suggest that stellar
feedback is not enough to sustain the turbulence at kiloparsec scales
(Bournaud et al. 2010; Krumholz & Burkhart 2016). Modelling a star-
forming ISM that has self-consistent stellar feedback, Colman et al.
(2022) estimate the power spectrum of coherent density structures
where they see that when the turbulence is driven only by stellar
feedback, the power spectrum flattens at scales of 60 pc which is
roughly the average length-scale of the supernova feedback. Fensch
et al. (2023) introduce numerical simulation on isothermal turbulent
cascade in disc galaxy which is purely driven by gravity and estimates
power spectra of gas velocity and density. The slope of the velocity
power spectra in their estimates obeys Burger’s scaling (~—2 see
Table 3), similar to our estimates found on both NGC 6946 and NGC
5236. Agreement with former results suggests that the compressive
component of the driving force to the measured cascade is contributed
by gravity. One of the possible factors that contribute to the solenoidal
part of the driving mechanism is the large-scale ordered magnetic
field indirectly coupling with the gas and hence generating an energy
cascade. Federrath et al. (2017) probed the turbulence in Galactic
region G0.2534-0.016 and suggest that shear causes the turbulence.
Hence another possibility here that generates solenoidal turbulence
is the galactic shear generated by the differential rotation in the disc.
In the lack of sufficient observational results, numerical simulations
of the turbulent disc with different types of driving forces should
be conducted and compared in order to establish the contribution
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of various galactic phenomena in creating the energy cascade in the
disc.

In this work, we present evidence of the gas turbulence cascade
in galactic scales in disc galaxy NGC 6946. We use the VME to
measure the HI column density and line-of-sight turbulent velocity
power spectrum from VLA observations. Comparing our results from
the earlier estimations on NGC 5236, we see that irrespective of the
similar inertial range of cascade, the generating mechanism that
drives turbulences is different in the two galaxies. To understand the
universal picture of the turbulence generation in the ISM of galaxies,
measurement of the turbulence cascade at galactic disc on a large
number of galaxies and interpreting hence the obtained results with
various numerical simulations is required. We would like to proceed
in this direction in future.
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