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ABSTRACT

Due to an environment that promotes gravitational interactions and ram pressure stripping, galaxies within clusters are particularly
likely to present unusual interstellar medium (ISM) properties. NGC 4654 is a Virgo cluster galaxy seen almost face-on, which
undergoes nearly edge-on gas ram pressure stripping and a fly-by gravitational interaction with another massive galaxy, NGC 4639.
NGC 4654 shows a strongly compressed gas region near the outer edge of the optical disk, with HI surface densities (high HI surface
density region) significantly exceeding the canonical value of 10—15 M, pc=2. New IRAM 30 m HERA CO(2-1) data of NGC 4654
are used to study the physical conditions of the ISM and its ability to form stars in the region where gas compression occurs. The
CO-to-H; conversion factor was estimated by (i) simultaneously solving for the conversion factor and the dust-to-gas ratio by assuming
that the latter is approximately constant on giant molecular cloud scales and (ii) by assuming that the dust-to-gas ratio is proportional
to the metallicity. The CO-to-H, conversion factor was found to be one to two times the Galactic value. Based on the comparison
with a region of similar properties in NGC 4501, we favor the higher value. We observe a significant decrease in the ratio between
the molecular fraction and the total ISM pressure in the high HI surface density region. The gas in this region is self-gravitating, with
a Toomre parameter below the critical value of O = 1. However, the star-formation efficiency (SFEy, = Zgpr/Zp,) is 1.5 to 2 times
higher, depending on the assumed conversion factor, in the high HI surface density region than in the rest of the disk. Analytical
models were used to reproduce radial profiles of the SFR and the atomic and molecular surface densities to better understand which
physical properties are mandatory to maintain such high HI surface density regions. We conclude that a Toomre parameter of Q ~ 0.8
combined with an increase in the velocity dispersion of Avgy, ~ Skm s™! are necessary conditions to simultaneously reproduce
the gas surface densities and the SFR. A dynamical model that takes into account both gravitational interactions and ram pressure
stripping was used to reproduce the gas distribution of NGC 4654. While the ISM properties are well reproduced in the whole disk,
we find that the model SFR is significantly underestimated in the high HI surface density region due to the absence of gas cooling and
stellar feedback. The comparison between the velocity dispersion given by the moment 2 map and the intrinsic 3D velocity dispersion
from the model were used to discriminate between regions of broader linewidths caused by a real increase in the velocity dispersion
and those caused by an unresolved velocity gradient only. We found that the 5kms™! increase in the intrinsic velocity dispersion
predicted by the model is compatible with the observed velocity dispersion measured in the high HI surface density region. During a
period of gas compression through external interactions, the gas surface density is enhanced, leading to an increased SFR and stellar
feedback. Our observations and subsequent modeling suggest that, under the influence of stellar feedback, the gas density increases
only moderately (by less than a factor of two). The stellar feedback acts as a regulator of star-formation, significantly increasing the
turbulent velocity within the region.
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1. Introduction

To understand how galaxies form stars from gas, it is essential
to study disturbed disk galaxies. This is because it is possible
to observe the influence of the perturbations on the interstellar
medium (ISM) and its ability to form stars in these systems.
Galaxy clusters represent ideal laboratories for studying per-
turbations due to environmental interactions. Proximity between
individual galaxies promotes gravitational interactions (slow
galaxy-galaxy interactions or harassment) that affect both the
stellar and dense gas distribution on larges scales. Moreover, the
hydrodynamical interaction created by the motion of a galaxy
through the hot and tenuous gas that constitutes the intracluster

* The reduced datacube are only available at the CDS via anonymous
ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/645/A111

medium (ICM) also strongly affects the distribution of the inter-
stellar medium (ISM). This effect — known as ram pressure strip-
ping — depends on the ICM density and the velocity of the galaxy
with respect to the cluster mean. Both quantities increase with a
decreasing distance to the cluster center.

The main ingredient required for star-formation is dense
molecular gas. Within spiral galaxies, a strong correlation has
been identified between the molecular gas (H,) and the star-
formation rate (SFR) (e.g, Kennicutt 1998; Bigiel et al. 2008;
Kennicutt & Evans 2012; Bolatto et al. 2017). Therefore, one
of the major quantities that has to be investigated is the
star-formation efficiency with respect to the molecular gas,
SFEy,. Past studies have shown that variations in the SFEy,
are wider between galaxies than within the same galactic disk
(e.g, Leroy et al. 2008; Bigiel et al. 2008; Genzel et al. 2010;
Schruba et al. 2011; Saintonge et al. 2017; Tacconi et al. 2018).
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Fig. 1. Environment and interstellar medium distribution of NGC 4654.
Top panel: NGC 4654 and its companion NGC 4639 (SDSS9 extracted
via Aladin v10 (Nebot Gomez-Moran et al. 2020)). Bottom panel: HI
surface density (contours) on the stellar surface density based on 3.6 um
Spitzer data (color). Contour levels are 1, 5, 10, 15, 20, and 30 M, pc’z.
The resolution is 16”.

The molecular ISM usually presents a constant depletion time of
tglezp ~2.35 Gyr with a 1o scatter of 0.24 dex (Bigiel et al. 2011).

Only few extreme cases of interacting galaxies where the star-
formation efficiency is significantly different have been found.
This is the case for NGC 4438, which undergoes a tidal interac-

tion and ram pressure stripping with tizp ~6 Gyr (Vollmer et al.

2009, 2012a), as well as the Taffy system, a head-on col-
lision between two massive spiral galaxies with tzlezp ~6 Gyr
(Vollmer et al. 2012b). Wong & Blitz (2002) highlighted a sec-
ond correlation that describes the division of the molecular
and the atomic phases within the ISM. The molecular fraction
Riol =2p,/Z1 is approximately proportional to the total ISM
pressure, Py, (see Eq. (15)). The natural question that arises from
this observation is whether or not we can find galaxies among the
cases of disturbed disk galaxies, especially those affected by ram
pressure stripping, where these relations do not hold.

Using the VIVA survey (VLA Imaging of Virgo galaxies in
Atomic gas), Chung et al. (2007) revealed the presence of seven
galaxies within the Virgo cluster with truncated HI disks and
an extended HI gas tail on the opposite side. Among this sam-
ple, one galaxy in particular attracts our attention, NGC 4654.
The HI disk of NGC 4654 is sharply truncated in the northwest-
ern side of the disk and presents an unusually dense region of
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Fig. 2. NGC 4654: 6 cm polarized radio continuum emission (contours)
on the GOLDMINE He emission map in color levels (Gavazzi et al.
2003). The spatial resolutions are 18" and 1.8”.

atomic hydrogen surface density (about 25 Mg pc~? including
Helium) at the edge of the optical disk (Fig. 1). Such high surface
densities are exceptional and have only been observed in very
rare cases (e.g, in the interacting Eyelid galaxy, Elmegreen et al.
2016). In addition to being affected by ram pressure stripping,
NGC 4654 underwent a gravitational interaction with another
Virgo galaxy, NGC 4639, about 500 millions years ago (Vollmer
2003). NGC 4654 presents an asymmetric stellar distribution
with a dense stellar arm toward the northwest (Fig. 1). A strongly
enhanced Ha emission is also observed in the region of the high-
est atomic gas surface density (Fig. 2). The gravitational interac-
tion and ram pressure stripping gave rise to asymmetric ridges of
polarized radio continuum emission whereas the sudden ridge is
most probably due to shear motions induced by the gravitational
interaction and the western ridge is caused by ram pressure com-
pression (Soida et al. 2006).

Chung & Kim (2014) conducted a study on NGC 4654 by
combining the HI VIVA data with the extragalactic CO CARMA
Survey Toward Infrared- bright Nearby Galaxies (STING,
Rahman et al. 2011). They showed that the star-formation effi-
ciency with respect to the molecular gas (SFEy, ) reaches unusu-
ally high values in the northwestern, high atomic gas surface
density region. At the same time, they found that the Rp1/Piot
ratio is unusually low in this same region. As the SFEy, and
Rio1/ Pt both depend on the surface density of the molecular
gas, it is essential to determine the CO-to-H, conversion factor
as precisely as possible.

The purpose of this paper is to investigate the influence of
gas compression and stellar feedback on the gas distribution and
SFR within spiral galaxies through the study of NGC 4654 and
its overdense northwestern region. We refer to the high atomic
gas surface density region as “HiZy;” for the remainder of the
paper. This article is organized in the following way. In Sects. 2
and 3, the new CO(2—1) IRAM 30m data are presented, with
ancillary data in introduced in Sect. 4. The CO-to-H, conversion
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Table 1. NGC 4654 general properties.

Morphological type SAB(rs)cd
Optical diameter 517 x 141"
Distance 17 Mpc
a(J2000) 12" 43™ 56.6°
6(J2000) 13° 07" 36”
Inclination angle 51°
Systemic velocity 1060 kms™!
Rotational velocity 170kms™!
Total SFR 1.84 Mg yr!
HI mass 3.4%x10° M,
H, mass © 2.3%x10° M,
Stellar mass 2.8%10'° M,

Notes. @Computed following Leroy et al. (2008) from the 24 um
Spitzer and far-ultraviolet GALEX data. ®Calculated from the VIVA
Hi data cube (Chung et al. 2008) for a distance of 17 Mpc. ’Calculated
using the modified aco conversion factor presented in Sect. 5.

factor is estimated using the Herschel 250 um data and direct
metallicity measurements from Skillman et al. (1996) in Sect. 5.
In Sect. 6, we use this conversion factor to compute molecular
and the total gas maps of NGC 4654, and use the resulting maps
to investigate the relation between molecular fraction and total
mid-plane pressure of the gas (Sect. 7), the star-formation effi-
ciency (Sect. 8), and the Toomre stability criterion (Sect. 9). An
analytical model is used in Sect. 10.1 to reproduce the observed
radial profiles. In Sect. 10.2, a dynamical model is used to repro-
duce the available observations. All the results are discussed in
Sect. 11. We give our conclusions in Sect. 12. The general phys-
ical properties used for NGC 4654 in this study are presented in
Table 1.

2. Observations

NGC4654 CO(2-1) data were observed by Francois Nehlig
with the IRAM 30 m single-dish telescope at Pico Veleta, Spain.
OTF maps have been done to cover the entire galaxy using EMIR
instrument in four different positions with a scanning speed of
5" s7!, using FTS backends. The velocity window goes from
770kms~! to 1410kms™" with spectral resolution channel of
10.4kms~'. We reached an average rms noise of 7 mK after a
total of 25h of observation. We obtained a data cube with a
spatial resolution of 12" using CLASS GILDAS xy_map rou-
tine. The pixel size is 3”". Compared to the interferometric data
CARMA STING used by Chung & Kim (2014) our data are four
times deeper and are sensitive to extended large-scale emission.

We produced CO moment maps using the VIVA HI data cube
assuming that the CO line is located within the HI line profile
(see Vollmer et al. 2012b). To do so, we resampled the channels
of the HI data cube to fit the CO data cube. A first 3D binary
mask was produced by clipping the HI data cube at the 40" level.
For the CO data cube, we calculated the rms noise level for each
spectrum at velocities devoid of an HI signal and subtracted a
constant baseline. A second 3D binary mask was produced based
on the CO data cube. If the maximum intensity of a spectrum
exceeded 5 times the rms, we fit a Gaussian profile to the CO
spectrum and fixed the mask limit to +3.2¢0. The HI and CO
3D binary masks were added, applied to the CO data cube, and
moment 0, 1, and 2 maps were created.

G T T T T
60 - —
15
€
e
30+ _ X
%] [oN
E g
g or T8 10 <
[0} [e)
%) ‘»
o 0
< 30 8 &
N
—60 | 5\/
3

790— —

90 60 30 0

—30 —60 —90
Arc Seconds
Center: RA. 12 43 56.04 Dec +13 07 358

Fig. 3. NGC 4654 CO(2—-1) emission map. Contour levels are 2, 4, 6, 8,
10, 12, 15 and 18 Kkm s™'. The resolution is 12”.

3. Results

The integrated CO(2—1) map was obtained from the reduced,
windowed data cube (Fig. 3). The associated rms map is pre-
sented in Fig. A.1. The global emission distribution is asym-
metric, the signal being detected up to 8 kpc to the northwest
and 7 kpc to the southeast. The maximum value of 19.3 Kkms™!
is reached in the galaxy center. The emission map presents an
enhanced flux all along the galaxy spiral arm extending toward
the northwest, corresponding closely to the dense stellar arm dis-
tribution. Within the spiral arm, the CO(2—1) flux is almost con-
stant from 4 to 5K kms~'. These values are 2 to 3 times higher
than those in the inter-arm, and 4 to 5 times higher than the
southeast region at the same distance from the galaxy center.

As a consequence of the gravitational interaction between
NGC 4654 and NGC 4369, the CO velocity field (Fig. 4) shows
an asymmetric profile along the major axis, with a constant
velocity plateau reached in the southeast that is absent in the
northwest. We determine the systemic velocity at 1060 kms™,
measured in the optical center of the galaxy using Ha data
from GOLDMINE (Gavazzi et al. 2003). This is consistent
with the value of 1050kms™' given by the SDSS DR12 cata-
log (Alam et al. 2015). Considering 1060 kms~!, the maximum
velocities reached in the southeast and the northwest regions
are +150kms™! and —170kms™!, respectively. The position-
velocity diagrams along the major and the minor axis of the
galaxy are presented in Fig. 5. In the southeast, the behavior
of the diagram is standard: a gradient around the center of the
galaxy ending with a velocity plateau at 3kpc. On the other
hand, in the northwest, the plateau is reached at 2 kpc and is fol-
lowed by a second gradient at 4 kpc. The position-velocity dia-
gram along the minor axis does not show any strong asymmetry.

The moment 2 map for the CO(2—1) data cube is presented
in Fig. 6. Because of galactic rotation, the observed velocity dis-
persion strongly increases in the region around the center of the
galaxy, with Av =~ 40 km s~'. In the northwestern high HI surface
density region, the CO(2-1) linewidth is 5~10kms~' broader
than in the inner arm between the HI region and the center of the
galaxy.

Al11, page 3 of 26
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Fig. 4. NGC 4654 CO(2-1) velocity field. Contours levels are from 900
to 1200km s~ in steps of 20 kms~'.
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Fig. 5. Position-velocity diagram of the CO(2—1) emission. Top panel:
along the major axis. Botfom panel: along the minor axis. The dotted
red line corresponds to the systemic velocity of 1060 kms™".

4. Ancillary data

In order to compute the SFR, the total gas and the ISM pressure,
we used existing FUV 1528 A data from GALEX (Martin et al.
2005), infrared 3.6 um and 24 um from Spitzer (Werner et al.
2004), Ha emission from GOLDMINE (Gavazzi et al. 2003)
and HI data from VIVA survey (Chung et al. 2008). The above-
mentioned data are presented in the following subsections:
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Fig. 6. CO(2—1) moment 2 map. Contour levels correspond to 15 and
30kms™'.

4.1. Atomic gas

The atomic gas surface density Zyy is obtained using the VLA
HI data from Chung et al. (2008):

2y _ bLycm
s = — (D
(Mo pc™) (Kkms™)
with I . converted from Jybeam™ to Kkms™'. The expres-

sion contains a coefficient of 1.36 to reflect the presence of
Helium. The rms at 30" is about 0.5 M, pc~? and the spatial reso-
lution is 16”. The contour map of Xy is shown in Fig. 1. For the
following sections, we will consider the high HI surface density
region as the northwestern area where y; > 28 Mg pc™2.

4.2. Star-formation rate

Chung & Kim (2014) computed the SFR of NGC 4654 using
the 1.4 GHz radio continuum data from the NRAO VLA Sky
Survey (NVSS, Condon et al. 1998). However, the conversion
between the radio continuum emission and SFR has a large scat-
ter (Vollmer et al. 2020) and is uncertain in galaxies whose ISM
is affected by ram pressure stripping (Murphy et al. 2006). We
therefore use GALEX FUV all-sky survey (Martin et al. 2005)
and Spitzer 24 um data (PL: J.D.P. Kenney) for the calculation
of the star-formation map. We computed the SFR following
Leroy et al. (2008):

3, (FUV + 24 um) = 8.1 x 102 [gyy + 3.2 X 107 Loy ym, ()

where X, (FUV + 24um) is the SFR in Mgkpc™2yr~' and
Irgv and Ips,;m are given in Mly sr™!. The maximum of
0.27 My kpc2 yr~! is reached in the high atomic gas surface den-
sity region at the outer edge of the stellar arm (Fig. 7). This
value is 1.5 times higher than that of the galaxy center. The
total integrated SFR is 1.84 M, yr~!, which places NGC 4654 on
the star-forming main sequence, considering its stellar mass (e.g,
Brinchmann et al. 2004; Noeske et al. 2007; Daddi et al. 2007).
The high HI surface density region concentrates 20% of the total
SFR of NGC 4654 (0.37 M, }(pc‘z yr~1). The compact region of

high star-formation, where X, > 0.20 M kpc~2 yr~!, accounts
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Fig. 7. Star-formation rate based on GALEX FUV and Spitzer
24 um data. Contour levels correspond to 0.02, 0.05, 0.10, and
0.20 My kpc2 yr~!. The resolution is 6”.

for 5% of the total SFR of NGC4654 (0.09 Mykpc=2yr™),
which corresponds to ~25% of the SFR in the entire high HI
surface density region.

These results are consistent within 5% with the SFR com-
puted using the Ha emission from GOLDMINE (Gavazzi et al.
2003), following Leroy et al. (2008). A third method was tested,
combining the FUV data with the TIR emission computed from
the 3.6, 24 (Spitzer), 100 and 160um flux (Herschel). The
method is described in Hao et al. (2011) and Galametz et al.
(2013). The SFRpyy,mir shows slightly different results with
a maximum of the SFR in the center of the galaxy. This is
expected because the interstellar radiation field (ISRF), which
heats the dust emitting in the infrared, contains a significant frac-
tion of optical starlight. In the high HI surface density region,
3, (FUV + 24 um) is about 2 times higher than 3, (FUV + TIR).
The total integrated SFR using TIR as infrared contribution gives
1.53 My yr~!, which is 20% lower than the total SFR calculated
from the FUV + 24 ym or Ha recipes.

4.3. Stellar surface density

The stellar surface density X, is obtained from 3.6 um Spitzer
data following Leroy et al. (2008):

E* _ 13.6;4m .
(Mopc™2)  — (Mlysr )

3

The resulting map is presented in Fig. 1. The stellar surface den-
sity makes it possible to calculate the vertical stellar velocity
dispersion, v;isp, necessary to estimate the ISM pressure of the
disk:

2nGl,
73 °

Vi = [+ 4)
where [/, is the stellar scale length computed from the radial
profile of the stellar surface density. To do so, we averaged
the stellar surface density within ellipsoidal annuli of 0.6 kpc
width and determined the slope in lin-log space. We obtained

I, =2.3kpc. The exponential stellar scale height is assumed con-
stant with I, /h, =7.3 £2.2 (Kregel et al. 2002), corresponding
to h, ~ 0.3 kpc.

5. CO-to-H, conversion factor from dust emission

The CO-to-H, conversion factor is critical for our estimation
of the molecular surface density and for the subsequent phys-
ical quantities of this study, the star-formation efficiency and
the molecular fraction. For non-starburst spiral galaxies at low
redshift, it is quite common to use the Milky Way standard
value of XMV =2x10* cm ?(Kkms ™)™ (e.g, Bolatto et al.
2013). In the following sections, we will use the equivalent
expression of the conversion factor expressed in solar masses,
aMy =436 Mo(Kkms™" pc?)™! that takes into account a factor
of 1.36 for the presence of Helium.

Bolatto et al. (2013) suggested that below ~1/2—1/3 of the
solar metallicity, the conversion factor tends to increase sig-
nificantly. Since the high HI surface density region is located
close to the optical radius, where generally the metallicity is
Z ~ 1/2-1/3 Z5, a higher conversion factor is not excluded in this
region. Chung & Kim (2014) also suggested that the conversion
factor in this region might be higher than the Galactic standard
value. We estimated the CO-to-H, conversion factor using the
hydrogen column density Ny calculated from the far infrared
Herschel bands at 250 um and 350 um and the dust-to-gas ratio,
DGR, by applying the method presented in Leroy et al. (2011).
By combining the dust emission with the CO and HI data, the
following equation can be established:

dust

= N+ 2N = N+ 2 Xeo Ico(1-0), 5)
n

where Ico-o) is the CO(1-0) emission computed from the
CO(2-1) emission assuming a line ratio Ico1-0) = Icoe-1)/0.8
(Hasegawa 1997) and n=DGR/DGRy, is the DGR normalized
by the solar DGR (DGR ~ 1/100, Draine et al. 2007). The use
of i introduces a metallicity dependence in the calculations. The
optical depth is given by:

T, = fa'VNHds,

where o, is the absorption coefficient such that o, cV# with
B="2.In order to calculate the column density, it is necessary to
determine the temperature of the dust at each point of the galaxy
using:

(6)

Fasopm  Bosoum(T) (VZSOym)ﬁ ™

F350,m  B3soum(T)

where F)soum and Fasoum are the Herschel fluxes and B,(T) is
a modified black-body function. The resulting map is shown in
Fig. 8. The maximum of the dust temperature, reached in the
galaxy center, is about 27 K. The dust is significantly warmer
along the dense stellar arm than in the inter-arm region with a
local maximum of 22 K in the high HI surface density region.
The temperature is 5 K higher in this region than in the rest of
the disk at the same radius.

The hydrogen column density is obtained using the 250 yum
band together with a dust absorption coefficient 0250 ym:

V350 um

dust _ F250 4m _
dust
B250um(T) 07250 yum

®)

Al11, page 5 of 26


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038910&pdf_id=7

A&A 645, A111 (2021)

‘ —
2 -
" -
I~
0 =
L 0}
2 or E
= o
o 8
< =
-1r P
ok
Hkpc @
L Ll L Ll [ |
3 2 1 0 —1 -2
Arc Minutes
Center: R.A. 12 43 58.26 Dec +13 07 28.3

Fig. 8. Dust temperature map based on Herschel 250 um and 350 um
data. Contour levels correspond to X, = 0.02, 0.05, 0.10, and
0.20 My kpe™2 yr~'.

The dust absorption coefficient 0550,m is calibrated in a region
where no CO is detected (i.e, Ico =0) by combining Egs. (5)
and (8):

F50um

BZSOym(T)NII:IH

0250um 1] =
At this point, we only determine the value of the product
between 1 and 0550,m but not their respective contributions.
For a comparison with the Galactic absorption coefficient, we
assume that the DGR evolves linearly with the metallicity of the
gas. Gordon et al. (2014) calculated the grain absorption cross
section per unit mass «, using the Herschel HERITAGE survey
(Meixner et al. 2014):
A1\ B
ﬁ) ’
where &1604m =30.2cm? g™ (SMBB model in Table 2 of

Gordon et al. 2017). With a coefficient 8 =2, the solar neigh-

. . . . MW _
borhood value within the Milky Way at 250 um is K350 um =

12.36 cm? g‘l. Equations (9) and (10) lead to the relation:

Ki = K160 um ( (10)

an

Z
0250um 1 = (Z_o) KgggvﬂmmpDGR@.
We calculated this ratio in regions without any CO detec-
tion and found metallicity of ~1/2Z; at 9kpc from the
galaxy center. This result is consistent with direct measure-
ments of Skillmanetal. (1996) in Fig. 10. We obtained
Odust = 8.0x 10726 cm?, which is consistent with the standard
value of 1.1x 1072 cm? (Draine & Lee 1984). We used this
value in Eq. (8). and computed the hydrogen column density
from dust emission for the entire galactic disk.

Based on the assumption that the DGR varies only
slightly at kpc-scale within galactic disks (Leroy et al. 2011;
Sandstrom et al. 2013), the DGR and X¢p can be simultane-
ously determined using Eq. (5). For given Icp and Zyj, the
process consists in searching for the conversion factor that min-
imizes the dispersion of the DGR values in kiloparsec-size
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Fig. 9. Simultaneous determination of the dust-to-gas ratio and
the CO-to-H, conversion factor based on method described in
Sandstrom et al. (2013). Top-left panel: selected region for the study on
the CO(2—1) map. Top-right panel: scatter of the DGR calculated within
resolution elements inside the selected area for different Xco. Bottom-
left panel: standard deviation of the DGR as a function of the ration
between the CO(2—1) flux and the HI gas surface density. Bottom-right
panel: DGR dispersion as a function of Xcq.

Table 2. Results of the minimization of the DGR variation method.

Central ring Outer ring Inner arm  HiZy

D [kpc] 20 2.9 5.1 6.3

aco 37+12 33+1.1 65+0.6 3.7+£0.6
DGR/DGRg 1.2+02 13+02 09+0.1 1.0+0.1
12 +1og[O/H] 88+0.1 88+0.1 87+0.1 8.7+0.1

regions. We adopted the method suggested by Sandstrom et al.
(2013): the study have to be carried out (i) in areas where
CO is detected; (ii) within a range of conversion factors from
0.1-100 x 10%° cm~2(K km s~!)~'; (iii) by selecting regions con-
taining 9 resolution elements. We defined four distinct regions
in NGC 4654: a first ring around the galactic center at a distance
of 2kpc, a second ring from 2 to 3kpc, a region that contain
the northwest stellar arm and the high HI surface density region.
Figure 9 presents the DGR minimization method for the high
HI surface density region. The other regions can be found in
Appendix C.

The results of the DGR variation method for the four regions
are presented in Table 2. The uncertainties in the DGRs are
estimated via bootstrapping (see Sandstrom et al. 2013). All
CO-to-H, conversion factors are consistent with the Galactic
value within the errors.

As the DGR is expected to depend linearly on metallicity, we
compare the metallicity based on the DGR variations to direct
measurements. Skillman et al. (1996) obtained 12 + log[O/H]
measurements using the strong-line method. For a reliable detec-
tion of the electronic temperature, the detection of faint auroral
lines is necessary. However, Skillman et al. (1996) carried out
the determination of the metallicity with a constant T.. By using
a spectrum stacking method in regions where auroral lines are
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Fig. 10. Radial profile of the metallicity (12 +1log[O/H]). The strong-
line method measurements from Skillman et al. (1996) corrected fol-
lowing Curti et al. (2020) are shown in black. The PMCO09 recalibration
is shown in blue. The minimization of the DGR variation is shown in
green. The solar metallicity (12 + log [O/H])e = 8.7 is shown in red.

usually not detected, although necessary for metallicity mea-
surements, Curti et al. (2017) were able to define a new mass-
metallicity calibration (MZR) for star-forming galaxies. This
new calibration reveals a systematic and significant offset for
high mass galaxies. At the typical mass of NGC 4654, this off-
set is about 0.3 dex below previous calibrations (see Curti et al.
2020). We therefore recalibrated the data from Skillman et al.
(1996) by applying this offset. A second recalibration was per-
formed based on the work of Pérez-Montero & Contini (2009)
(PMCO09). This recalibration consists in the estimation of the
metallicity

12 + log [O/H] = 8.74 — 0.31 x O3N, (12)
with the O3N; ratio
I[O111] (5007 A I[H
03N, = log | LOMI(C ) « (Hal (13)
I[Hp] I[NII] (6584 A)

derived from the data of Skillman et al. (1996).

The Skillman et al. (1996) metallicity profiles recalibrated
following Curti et al. (2020) and PMCO09 are compared to the
metallicity profile determined by the DGR method in Fig. 10.
These methods lead to metallicities close to the solar value
(see Table 2). The Curtietal. (2020) and PMCQ9 recalibra-
tions resulted in metallicity gradients of —0.07 dexkpc~' and
—0.05 dex kpc™!, respectively (Fig. 10). Both profiles lead to a
solar metallicity at the distance of 4.5 kpc.

An alternative CO-to-H, conversion factor can be obtained
by converting the recalibrated metallicities to DGRs. The
Xco derived from Eq. (5) are presented in Fig. 11. Between
0 and S5kpc the mean CO-to-H, conversion factors are
aco =3.9 Mo(Kkms™! pc?)~! for the Curti et al. (2020) recal-
ibration and aco=5.7 Mo(Kkms™' pc?)~' for the PMCO09
recalibration. These values are close to the Galactic con-
version factor. The conversion factors in the high HI sur-
face density region are aco~8.2My(Kkms™'pc?)~™! and
@co ~ 8.7 My(Kkms™! pcz)‘l, about twice the Galactic value.
We therefore set aco=2ady in the high HI surface density
region and aco = a%/[(\)v otherwise. The maps presented in the fol-
lowing sections are based on this modified conversion factor. The
same maps for a Galactic conversion factor, al(‘:/lgv in the high Hi1
surface density region are presented in Appendix D.

14 T T T T T T T T
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Fig. 11. Radial profile of the CO-to-H, conversion factor. The
red line corresponds to the Galactic conversion factor oY) =
4.36 M, (Kkms™' pc?)~!. Black dots correspond to the aco estimation
using Skillman et al. (1996) metallicities. Black triangles correspond to
the conversion factors estimated using the DGR dispersion minimiza-

tion method.

6. Molecular and total gas

The molecular gas surface density is computed using the
CO-to-H, conversion factor presented in Sect. 5. and is given
by the following equation:

Ico(2-1)
0.8

A factor of 1.36 reflecting the presence of Helium is included
in aco. The 30 detection limit of the CO data is 0.5 Mg pc™
for a constant channel width of 10.4kms~!. The resulting map
is presented in Fig. 12. using the modified @co conversion fac-
tor and in Fig. D.1 with a constant oy . The maximum of
the molecular gas surface density is reached in the galaxy cen-
ter, Xy, = 173 Mg pc~2. The distribution of the molecular gas is
strongly asymmetric along the major axis, extended to ~1.6
(7kpc) to the southeast and ~1.8" (8kpc) to the northwest.
Toward the northwest, a high molecular gas surface density arm
at 40—50 M, pc? is detected, following the stellar arm (Fig. 1).
The surface density values along the arm are 2 to 3 times higher
than in the inter-arm region. Within the high HI surface density

region, where the conversion factor is assumed to be 2 x aglgv ,

the maximum value is Xy, = 99 Mg, pc~2. The total molecular gas
mass is My, =2.1 X 10° M, which is about 10% higher than the
value using a constant a)' .

Convolved to the spatial resolution of 16”, the molecular
surface density can be added to the atomic surface density to
compute the total gas map (Fig. 13). The maximum gas surface
density is reached in the galaxy center with X, = 154 Mg pc2,
which is lower than the value presented for H, due to the con-
volution of the data. Along the spiral arm toward the northwest,
the density is approximately constant, X4, = 60-70 Mo pc2.
Within the high HI surface density region, a local maximum of
117 M pc~? is observed.

Xy, = aco (14)

7. Molecular fraction and pressure

The molecular fraction corresponds to the ratio of the molec-
ular surface density divided by the atomic surface density,
Riyol = Zp, /Zm (Fig. 14). The molecular fraction reaches its
maximum in the galaxy center, where Ry =8-9. Within the
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Fig. 13. Total gas surface density Xy, = Xy + Xg,. Contour levels are
2,5, 10, 30, 60, 90 and 120 M, pc~2. The resolution is 16"

disk of NGC 4654, Ry, decreases with increasing radius. In the
high HI surface density region, the molecular fraction is 2—3
times higher than in the disk at the same radius, reaching a local
maximum, Rye ~ 2.

Blitz & Rosolowsky (2006) found a close correlation
between the molecular fraction and the total gas mid-plane pres-
sure in the star-forming galaxies, such that Ry = P)?007,
Assuming hydrostatic equilibrium within the disk, the total mid-
plane pressure is computed following Elmegreen (1989):

b4 s Vdis
Pu = Pou + P = (3632, + [Eczgasz**—"), (15)
disp
where G is the gravitational constant and vy, the gas veloc-
ity dispersion vgsp = 10(+2) km s~! (Tamburro et al. 2009). The
resulting map is shown in Fig. 15, the ratio between Pg,s and Py
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Fig. 15. Total ISM mid-plane pressure. Contours levels are 1, 2, 3, 5, 8
and 11 x 10° cm™ K. The resolution is 16”.

is presented in Fig. 30. The general distribution of the pressure
within the disk is similar to that of the molecular fraction, with
a global maximum at the galaxy center and a local maximum
in the high HI surface density region. The relation between the
molecular fraction and the ISM pressure is presented in Fig. 16.

The slope of the correlation between Ry and Py is
(1.00 £0.18). This result is consistent with the value reported
by Blitz & Rosolowsky (2006) cited above. However, the points
corresponding to the high HI surface density region deviate
from the correlation. These values are about 2—30" lower than
expected by the linear correlation. For a constant ag’[g" , this off-
set is still present because both Rp and Py, depend on Xy,.
By decreasing the conversion factor the points corresponding
the high HI surface density move parallel to the correlation. We
conclude that the lower Rpo/Po ratio in the high HI surface
density region is independent of the choice of aco.
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8. Star-formation efficiency

Since molecular gas is closely correlated with star-formation, the
study of cases where the SFEy, = 2*/2}12 is not constant pro-
vide valuable information on the physics of the ISM. Bigiel et al.
(2008) showed that variations of the star-formation efficiency
within a galaxy are lower than those between individual galaxies.
Chung & Kim (2014) suggested that the SFEy, is significantly
higher in the high HI surface density region than in the rest of
the disk. We convolved the maps presented in Figs. 7 and 12 to
a resolution of 12" to obtain the SFEy, map shown in Fig. 17.

The molecular gas depletion timescale is defined as Tifpl =

SFEI_{l. The mean value within the galactic disk is e =
2 depl

1.5 Gyr, and T?ezpl = 2Gyr if we exclude the high HI surface
density region in the calculations. The maximum of the star-

formation efficiency is reached in the high HI surface density
region, where Tslezpl ~ 500 Myr, which is three times shorter than
the mean value within the disk.

The SFR as a function of the molecular gas surface density
is presented in Fig. 18. A linear power law is observed between
the two quantities for NGC 4654, with a slope of 1.02+0.18
in agreement with Bigiel et al. (2008) (, ocZﬁ?iO'z). The star
formation efficiency of the galaxy center slightly is marginally
lower by approximately 0.50. For the modified aco, the SFEp,
of three resolution elements within the high HI surface density
region are 1—-20 higher than those of the rest of the disk. With
a constant alglg“ , the SFEy, of the same resolution elements are
2-30 higher than their values expected from the linear corre-
lation. Two other resolution elements within the high HI surface
density region show values consistent with the linear correlation.
These resolution elements are located at the northern edge of the
high HI surface density region.
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Fig. 17. Star-formation efficiency with respect to the molecular gas.
Contours levels are 0.5, 1 and 1.5 Gyr~'. The resolution is 12”.
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Fig. 18. Star-formation rate X, as a function of the molecular gas sur-
face density Xy,. Light blue points correspond to the high HI surface
density region with aco=2Xafy . Dark blue circles correspond to
Qco = ag{(‘)" . Red points corresponds to the galaxy center. The dashed

lines correspond to +10.

9. The Toomre stability criterion

The Toomre stability criterion (Toomre 1964) describes the sta-
bility of a gas disk against fragmentation. This criterion depends
on the surface density and the velocity dispersion of both gas and
stars. For our purpose we only evaluate the Toomre Q parame-
ter of the gas disk. Since the combined Toomre Q parameter is
always lower than the individual Q parameters, the Q parame-
ter based on the gas can be regarded as an upper limit of the
total Q parameter. We use the Toomre criterion to evaluate if
the northwestern region remains stable (Q > 1) with an enhanced
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aco. The Toomre Q for the gas is calculated from the following
equation (Toomre 1964):

KVdisp
as — s 16
Qgas G g (16)
where « is the epicyclic frequency:
/ Q(R) d(R2Q
K= /2 QR) A )- a7
R dR

The angular velocity is Q(R) = vo(R)/R and vy is the rotation
velocity of the galactic disk. We assume a constant gas velocity
dispersion of vgip = 10(+2) km s~! (Tamburro et al. 2009). In
Sect. 10.1 this assumption is dropped and a radial profile of the
velocity dispersion is calculated based on the analytical model
of Vollmer (2003). We generated two different Toomre Q maps.
The first one is based on an approximation of the rotation curve
following Boissier et al. (2003):

-R
Viot = Vflat (1 — exp (K)) ,
at

where I, and vy, represent the length scale and velocity at
which the rotation curve becomes flat. We estimated both val-
ues from the position-velocity diagram presented in Fig. 5. The
resulting map is shown in Fig. 19. The second Toomre Q map is
based on rotation velocities calculated from the deprojected CO
velocity field (Fig. E.1).

The Toomre Q parameter is lower than one in the whole disk
except in the high HI surface density region: the minimum is
0=0.5 for afyy and Q= 0.3 for the modified eco.

(18)

10. Modeling NGC 4654

Our modeling effort is based on the combination of a small-scale
analytical model together with a large-scale dynamical model,
to handle the properties of a turbulent ISM in a simplified way.
The analytical model takes into account gas pressure equilib-
rium (Eq. (15)), molecule formation, the influence of self-gravity
of giant molecular clouds, and stellar feedback. The large-scale
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dynamical model includes the gravitational interaction and ram
pressure stripping. It gives access to the gas distribution and
dynamics on scales of about 1 kpc. The large-scale model does
not include stellar feedback. The combination of the two mod-
els gives insight into the physics of the compressed ISM and its
ability to form stars.

10.1. Analytical model

The analytical model used for this study is presented in detail
in Vollmer & Leroy (2011). The analytical model describes a
star-forming turbulent clumpy gas disk with a given Toomre Q,
where the energy flux produced by supernova explosions is dis-
sipated by the turbulence of the gas. This model generates radial
profiles of the main quantities of this study (Zg, Xn,, Znr and
¥,) that can be compared with the observations to constrain its
free parameters. The observational input parameters are the total
stellar mass, the scale length of the stellar disk, and the rotation
curve of the galaxy. In this model the ISM is considered as a
single turbulent gas in vertical hydrostatic equilibrium:

T Vturl
Prurb = PVtzurb = EGZgaS (Egas + X 1 b] : (19)

Vdisp

Turbulence is driven by supernova explosions, which inject
their energy into the ISM. The model considers turbulence as
eddies with the largest eddies defined by a characteristic turbu-
lent driving scale length /4, and the associated velocity disper-
sion vy,p. Assuming a constant initial mass function independent
of environment, the following equation can be written:

2
vturb
2.’

v3
S turb
&2y = Z:gasl — = z:gasV
driv

v

(20)

where & = 4.6 x 107® (pcyr~')? is the constant relating the
SNe energy input into star-formation (Vollmer & Beckert 2003).
Turbulence gives also rise to the viscosity v such that v =
Varblariv- In the model, the turbulent crossing time of a single
cloud is compared to the gravitational free fall time in order
to derive an expression of the volume filling factor ¢,. Self-
gravitation can be assumed for clouds if the condition Tflirb = Tg
is verified. In such a case, the volume filling factor ¢, links the
average density of the disk p to the density of individual clouds
pei such that po = ¢7 1p. The density of a single cloud p refers
to the density of the largest self-gravitating structures of a size
l.1. The latter size is smaller than the driving length scale /4y by
a factor 6, such that I; = Iy, /6. For self-gravitating clouds, the
turbulent crossing time and the free-fall timescale can be written:

l .
Ty =0 @1)
Vturb
3
cl
_ , 22
Tir \/ 302Gpa (22)

These timescales are used to control both the balance between
the atomic and molecular gas phases and between turbulence
and star-formation. Considering clouds self-gravitation, the star-
formation can be finally defined as:

S* = ¢v£ldriv = 6y PViurp-
T

(23)
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In the model, the turbulent motion is expected to redistribute
angular momentum in the gas disk like an effective viscosity
would do. With this consideration, accretion toward the center
is allowed and one can treat the galaxy disk as an accretion disk.
Assuming a continuous and nonzero external gas mass accretion
rate Yey, the global viscous evolution can thus be written as:

0Zgas  VZgas

ot R?
The mass accretion rate at a given radius in a galactic disk with
a constant rotation curve is given by

\Y
VR

D YRS 3

(24)

M(R) = 2 RSy, = 47R* —— (VZR?), (25)
where v; is the radial velocity. If a stable total Toomre crite-
rion Qi ~ 1 is held over a few rotation periods by the balance
between the mass accretion rate and the gas loss due to star-
formation, the galaxy disk can be considered as stationary, such
that 9%/0t ~ 0. For such a stationary gas disk, the local mass and
momentum conservation yield:
M
VZgas = o
Since NGC 4654 underwent a tidal interaction about 500 Myr
ago and is now undergoing ram pressure stripping, it cannot be
considered as a stable disk. However, the relatively unperturbed
southeastern half of the disk of NGC 4654 is actually not far
from such an equilibrium with a constant mass accretion rate
(left panels of Fig. 20). On the other hand, the mass accretion
rate clearly has to vary in the perturbed northwestern half of the
disk. We decided to keep Eq. (26) for convenience and to radi-
ally vary M. For each model, the real mass accretion rate can be
calculated via Eq. (295).

The separation between the atomic and molecular phase
of the ISM is defined by the molecular fraction, estimated by
the ratio of the free-fall timescale to the molecule formation
timescale (Egs. (22) and (28)):

(26)

ZH TC!
Rnot = S = — - @7
H Ty
where the molecule formation timescale is:
Y
o = = (28)
el

The factor y corresponds to the coefficient of molecule forma-
tion timescale (Tielens & Hollenbach 1985). If we assume no
exchange between the ISM and the environment of the galaxy,
we can estimate y based on a closed box model following
Vollmer & Leroy (2011):

Tas + Za ))1
( Zgas

where vy =7.2 % 107 yr M, pc™3. The metallicity Z can be esti-
mated using the solar value of the constant of molecule forma-
tion yo = 4.7 x 107 yr Mo pc™3 as Z/Zy = (y/y5)~". In order to
verify whether this approach is compatible with the results pre-
viously obtained using the strong-line method and the DGR vari-
ation method presented in Sect. 5, we used the radial profiles of
the stellar and total gas surface densities to calculate the pro-
file of the gas metallicity. We separated the galactic disk into

(29)

two halves: (i) the unperturbed eastern half and (ii) the west-
ern half containing the high HI surface density region. For the
northwestern region, we separated two distinct cases: a constant
conversion factor ey’ and the modified aco in the high HI sur-
face density region. The three resulting metallicity profiles are
shown in Fig. C.1. As the results obtained for both conversion
factor assumptions are consistent with the previous metallicity
estimates based on both, the recalibrated Skillman et al. (1996)
observations and the DGR variation method, we conclude that
the closed-box model is consistent with observations. Using the
molecular fraction computed from Eq. (27), we obtained:

T, = Zeas finol = T T | _ Rino (30)
H, — “gas /mol — “gas EHZ +2HI — “~gas 1 +Rm01 )
1
DN z"gas(l = fimol) :zgas (1+—R1) (31)
mo

10.1.1. Additional free parameters

The three free parameters of the analytical model that can be var-
ied to reproduce the observational profiles are: the scaling factor
between driving and dissipation length scale ¢, the Toomre sta-
bility parameter Q, and the accretion rate M. The modification
of these parameters induces significant changes in the resulting
model profiles: (i) an increase in M leads to an increase in the gas
velocity dispersion; (ii) a decrease in the Toomre Q parameter
leads to an increase in the gas surface density; (iii) an increasing
& leads to an increase in both, Ry and 3.

In addition to the free parameters d, Q and M, we decided
to vary three other parameters that have a significant impact
on the radial profiles of the model: the constant relating the
supernova energy injection rate to the SFR &, the stellar vertical
velocity dispersion vé‘isp, and the constant of molecule formation
timescale yy. Varying these parameters has several consequences
on the radial profiles generated by the model: (i) an increase
in ¢ induces a decrease in the SFR (see Eq. (20)); (ii) a higher
v;isp leads to a lower SFR profile; (iii) an increase in y; strongly
decreases the molecular fraction, which means that the H, radial
profile is lowered and the HI radial profile is augmented.

10.1.2. Degeneracies between parameters

The study of the analytical model revealed degeneracies between
the free parameters. A decrease in Q or an increase in M both
result in an higher gas surface density. To decrease the value
of Riol, 0 or ¥y have to be increased. Finally, four of the six
free parameters have a significant impact on the SFR profile: M
positively; ¢, € and vg;sp negatively.

10.1.3. Results

To determine which set of parameters best fits the observational
data, we carried out two successive reduced-)(2 minimizations:
the first stage consists in the reproduction of the radial profiles
averaged over the disk, excluding the northwest region, which
differs from the rest. Once these parameters have been defined,
a second minimization was carried out to adjust the values of
Q and M in the high HI surface density region. We selected
a portion equivalent to 30% to the disk toward the northwest
to include the entire high HI surface density region and avoid
bias caused by stochastic increases in the SFR. The results of
the two successive y*> minimizations are presented in Table 3.
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Fig. 20. Radial profiles derived from observations (dashed lines) and from the analytical model (solid lines). The models correspond to model
1, 2, and 3. The models are presented in Table 3. The H, profiles are limited by the detection threshold of 3o~ within three velocity channels,

corresponding to 2.8 M, pc2.

The best-fit models are models 1, 2 and 3, described in detail
in the following Sect. 5. Model 1 has the default parameters.
Model 2 has a two times higher vertical stellar velocity disper-
sion, model 3 a two times higher constant relating the supernova
energy injection rate to the SFR than model 1. We rejected mod-
els 4, 5, 6 and 7 due to the too high x? found to reproduce the
high HI surface density region.
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10.1.4. The unperturbed eastern disk

All three models reproduce the observational profiles for the
unperturbed disk in a satisfactory way. The total y? are all about
three. We found values of 6 between 4.8 and 6.6, a Toomre
Q parameter between 1.5 and 1.7, and a mass accretion rate
M between 0.11 and 0.17 My yr~'. These parameters lead to
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Table 3. Sets of parameters obtained from y>-minimization to fit the observation profiles with the analytical model.

# Xco O 0O M y & VcTisp V(?ils?)K @ vgli:; @ gmn O i X X Xem X X Xio X
DISK @ NW ©

1 % o 66 17 017 - - - 106 o2 20 33 10 10 13 25 27002
2 % o 57 15 010 - - x2 87 00 M3y 09 11 1a 3208 98 16
3 33 o 48 16 01 - x2 - 100 o8 L3 30 09 10 10 5o V) 0k os
4 Ef)‘; o 1116 013 x2 - - 94 B 0B sy g0 a0 59010 00 00
5 % o 57T 18 017 - x2 x2 12 v 1B 09 09 11 09 Jo 98 00 92
6 % o 102 19 02 x2 x2 - 121 ol a0 as aog3 203 082
7 % o LS 013 x2 - ox2 o1 S0 S8 s as o D 108

Notes. ("Mean velocity dispersion in the unperturbed disk. ®Maximum velocity dispersion reached in the high HI surface density region.

Minimum Toomre Q reached in the high HI surface density region.
the northwestern perturbed disk. The bold characters correspond to the models with the lowest total x? for a galactic conversion factor X¢p =

and a modified conversion factor Xco = 2 XXV
a mean velocity dispersion between 8.7 and 10.6 kms~! within

the unperturbed disk, which corresponds to common values for
undisturbed local spiral galaxies (e.g, Tamburro et al. 2009).

10.1.5. The northwestern region with a constant afy

Model 1(a) is the solution with the highest y2, of the three
selected models. This model reproduces almost perfectly the H,
and SFR radial profiles within the high HI surface density region
but is the worst to reproduce the HI in the same region (see
Fig. 20). The drop of the Toomre Q parameter is half that of
the observations while the increase in the velocity dispersion is
two times higher. However, the advantage of this model is that it
does not need any modification of the additional parameters to
reproduce the observations.

Model 2(a) is the best model to fit the high HI surface den-
sity region with a constant conversion factor. The star-formation
profile within the high HI surface density region is reproduced
in an acceptable way (see Fig. 20). However the model requires
a nearly 10kms™! increase in velocity dispersion to reproduce
the observations, while a fairly small decrease in the Toomre Q
compared to the observations is found.

Model 3(a) is a decent but imperfect solution. Although
the two gas phases in the high HI surface density region are
reproduced quite accurately compared to observations (see
Fig. 20). The deviation of the SFR from observations makes this
model an acceptable but unfavorable choice for this study. The
increase in the gas velocity dispersion and the drop in the Toomre
Q criterion are comparable with the previous models.

Given its high x2,, we first reject model 1(a). We prefer
model 2(a) to model 3(a) because it is the model with the lowest
X2, of all considered solutions for the northwestern region with
a constant aco.

10.1.6. The northwestern region with a modified aco

Model 1(b) has the highest y2, of the three considered mod-
els. Contrary to model 1(a), the HI is well reproduced but the

@2 obtained for the southeastern unperturbed disk. ’y? obtained for
XMW
co

SFR deviates from observations (see Fig. 20). The increase in the
velocity dispersion is small (Av~2.9kms™!) and the Toomre Q
parameter drops significantly below the critical value of 1, with
0=0.64.

Model 2(b) is an acceptable solution. As for Model 1(b), the
increase in the velocity dispersion is small with Ay ~3.3kms™!
and the Toomre Q drops to Q =0.58 in the high HI surface den-
sity region.

Model 3(b) is the best-fit model for a modified conversion
factor. This model presents the lowest y2, of all models pre-
sented in Table 3. Model 3(b) closely reproduces all observa-
tional profiles in the high HI surface density region (see Fig. 20).
The increase in the velocity dispersion is only Av~2.0kms™!
and the Toomre Q parameter is Q =0.5.

Model 3(b) is thus our preferred model for the modified con-
version factor. All three models show a rather small increase
in the velocity dispersion and a significant drop of the Toomre
parameter in the high HI surface density region.

10.1.7. Conclusion for the analytical model

The unperturbed disk is reproduced by model 1, 2, and model 3
the unperturbed disk. We found mean values of 6 ~5.6, Q ~ 1.6,
and M ~0.13 Mg yr!.

For all the solutions and regardless of the choice of aco,
an increase in the velocity dispersion combined with a decrease
in the Toomre criterion is mandatory to reproduce the high HI
surface density region. Models using a constant conversion fac-
tor lead to a significant increase in the velocity dispersion and
a slight drop in the Toomre Q parameters in the high HI sur-
face density region compared to the unperturbed disk. On the
other hand, models using a modified aco=2ayy lead to a
significant drop in the Toomre Q parameter with only a slight
increase in the velocity dispersion. Overall, the increase in the
velocity dispersion in the high HI surface density region is
Av~2—10kms~! and the Toomre Q parameters ranges between
0 =0.5-1.3. Since we think that the CO-to-H; conversion factor
lies between one and two times the Galactic value, we expect a
Toomre Q parameter of Q ~0.8 and Av~5kms~!.
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10.2. The dynamical model

The dynamical model is based on the N-body sticky particle
code described in Vollmer et al. (2001). The particles are sep-
arated in two distinct phases: a non-collisional phase that repro-
duces the dark matter and stellar component of NGC 4654 and
a collisional component for the ISM. The model takes into
account both the gravitational interaction with the neighbor-
ing galaxy NGC 4369 and the influence of ram pressure strip-
ping over 1 Gyr. The ram pressure time profile is of Lorentzian
form, which is consistent with highly eccentric orbits of galax-
ies within the Virgo cluster (Vollmer et al. 2001). The effect
of ram pressure stripping is simulated by an additional pres-
sure on the clouds in the wind direction, defined as pram =
pvlzu b ~ 200 cm™ kms~!. Only clouds that are not shielded by
other clouds are affected by ram pressure. The star-formation
is assumed to be proportional to the cloud collision rate. Stars
are formed by cloud-cloud collision and added to the total num-
ber of particles as zero-mass points with the position and the
velocity of the colliding clouds. The information about the time
of creation is attached to each new star particle, making it pos-
sible to model the Ha emission for each snapshot using stars
created less than 10 Myr ago. The UV emission is modeled by
the UV flux from single stellar population models from STAR-
BURST99 (Leitherer et al. 1999). The total UV flux corresponds
to the extinction-free distribution of the UV emission from newly
created star particles. The cloud masses range between 3 x 10
and 3 x 10° M. The atomic and molecular phases of the ISM
are separated by computing the molecular fraction f,, using
(Egs. (30) and (31)). Observational input parameters are pre-
sented in Table 1. The dynamical model produces CO, H1, FUV,
stellar mass and Ha data cubes at the spectral and spatial reso-
lution of the observations. This first set of modeled data is used
to produce derived quantities such as total mid-plane pressure,
SFR, star-formation efficiency and Toomre Q criterion in order
to carry out a complete comparative study between the model
and the observations.

Contrary to the analytical model, the dynamical model gives
direct access to two quantities that are difficult to observe
although fundamental: the volume density p of the gas and its
intrinsic 3D velocity dispersion vg;sp. The model neglects super-
nova feedback, which may be the origin of an increased gas
velocity dispersion and an enhancement of the SFR within dense
gas regions.

Three different versions of the model were produced: (i) con-
stant pressure of p = 200 cm~ km s~!; (ii) constant ram pressure
of p = 100cm™ kms™!; (iii) no ram pressure. Only the model
with a strong ram pressure wind was able to reproduce both the
extended HI gas tail and the high HI surface density region, so we
chose to focus our study on this version. The maps obtained from
the other versions are presented in Appendix G. We search by
eye for the relevant timestep that reproduces the available obser-
vations best. A summary table of the comparison between the
model and observations is presented in Table 4.

10.2.1. Stellar and atomic gas surface densities

Maps of the surface density of atomic gas and stars are shown in
Fig. 21. The stellar distribution of the dynamical model is highly
asymmetric. The diffuse stellar disk extends 9 kpc to the south-
east compared to 12 kpc to the northwest. Toward the northwest
an overdense stellar arm is formed. At the end of this stellar arm,
a region of high HI surface density appears in the model, with
total gas surface densities on the order of 50 M, pc~2. Beyond
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Fig. 21. NGC 4654 dynamical model. The colors correspond to the stel-
lar surface density. The contours correspond to the HI surface density.
Contour levels are 1, 5, 10, 15, 20, and 30 M, pc‘2‘ The model data are
convolved to the same spatial resolutions as the observations.

the southeastern edge of the optical disk an extended HI gas tail
is formed with surface densities of 5—10 M pc~2. Another high
HI surface density region is observed south of the galaxy cen-
ter with Ty > 40 M, pc~2. By studying previous timesteps of the
model, we identified this region as an overdensity with a lifetime
of few tens million years created accidentally at this position. We
do not consider this overdensity as relevant for analysis.

Qualitatively, the overall model stellar and gaseous distribu-
tions are consistent with observations (Fig. 1). The overdense
stellar arm is well reproduced, with a comparable high HI sur-
face density region at its end. The HI gas tail in the southeast
direction is also well reproduced by the dynamical model. How-
ever, the northwestern half of the diffuse stellar disk is much
more extended in the model than in the observations. Quanti-
tatively, the stellar arm presents similar surface densities, with
T, = 200-500 Mypc~2. The model high HI surface density
region presents comparable HI surface densities, with a maxi-
mum of Ty ~ 50 My pc™2 compared to the observed maximum
of 35 M, pc~2. However, the HI surface density in the southeast-
ern gas tail is 2 to 3 times higher than in the observations.

The dynamical model is therefore able to reproduce the
dense stellar arm, the high HI surface density region in the north-
west and the HI tail. However, it overestimates the influence of
the ram pressure stripping and does not reproduce properly the
diffuse stellar component.

10.2.2. Molecular and total gas surface densities

The molecular gas map of the model is presented in
Fig. 22. Its maximum is reached in the galaxy center with
Ty, = 170 My pc 2. The model forms an overdense arm in the
northwest direction with Zy, ~40 M pc=2 which follows the
stellar arm. On the opposite side, a southeastern spiral arm with
lower surface densities is present. Moreover, an external gas arm
is created without any correlation with the stellar distribution
in the southern edge of the disk. This gas arm is identified as
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Fig. 22. Molecular gas surface density of NGC 4654 from the dynamical
model. Contour levels are 2, 5, 10, 30, 60, 90, and 120 M, pc’z.

a consequence of shear motions induced by the combined effect
of galaxy rotation and ram pressure stripping.

As for the HI gas, the general distribution of H, gas is
broadly consistent with observations (Fig. 12). The average sur-
face density within the northwestern arm is almost equivalent to
the observations. The local maximum within the high HI sur-
face density region is about 40 My pc~2, which is almost two
times lower than the observed value with a modified aco and
equivalent to observations with a constant conversion factor,
agl(‘)” . The galaxy center also presents comparable surface den-
sity as observations. The differences between the model and the
observations are essentially: (i) the presence of the southeastern
spiral arm that we did not intend to reproduce with the model;
(ii) the overdense external gas arm formed in southern edge of
the galactic disk, suggesting that the model slightly overesti-
mates the strength of the ram pressure stripping.

We added the atomic gas to the molecular gas to study the
distribution of the total gas of the model (Fig. 23). Since on
one hand the molecular gas surface density is consistent with
observations with a constant conversion factor but on the other
hand the HI is slightly overestimated, the total gas map of the
model provides an intermediate solution between observations

with ) and a modified aco. The maximum of Z, reached

in the high HI surface density region is 90 M pc~2, which is
10 Mg, pc=2 above the observations with a constant conversion
factor and 30 M, pc~2 below the observations with a modified
conversion factor. To conclude, the model seems to be able to
reproduce quite accurately the general distribution of the total
gas of NGC 4654. It is, however, slightly more similar to obser-
vations with a constant factor than with a modified factor aco.

10.2.3. Star-formation rate

To compute the model SFR, we used the FUV map generated by
the dynamical model normalized to the total observed SFR. The
model SFR map is presented in Fig. 24. The maximum of the
SFR is reached in the galaxy center with X, =0.2 My kpc =2 yr!.
Toward the northwest, a higher SFR surface density arm is
observed, corresponding to the dense stellar and molecular gas
surface density arm. We also note the presence of a slightly
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Fig. 23. Total gas surface density of NGC 4654 from the dynamical
model. Contour levels are 2, 5, 10, 30, 60, 90 and 120 M, pc~>.

enhanced ¥, arm following the southeastern spiral arm on the
opposite side of the galaxy.

The general morphology of the SFR in the model is consis-
tent with observations, except for the higher SFR arm along the
southeast spiral arm, which is not observed (Fig. 7). This could
be however linked to the small enhancement of the Ha emission
observed in Fig. 2. The maximum of the SFR is reached in the
galaxy center, contrary to observations where the maximum is
located in the high HI surface density region. The model SFR is
2-3 times lower in the northwestern region and 2—3 times higher
in the galaxy center than the corresponding observed SFRs.

To conclude, the model seems to be able to reproduce quali-
tatively the SFR distribution of NGC 4654 but not quantitatively.
As mentioned in the introduction of this section, we can pre-
sume that this is due to the absence of supernova feedback in the
model.

10.2.4. Rmoi—Prot and Zy,—X, correlations

The model correlation between the molecular fraction of the
ISM and the total gas pressure is presented in Fig. 25. The
Rio1—Pot slope is 0.65 +0.19, which is significantly flatter than
the predictions of Blitz & Rosolowsky (2006). The slope is con-
sistent within the errors bars with the results of Leroy et al.
(2008) (0.73), measured for local spiral galaxies of the THINGS
survey. As for the observations, the model molecular fraction
within the high HI surface density region deviates by 1 to 20
from the overall correlation.

The slope of the model Xy, -3, relation is 0.94 + 0.25, which
is consistent within the error bars with the results of Bigiel et al.
(2008) and the observed relation (Fig. 26). The SFEy, varies lit-
tle within the model disk, with a scatter of 0.25 dex. In contrast
to our observations, the SFEy, of the high HI surface density
region does not deviate from the general correlation, with all the
corresponding points included in the + 10 error bars.

The study of the Rpyg—Pir and the Xy, -3, correlations
revealed that the dynamical model reproduces faithfully the
decrease in Rpo/Pwt in the high HI surface density region.
However, the model is not able to reproduce the observed
enhancement of the SFEy, in this region.
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Fig. 24. Star-formation rate of NGC 4654 from the dynamical model.
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Fig. 25. Molecular fraction R, as a function of the ISM pressure P,y
of NGC 4654 from the dynamical model. Blue points correspond to the
high HI surface density region. Red points correspond to the galaxy
center. The dashed lines correspond to =10

10.2.5. Velocity field, linewidths, and velocity dispersion

The velocity field of the dynamical model (Fig. 27) presents
straight iso-contours along the major axis in the northwest direc-
tion. These results reveal a well-defined velocity gradient toward
the northwest along the major axis, that is also observed. A
velocity plateau is reached in the southeast side of the disk along
the major axis. The iso-contours along the minor axis are curved
to the southeast, which is also consistent with the observations.
The velocity field in the HI tail increases slightly therein, while
in the observations, the region is decoupled from the galaxy rota-
tion. All these results are consistent with previous studies of
Vollmer (2003).
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the galaxy center. The dashed lines correspond to +10.

As mentioned in the introduction of this section, the 3D
dynamical model allows us to investigate the velocity dispersion
of the ISM. An increase in the HI linewidth within the disk can
be explained by: (i) the presence of a velocity gradient within
a resolution element or (ii) an increase in the intrinsic velocity
dispersion of the gas caused by local phenomena and physical
conditions. In order to separate the broadening of the linewidth
generated by these two scenarios, we computed two different
maps: (i) the HT moment 2 map of the dynamical model; (ii)
the 3D velocity dispersion map based on the velocity dispersion
obtained for each particle using its 50 closest neighbors. The two
resulting maps are presented in Fig. 28.

The moment 2 map of the model reveals that the broad-
est velocity dispersion is created in the galaxy center with
Av ~50kms!. In the high HI surface density region, the veloc-
ity dispersion is only 5 km s~! above the values at the same radius
on the opposite side of the disk, with a mean Av~20kms™'.
Within the external gas arm, the velocity dispersion is broader
than in the rest of the disk, with Av =20—40km s~!. This result
is consistent with the assumption that the ram pressure strength
in the model is too strong because the band disappears in models
without any ram pressure stripping. The velocity dispersion map
shows an enhancement of the dispersion within the high HI sur-
face density region, reaching a maximum of 18 kms~'. Within
the external gas arm, no increase is measured. The mean veloc-
ity dispersion is Vg5, = Skms™! therein. We therefore suggest
that the velocity dispersion within the northwest region is unre-
lated to the velocity gradient, while the rise in the external gas
arm seems to be its direct outcome.

10.2.6. The model Toomre stability criterion

The Toomre stability criterion of the dynamical model is com-
puted using Eq. (16). To compute «x, we used direct measure-
ments of velocities and distances to the center for every mass
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Fig. 27. HI velocity field. Top panel: from VIVA data. Bottom panel:
from the dynamical model.

point within the model. The velocity dispersion vgis, corresponds
to the real dispersion presented in Fig. 28. A local minimum
is reached in the high HI surface density region, with Q < 0.5
while in the rest of the disk the Toomre criterion is around Q = 1
(Fig. 29). This result is consistent with observations, suggesting
that even in the dynamical model, the region is unstable with
respect to fragmentation.

10.2.7. Summary of the dynamical model

Table 4 gathers all results from the study of the dynamical model.
The dynamical model appears to be closer to the observations
with a constant conversion factor alg{gv . The model reproduces
HI observations of NGC 4654: the HI tail and the high HI sur-
face density region being well reproduced with quite compara-
ble surface densities. Although the stellar arm is well reproduced
by the model, the diffuse stellar disk is much more extended
toward the northwest than the observations. The spatial distri-
bution of the molecular gas matches the observations but is
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Fig. 28. Gas velocity dispersion. Top panel: observed VIVA HI velocity
dispersion (moment 2). Middle panel: velocity dispersion (moment 2)
of the dynamical model. Bottom panel: intrinsic 3D velocity dispersion.
The pink circle corresponds to the high HI surface density region. The
red rectangle corresponds to the external gas arm. Contours correspond
to HI surface densities of Zy; =5, 10, 20 and 50 M, pc~2.

underestimated by a factor of 2 along the dense stellar arm. The
observed enhancement of the SFR in the high HI surface den-
sity region is not reproduced by the model, suggesting that the
inclusion of local physical phenomenon such as supernova feed-
back is mandatory to reproduce such high star-formation. The
deviation of the high HI surface density region from the galaxy
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Fig. 29. Toomre Q parameter of NGC 4654 from the dynamical model.
Contours levels are 0.5, 1 and 1.5.

correlation Ry, — Py 1S also present in the model. However, the
model SFEy, does not decrease in the high HI surface density
region as it is observed. The Toomre stability parameter of the
dynamical model decreases below one within the high HI surface
density region, suggesting that the region is unstable with respect
to gas fragmentation. Excluding the formation of an external
gas arm caused by an overestimation of the ram pressure strip-
ping in the model, the reproduction of the velocity field of the
dynamical model is also robust with the observations. A velocity
gradient in the northwestern direction is measured with com-
parable strength. Separate studies of the observed velocity dis-
persion and the intrinsic velocity dispersion within the model
suggests that the broader linewidth measured in the high HI sur-
face density region are produced by a real increase in the intrin-
sic velocity dispersion and not by a sole consequence of the
velocity gradient caused by the ram pressure stripping.

11. Discussion

In this section we investigate which kind of physical environ-
ment is required to maintain the high HI surface density region
in its current state. We first compare the region of NGC 4654
with a similar region of enhanced HI surface density in another
Virgo galaxy, NGC4501. Then, we carry out a comparative
study between the analytical and dynamical models to high-
light what these regions have in common and what distinguishes
them. Finally, we conclude the discussion on the suggested youth
of the northwestern region.

11.1. Comparison with NGC 4501

NGC4501 is another Virgo galaxy studied in detail in
Nehlig et al. (2016) that is undergoing active ram pressure strip-
ping. The interaction is nearly edge-on, leading to a well-defined
compression front on the western side of the disk. NGC 4501
also presents a region where the HI surface density is particularly
high, located in this compressed front. Nehlig et al. (2016) stud-
ied the variation of the R/ Pt and SFEy, correlations within
the galaxy. They showed that the high HI surface density region
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of NGC 4501 presents: (i) an excess in the HI surface density up
to27 M pc’z; (ii) a slight increase in the SFEy, of 0.1 dex; (iii) a
significant decrease in Ry, / Pior 0f 0.3—0.4 dex; (iv) a drop of the
Toomre Q parameter close to the value of 1; (v) an increase in
the Pg,s/ Py ratio up to 0.7. In the following, the properties of the
high HI surface density region of NGC 4654 and NGC 4501 are
compared in detail.

The high HI surface density region of NGC4654 also
exceeds the usual 10—15 Mg pc observed in spiral galax-
ies (Leroyetal. 2008), with an even higher maximum
T =40 M, pc~2. The slight increase in the star-formation effi-
ciency of NGC 4501 is comparable with the one obtained with
a modified conversion factor for the high HI surface density
region of NGC 4654, namely 0.1 dex above the Xy, -3, corre-
lation. Whereas the metallicity profile of NGC 4654 observed
by Skillman et al. (1996) and corrected following Curti et al.
(2020) suggests an increase in the conversion factor within
the high HI surface density region, this is not the case for
NGC4501. The overall metallicity profile of NGC 4501 is sig-
nificantly higher and flatter than the profile of NGC4654. At
the outer radii the metallicity of NGC4501 also measured
by Skillman et al. (1996) is about twice as high as that of
NGC4654. The metallicity within the high HI surface den-
sity region of NGC4501 remains therefore higher than solar.
This suggests that the conversion factor within the high HI
surface density region of NGC4501 is close to the Galactic
value while for NGC 4654 a two times higher conversion factor
seems appropriate. With such an increased conversion factor, the
star-formation efficiencies with respect to the molecular gas of
NGC 4654 and NGC 4501 are well comparable. This result sup-
ports the assumption of an increased aco in the high HI sur-
face density region. As for NGC 4501, a significant drop of the
Riol/Piot of 0.2—0.3dex is observed within the high HI sur-
face density region of NGC4654. The Toomre Q parameter
in the northwestern region of NGC 4654 is half than that esti-
mated by Nehlig et al. (2016) in the high HI surface density
region of NGC4501, with a minimum of QO ~ 0.5. The total
gas surface density of NGC 4501 in the high HI surface den-
sity region is approximately Xy = 40—50 M, pc~2, while for
NGC 4654, with a modified conversion factor, the total surface
density reaches a local maximum around Zg,s = 90 M, pc~2. This
difference may explain partially the lower Toomre Q parameter
found in NGC 4654. We produced a map of the observed ratio
between the gas pressure and the pressure term due to the stellar
gravitational potential Pgys/ Py (Fig. 30). The map shows that the
gas in the high HI surface density region is self-gravitating with
Pgas/ Py = 1.7 at its maximum. This value is 2.5 times higher
than that of the high HI surface density region of NGC4501.
While in NGC4501 the ISM in the high HI surface density
region is approaching self-gravitation, the total mid-plane pres-
sure of NGC 4654 in the corresponding region is dominated by
Pg,s. The difference between the two high HI surface density
region of NGC 4501 and NGC 4654 might be also explained by
the higher total gas surface density of NGC 4654 compared to
that of NGC 4501.

Since the two regions are comparable in all stated points,
the high HI surface density region of NGC4654 being an
enhanced version of that of NGC 4501, it can be assumed that
the underlying physical processes are the same: a high gas
surface density together with a somewhat increased velocity
dispersion and a low Toomre Q parameter. Whereas we know
that NGC 4654 undergoes both gravitational interaction and ram
pressure stripping, NGC 4501 experiences only ram pressure
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Table 4. Comparison between the observations and the dynamical model.

Observations Model

(@ 2y
Mean Xy in the gas tail 1.86 Mg pc™? 2.96 My pc™?
Max Xy in the high HI surface density region 40.6 My pc™? 43.6 Mypc™?
Mean Xy, in the northwestern dense stellar arm 30-40 Mg pc™? 30-40 Mg pc™?
Max Xy, in the galaxy center 173 My pc™? 170 My pc2
Max Xy, in the high HI surface density region 49.6 M pc2/99.3 Mg pc~2 49.5 M, pc~?
Max X, in the high HI surface density region 0.27 Mo kpe =2 yr! 0.07 Mg kpc =2 yr!
Slope of Xy, —X, correlation 1.02 (+0.18) 0.94 (+0.25)
high HI surface density region deviation from the correlation 0.1-0.2 dex -
Slope of Rpo1— Pt correlation 1.00 (£0.18) 0.65 (£0.20)
high HI surface density region deviation from the correlation 0.2-0.3 dex 0.2 dex

2.0

Arc Seconds

90 60 30 0

—30 —60 —90
Arc Seconds
Center: R.A. 12 43 56.04 Dec +13 07 35.8

Fig. 30. NGC4654 observed mid-plane pressure counterparts ratio
Pg,s/P. Contour levels correspond to 1 and 1.5.

stripping (Vollmer et al. 2008). Therefore, we conclude that the
combined effect of ram pressure stripping and gravitational inter-
action gave rise to a higher gas surface density in the compressed
region of NGC 4654. On the other hand, the reaction of the ISM
including star-formation is the same in the two galaxies. We
speculate that the high HI surface density regions in the gravi-
tationally interacting galaxy NGC 2207 (Elmegreen et al. 2016)
are in the same physical state.

11.2. The radio spectral index

Vollmer et al. (2010) studied the radio spectral index & between
6 and 20 cm of 8 Virgo galaxies affected by ram pressure strip-
ping. The spectral index along the northwestern stellar arm is
significantly steeper than that of the rest of the disk (¢ > —0.8).
The spectral index reaches its maximum in the high HI surface
density region, with € ~ —0.5, i.e, it is close to the typical value
for a population of cosmic ray electrons at the time of injection.
This suggests that the star-forming region is relatively young,
only a few 10 Myr old (Beck 2015).

11.3. Joining between the analytical and dynamical models

In both, the analytical or dynamical model, an increase in the
velocity dispersion combined with a decrease in the Toomre
Q parameter are mandatory to reproduce the observations.
Although the velocity dispersion increases consistently between
these two models, the resulting SFR is significantly lower in the
dynamical model than in the analytical model.

The main difference between the two models lies in the cloud
density p. within the high HI surface density region. The dynam-
ical model does not consider cooling and heating mechanisms of
the ISM through self-gravitating collapse and stellar feedback.
This means that the model does not allow clumping in regions
that are presumed to be dense, leading to an underestimation
of the local SFR. In the analytical and dynamical models, the
decrease in the Toomre Q parameter induces an increase in the
global density. Whereas the volume filling factor is assumed to
be constant in the dynamical model, it shows an increase by
about a factor of two in the dynamical model leading to an
increase in the SFR (Eq. (23)). Despite the fact that the large-
scale density distributions are consistent between the two mod-
els, the small-scale gas density and SFR are poorly reproduced
by the dynamical model. In the latter, the star-formation is purely
driven by collisions between gas particles, while in the analyti-
cal model supernova feedback determines the ISM properties at
small-scales which have a significant impact on star-formation.

11.4. Reaching atomic gas surface densities in excess of
30 M, pc™? in galaxies with and without stellar feedback

Using the analytical model, we investigated how high HI sur-
face density regions with Ty >30 Mg pc™? can be created and
maintained. The question is therefore to understand how far
should the velocity dispersion be increased to reach such surface
densities without any decrease in the Toomre Q parameter
or, conversely, how much must the Toomre Q parameter be
decreased below the critical value of one to reach such surface
densities without increasing the velocity dispersion.

We first modeled an unperturbed disk with 6 = 5, a mean
Toomre Q parameter of 0 = 1.5 and an accretion rate of
M = 0.1 Mgyr~'. The additional free parameters &, V:fisp and
v were not modified. We then created a high HI surface density
region with Ty ~ 30 M, pc™? at a radius of 6 kpc by varying the
gas density via the Toomre Q parameter or the velocity disper-
sion via the mass accretion rate. In both cases the stellar feed-
back is strongly increased. We found that: (i) To obtain a high
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HI surface density region without an increase in the velocity dis-
persion, the Toomre Q parameter must be Q < 0.3. The resulting
SFR in this region is about 60% of the SFR in the galaxy center.
The molecular gas surface density reaches high values, leading
to a molecular fraction of Ry, ~ 2 in this region; (ii) To obtain a
high HI surface density region without a decrease in the Toomre
Q parameter, the increase in the velocity dispersion in this region
must be Avgsp > 16kms™'. The resulting SFR in this region is
about 40% of the SFR in the galaxy center. The molecular frac-
tion is only Ry, ~ 0.5 in this region.

The analytical model therefore suggests that it is theoreti-
cally possible to reach Xy > 30 Mg, pc~> by modifying only the
Toomre Q parameter or the velocity dispersion. We found that
the star-formation rate does not allow us to discriminate between
these two extreme hypotheses. However, the resulting molecular
gas surface density of the two assumptions are strongly different.
This suggests that CO observations are necessary to determine
if stellar feedback can keep the density of the compressed ISM
approximately constant or if the density increases during a com-
pression phase, i.e, if the velocity dispersion is abnormally high
or if the Toomre Q parameter is particularly low.

For the determination of the molecular fraction a CO-to-H,
conversion factor has to be applied. In the case of a strong
decrease in the Toomre Q parameter a significant increase in the
molecular fraction can still be observed even when a Galactic
conversion factor is assumed. We conclude that, in the absence of
a reliable estimate of the intrinsic velocity dispersion, it is possi-
ble to roughly estimate the influence of stellar feedback in a high
HI surface density region located in the outer galactic disk, i.e,
the balance between the decrease in the Toomre Q parameter and
the increase in the velocity dispersion by estimating the molecu-
lar fraction assuming a Galactic CO-to-H, conversion factor.

12. Conclusions

New IRAM 30m HERA CO(2-1) data were combined with
VIVA HI data to investigate the distribution of the total gas
within the disk of the Virgo spiral galaxy NGC 4654 and its
ability to form stars. NGC 4654 undergoes both, a gravitational
interaction with another massive galaxy and nearly edge-on ram
pressure stripping. The combined effects of these interactions
lead to the formation of an overdense stellar and molecular gas
arm toward the northwest, ending with an abnormally high HI
surface density region. Previous studies (Chung & Kim 2014)
showed that within this region the SFEy, is unusually high and
the ratio of the molecular fraction to the total mid-plane pres-
sure is significantly lower than that of the rest of the disk. With
deeper CO observations of higher spatial resolution (12””) and a
star-formation map based on GALEX FUV and Spitzer 24 um
data, we pursued this study to understand the physical properties
of the ISM in the high HI surface density region and their impact
on the ability of the ISM to form stars.

We applied two methods to determine the value of the
CO-to-H, conversion factor within the disk of NGC 4654. Fol-
lowing Sandstrom et al. (2013), the first method consists in the
simultaneous determination of the DGR and the conversion fac-
tor using Herschel 250 um FIR data as a tracer for total gas
surface density. The second method is based on the determi-
nation of the DGR from direct metallicity measurements of
Skillman et al. (1996) corrected according to the calibration of
Curti et al. (2020). Different results were found by the two mod-
els: a constant conversion factor and an increased conversion fac-
tor by a factor of two in the high HI surface density region. The
comparison of the metallicity and the SFE of the high HI surface
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density region in NGC 4654 and NGC 4501, which has similar
physical characteristics, supports the assumption of a modified
conversion factor for NGC 4654 (see Sect. 11.1).

The radial profiles of the atomic gas, molecular gas and
star-formation were compared to an analytical model of a star-
forming turbulent clumpy disk (see Sect. 10.1). We simulta-
neously varied six free parameters to reproduce the available
observations via two successive reduced-y? minimizations.
The radial profiles of the unperturbed southeastern and per-
turbed northwestern disk halves were fitted separately (see
Sect. 10.1.1). Degeneracies between the free parameters were
revealed, making it impossible to discriminate between the
two assumptions on the CO-to-H, conversion factor (see
Sect. 10.1.2). However, regardless of the choice of the con-
version factor used to compute the molecular gas surface den-
sity, the high HI surface density region presents (i) an increase
in the intrinsic velocity dispersion by ~5kms™' (2—10kms™")
and (ii) a decrease in the Toomre Q parameter (Fig. 19). For
Avgisp <6 km s7!, the Toomre Q parameters drops below unity,
suggesting that the region is marginally unstable with respect to
gas fragmentation. The increase in velocity dispersion is com-
patible with the VIVA HI observations.

The available observations were compared to a dynamical
model that takes into account the gravitational interaction and
ram pressure stripping (see Sect. 10.2). The model atomic and
molecular gas surface densities, velocity field, moment 2 map,
slopes of the Ry,o—Pior and EHZ—Z* correlations, and deviation
of the high HI surface density region from the Ry,o—Pyo; correla-
tion are consistent with observations. However, the model is not
able to reproduce the SFR in the high HI surface density region
because of the absence of physical processes such as gas cool-
ing and stellar feedback preventing the formation of small-scale
clumpy regions with high volume densities.

Using the analytical model, we examined the physical con-
ditions required to maintain a high HI surface density region
with Ty > 30 My pe? in the outer parts of galactic disks (see
Sect. 11.4). We found that it is possible to create such a peculiar
HI region by either strongly decreasing the Toomre Q parameter
or by strongly increasing the velocity dispersion. The CO surface
brightness is a good criterion to discriminate between these two
extreme solutions. The most realistic result, however, remains a
combination of the two solutions, as observed in NGC 4654.

Based on our results we suggest the following scenario for
the high HI surface density region: during a period of gas com-
pression through external interactions the gas surface density is
enhanced leading to an increased SFR and stellar feedback. Our
observations and subsequent modeling suggest that under the
influence of stellar feedback the turbulent velocity dispersion
significantly increases and hence the increase in the gas den-
sity is only moderate (less than a factor of two). Thus, stellar
feedback acts as a regulator of star-formation (see Ostriker et al.
2010; Ostriker & Shetty 2011).
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Appendix A: CO(2—-1) rms map 1.6
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Fig. B.1. Same description as Fig. 9.
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Appendix C: Comparison between different
metallicity estimation methods
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Fig. C.1. Same description as Fig. 10. The green, red, and blue lines
correspond, respectively, to the metallicity obtained from the analytical
models (1), (1a), and (1b) using the molecule formation timescale with
the closed box model.

Appendix D: Results with a constant CO-to-H,
conversion factor

In this section, we reproduce the same maps as in the Results
sections. in order to compare the results using a constant CO-to-
H, conversion factor aco = 4.36 My (Kkm s~ pc?)~!.
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Fig. D.1. Molecular gas surface density. Contours levels are 10, 30, 60,
90, 120, and 140 M, pc2. The resolution is 12”.
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Fig. D.2. Total ISM mid-plane pressure. Contours levels are 1, 2, 3, 5,
8, and 11 x 10° cm™ K. The resolution is 16”.
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Fig. D.3. Molecular fraction Ry, = Xy,/Zui. Contours levels are 5, 10,
30, 60, 90, 120, and 140 M, pc‘z. The resolution is 16”.
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Appendix E: Toomre Q criterion alternative map Qo T T T T T T T T T T T T T T T T 0,100
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Fig. E.1. Toomre Q parameter map obtained from the observational Appendix G: Alternative ram pressure stripping
rotation curve. Contour levels correspond to 0.5, 1, and 1.5. models

Fig. F.2. Star-formation map computed using FUV and TIR data.

Appendix F: Star-formation rate comparison
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Fig. F.1. Star-formation map computed using 24 um and He data.
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Fig. G.3. Half wind ram pressure model: molecular gas surface density.
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Fig. G.5. Half wind ram pressure model: total gas surface density.
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Fig. G.6. No wind ram pressure model: total gas surface density.
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Fig. G.7. Half wind ram pressure model: SFR.
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