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Figure 1. Three-color image of the M17 region as seen at24in MJy sP! (red, Spitze}, 250um in Jy beami® (green,Hersche), and 870um in Jy bearii
(blug, APEX).

The M17 nebula is excited by the 1 Myr-old N®618 loose Elmegreen et a(1979 found a velocity gradient in the M17
(radius>1 po open cluster, which contains hundreds of stars molecular cloud complex from northeast to southwest based
with spectral types earlier than RRada et al.1991). The on the low-resolution*CO (J = 1-0) and *CO (J = 1-0)
Massive Young Star-forming Complex Study in IR and X-ray observations. They suggested that the gradient may be an
(MYStIX) survey with the Chandra X-Ray Observatory  outcome of the recent passage of a Galactic spiral density
counted a total of 16,000 stars in the N6€18(M17) cluster ~ Wave, which has triggered star formation in M17. The spiral
(Kuhn et al.2015. It is the second most populated cluster density waves compress the interstellar gas, promoting the

after the Carina cluster in the MYStIX survéuhn et al. formation of giant molecular clouds. The spiral density waves
2015. For comparison, while NG6611 and the Orion &S0 enhance the collision rates of molecular clouds, which can

Nebula Cluster have peak stellar surface densities of around/i99€" massive star formation and star cluster formation

; f ciently (Scoville et al.1986 Tan 200Q Nakamura et al.
10-100 stars pt? that of NGC6618 is remarkably much € . ;
higher, > 1000 stars pt2. The Hil region (M17-H1l region) 2012 Fukui et al.2014 Wu et al.2017 Dobashi et al20198).

surrounding the cluster has opened a large gap at its edgeln fact, Nishimura et al(2018 recently found evidence for a

hich lets stell diati d wind i diff tloud-cloud collision near the M174H region. However,
which [ets stellar radiation and winds escape exciting a di usestreaming motions from the spiral waves can also inhibit
X-Ray emitting region observed with tlidhandraObservatory

. . massive star formation, a fact that has been seen in other
(Townsley et al2003. In addition to the relatively maturelH galaxies such as M5(Meidt et al.2013. In either case, the

region around the cluster, other notable star-forming regions\117 complex, as a whole, is well-suited to study the effect of
have been discovered in the vicinity of M17, such as the gynamical compression of interstellar gas by the Galactic spiral
immediate environment of MI(Ando et al.2002, or the M17  density wave. Interestingly, a second compression at the
Infrared Dark CloudM17-IRDC, also known as M7-SWEX interface of the M17-H region when the OB star clusters
which contains the IRDC G14.225-0.5(Bovich & Whitney  compress the edge of the cloud also occurred, which can be
201Q Ohashi et al.2016 Povich et al.2016. IRDCs are seen in COJ = 3-2) (Rainey et al1987 and also in a high-
molecular clouds known to host the earliest stages of high-masslensity tracer such as HOM = 4-3) (White et al.1982.

star formatior(e.g., Sanhueza et 2019. M17 forms a larger From theSpitzerobservations, Povich & Whitng2010 and
molecular cloud complex together with the M16 cloud, as Povich et al(2016 discovered that the mass function of young
suggested by Nguyen-Luong et €1016). stellar objects(YSO9 around the M17-H region seems

Parallax distances df,83jg:8§ kpc andl.ggj‘&g kpc by consistent with the Salpeter initial mass func{idfF), whereas
maser monitoring have been determined toward two dustthat in the M17-IRDC is signcantly steeper than the Salpeter
clumps in M17, G014.63-00.57 and G015.03-00.57, respec-IMF. In other words, the high-mass stellar population in M17-
tively (Honma et al.2012 Wu et al.2014. These parallax IRDC is de cient. This faqt makes the M17 region an attractive
distances are larger than photometric distances af D3 kpc (€St case for models of high-mass star formation.

(Hanson et al1997 and 1.6+ 0.3 kpc(Nielbock et al.2001),

obtaineql _by the analysis (_)f the mgin-sequence OB stars. Note 3. Observations

that Chini et al.(1980 derived a distance of 2.2 kpc to M17 ) ]
based on the multi-color photometry. Other parallax measure- 3:1. CO Observations from the NRO 45m Star Formation
ments to M17-HI region have suggested a distance of 2.0 kpc Project

(Xu et al.2011), 1.9+ 0.1kpc(Wu et al.2019, or 2.04751% The data come from the NRO 45 m star formation project
kpc (Chibueze et al2016. To be consistent with other papers gPl: Fumitaka Nakamufawhich observed?CO (J = 1-0),

in our project(Shimoikura et al2019a Sugitani et al2019, 3CO (J = 1-0), C*®0 (J = 1-0), N;H" (J= 1-0) and CCS
we adopt pc to be the distance to the entire M17 complex. (Jy = 8; S 7¢) lines toward a sample of star-forming regions:
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Figure 2. The M17 complex iruppe) **CO(J = 1-0) and (lower) **CO(J = 1-0) from the NRO 45 m star formation survey, integrated over the entire velocity
range(from S20 to 60 km s~!). The red rectangles outline the two prominent star-forming regions: MiL{lgft) and M17-IRDC(right). The star symbols pinpoint
the OB star clusters responsible for the giant t¢gion. The cross symbols pinpoint the locations of the massive @dres500M,) reported by Shimoikura

et al.(20193.

M17, Orion, and Aquila Rift. M17 is the most distant star-

! T ) j 5
forming region in the survey. We carried out the mapping 10 =3 'ms 12C0 1-0
observations toward M17 between December 2014 and March B3 ms 3co 10
2017. The three CO isotopologue lines were observed using the-2 10* =3 s c80 1-0

four-beam dual polarization, sideband-separating SIS FOREST <
receiver (Minamidani et al. 2016. However, the &0 Q. 1034

coverage is smaller than those GO and **CO, due to IS

malfunction of a sub-reector system in one period of o 102 -

observations. See Nakamura et(2a0199 for more details of o!

the observations. £ )
The telescope HPBW beam size 45" and the main-beam 2 10° 4

ef ciency nyg  40% at 115 GHz. We used the SAM45
spectrometer as the backend, which provided a bandwidth of ~ 10°

63 MHz and a frequency resolution of 15.26 kHz, corresp- 0.0 05 10 15 20 25
onding to a velocity resolution 0f0.04 km s~!. Standard on- T (K)

the- y (OTF) mapping techniques were used to carry out the rms

mapping observations. Details on the observation procedureFlgure3 Hlstogoams of the rms maps BLO(J = 1-0) (red), **CO(J = 1-0)
such as OFF-positions, submapping integration time; ef (9reed, and C°O( = 1-0) (blug) of the M17 data.

ciency, etc., can be found in Nakamura et(20193.

The raw data were reduced by the NRO data reduction tool $hannels from-18 to—11 kms~'. The average rms dfco,
NOSTAR.?CO. 3O, and ¢80 data were convolved to 22 CO, and %0 are 1.0, 0.4, and 0.3 K per”B-pixel and per

beam size and reprojected to a commdis ¥ 7/5grid to -1 kms™! cha:;snel respectivelyFigure 3). The data are
facilitate our analysis. Figurg@ shows the*CO and**CO available online:

intensity maps integrated fror20 to 60 kms~!. The rms
noise levels were calculated as the average of the emission-fre€ hitps/ jvo.nao.ac.jpportal v2/

3
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Figure 4. Y2CO (J = 1-0) (blue) and*3CO (J = 1-0) (magenthspectra averaged over tt@ M17-H1I, (b) M17-IRDC, and(c) entire M17 regions. The red curves
are three-Gaussian component models that heke data, and thetted parameters are listed in Tatile

3.2. HCO and HCN Observations with TRAO 14 m Telescope the average spectrum, we cand at least four groups of
HCO' (J= 1-0, 89188.526 MHy and HCN (J = 1-0 molecular clouds in the LSR velocity ranged0, 10-30,

' . . 30-50, and>50km s,
88631.6023 MHYlines were observed simultaneously with the ' . . .
TRAO 14 m telescope. The telescope was equipped with thed We further examine the distances of dense clumps in M17

- - . : etected with ATLASGAL survey(Schuller et al.201Q
SEQUOIA receiver with 16 pixels in 4 4 array. The 2nd IF . . .
modules with the narrowband and the eight channels with 4Csenger| et a017. The distances were measured by Wienen

FFT spectrometers allow observation of two frequencieset al. (2019 and Urquhart et al(201§ using the kinematic

simultaneously within the 8800 or 106-115 GHz frequency method and cross-correlating with maser parallax measure-

. ; . __ments if available to resolve the distance ambiguity issues.
ranges for all 16 pixels. We carried out the M17 observations . o .
between 2016 December and 2017 December. ObservationApprOX'mately 90% of sources have distances of 1.8 or 1.9 kpc

were done in the OTF mode, and the native velocity resolutiona:'gure5)’ which implies that most clumps n the .M17 region
is about 0.05 km & (15 kH2) per channel, and their full are located around 18 0.1 kpc and the region might have a
: : . : ' depth of 0.1-0.3kpc. The distances of dense clumps are
spectral bandwidth is 62.5 MHz with 4096 channels. The . Yo 13 .
telescope HPBW beam size i$0” at 100 GHz and the main- cIose_to our assumption of 2kpc. T O_anq CO positior-
beam efciency 7 is 46% at 89GHz. The system velocity diagrams show that the emission lines smoothly
MB -

: change from M17-H and M17-IRDC in terms of the radial
temperature was in the range 4300 K. The cube was > ; . . S
regridded to a 75 x 7”5 grid. velocity, line width, and intensity, indicating that the two

subregions are physically connec{&thimoikura et al20193.
Thus, the assumption that the two subregions are located at the
same distance 2 kpc is justi able.

In the Appendix(Figures18 and19), we show thé?’CO and
13CO (3 = 1-0) intensity maps, respectively, integrated over
the velocity ranges fror8 20 to 10 km §*, 10 to 30 km 5%, 30
integrated over the entire velocity range frof20 to  to 50 km % and 50 to 60 km$'. The bulk of the M17
60 kms! in Figure 2 show the global molecular gas €mission is seen in the velocity range-30 km s~ in both
distribution of the M17 complex. The maps cover an area of -CO and CO (J = 1-0) lines. M17-Hil region is especially
1°72 x 0°53 from 1367 to 1539 in Galactic longitude and  bright in the'*CO (J = 1-0) maps and the M17-IRDC region
from $0°80 to $0°27 in Galactic latitude. The CO emission 1S more prominent in*CO (J = 1-0). The emission in the
around the HI region encompassing the NGB18 cluster ~ fange 3650 kms™! is stronger toward the Galactic equator

stands out as the brightest subregion in the map. Also, theand distributed over a larger region on the plane of the sky. The
emission from the M17-IRDC region is notable in b&f80 BeSSelL parallax-Based Distance Calculator omed that the

and3co. main velocity component 30 km s~ is more likely to be in

The integrated Spectra 6?CO andl3co toward the M17 the_Sagittarius arm, whereas the30 km s~ ! is more ||k9|y to
complex show three major peaks over the complete velocityPe in between the Scutum arm and Norma afifeid et al.
ranging from ézo to 60 km Sfl (See Figure4(c))_ The 2016 2019 Therefore, while the main Component IS ||ke|y ata
averaged spectra aréted with three velocity components that distance of 2kpc, the 3650 kms™' is in between 3 and

show three main components peaking &0 kms~!, 38 4 kpc. The emission in the rangé0 km s~! is more scattered
kms~!, and 57 kms~'; velocity dispersions = FWHM ¢ and does not appear to correlate with the main bulk emission of

» » i 22In2 M17. The'3CO integrated intensity map in the velocity range
4.0 kms™, 6.9kms™', and 3.7kms"', respectively. The 10 30 km 5! also coincides with the submillimeter emission
tted parameters are summarized in Tabldt seems that  gpserved with ATLASGAL (see the three-color image of

the main component centers aroun20 kms~* and the other  rigyre 1). Subsequently, we considered only the emission

two components center around8 and 57 kms~'. This  around 1030 kms !, as a part of M17, and used it to derive
becomes more obvious when comparing tf@0 and**CO physical quantities.

spectra averaged over the entire M17 complex with those of the
individual regions M17-Hi and M17-IRDC(Figures4(a) and

(b)). Each spectrum in these three panels shows distinct peaks
at different velocities, but the dominant peak is around Here we derive the excitation temperature, column
Visr 20 kms~!, which is the main velocity peak of both density, and optical depth of the main cloud component
M17-H1l and M17-IRDC regiongElmegreen et all979. In of M17 (10-30 kms~') using our CO data(see also

4. Results
4.1. Multiple Cloud Ensemble along the Line of Sigl®S
The ?CO (J = 1-0) and *°*CO (J = 1-0) intensity maps

4.2. Temperature and Column Density Distribution
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Table 1
Gaussian Parameters Best Fitting the Averaged Spectra in Bigure
Line Component Parameters M17 Entire M17-H M17-IRDC

Gaussian 1 TIK] 10.9 9.1 10.5
Visr [km Y] 20.3 20.0 20.1

oy [km 7Y 4.1 23 3.7

2co@= 1-0) Gaussian 2 TIK] 4.9 4.1 5.9
Visr [km Y] 38.0 31.3 36.6

oy [km s°Y] 6.9 11.7 7.4

Gaussian 3 TK] 1.9 1.8 2.1

Visr [km s°1] 57.0 57.0 59.3

oy [km 7Y 3.7 2.4 4.7

Gaussian 1 T [K] 2.8 2.1 3.5

Visr [km $°4] 20.6 19.8 20.2

o, [km $°% 3.0 2.0 2.4

Bco @ = 1-0) Gaussian 2 TIK] 0.8 0.8 0.9
Visr [km $°1] 36.7 30.5 34.1

oy [km 7Y 6.3 8.3 6.9

Gaussian 3 T [K] 0.2 1.6 0.2

Visr [km $°9] 57.4 68.1 57.6

oy [km 7Y 2.6 1.8 2.8

temperaturdy (3°CO) as

60 1 7(3CO)(v) = —In (1 Tas (°CO) ) Q)

 fU(Te) — J(2TK))

Here the lling factorf = 1 is assumed as the extended nature

.. hv
. of the emission and J(Tx) = Top /D —
J 5.3

— > for the **CO (J = 1-0) emission.h, k, and v
(exp(5.3/Te) — 1)
are Planck constant, Boltzmann constant, and transitional

Number of ATLASGAL sources
N
o

18 19 28 45 114 115 130 135 137 frequency. Subsequently, tHéCO column density can be
Adopted distance (kpc) derived as
Figure 5. Histogram of distances of ATLASGAL sources extracted from
Urquhart et al(2018. N(®3Co) = 3h Ot exp(5.3/Tex) f’T(V)dV, 3)
8m3Su? g, exp(5.3/Tex — 1)

= — Ju I = =
Mangum & Shirley2015for the derivation of these physical where = 0.112 D, § = 20, +1 with J, = 1, and g,

quantitiey. Based on the differences ¥ICO and**CO in the 2J, + 1 = 3. The rotational partition function is approximated
global integrated maps, we divide these cubes using differentsQ,, = = + %with B = 55101.011 MHz with the assump-

hB

masked regions. Mask 1 is set to the region where both of thgjon that all the levels have the saifig and thafTey is much
“CO and ™CO integrated intensities are more than three pigher than 5.X. This assumption might be wrong but is
times as high as the noise Ievelsiof'0.22dﬁlg |n'the co conventional, which is commonly called the LTE approx-
integrated map and 0.089 Km s~! in the ~°CO integrated imation. W t th&3CO col density t |
maps. Mask 2 is set to the region where only th€O imation. e co_nve;’r53 colurmn denstty 1o kico “O”QQ
emission is detected above 3 0.27 K kms~'. Mask 3 is  density assuming a’CO fractional abundance of 2 1 _
set to the region where neithiCO nor 13CO is detected ~ (Dickman 197§. We use the updated conversion ratio
above 3 levels, which can be regarded as an emission-freeNm,/Nco = 6000 from Lacy et al.(2017, which yielded a
region. B3CO fractional abundance of 2610°° using the ratio
We assume that?CO and**CO have the same excitation *°C/ *°C = 60 specically calculated for M1{Henkel et al.
temperatureT,,, and that it can be calculated from the 1982 and agreed with the average Galactic vlienger &
maximum main-beam brightness temperature *6€0, Penziasl990).
Tax (*CO), in the masked region 1 as For mask 2 region, we use th&0 (J = 1-0) emission as a
proxy to estimate the Hcolumn density assuming that the
— 55 K ) 1) emission is optically thin a®&y, = XW(CO), whereX is the
In(1 4 5.5 K/ (Tinax (2CO) + 0.82 K)) conversion factor and(CO) is the?CO (J = 1-0) integrated
intensity. TheX factorX = 2 x 102 cm2 K !(kms~)lis
The optical depthr(*CO) as a function of velocity in the used as recommended by Bolatto et (2013, which was
masked region 1 can be derived from the main-beam brightnessestablished after an exhaustive investigation of all possible

ex
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Figure 6. Histograms of théa) CO excitation temperaturép) H, column density, angc) peak optical depth of the M17 region. The blue, orange, and green
histograms are toward the entire M17, M17-Hand M17-IRDC, respectively.

measurements. Note that we do not estiniBte for this column density corresponding to the 3evels (Table 2).
masked region. DGMFs for M17, M17-HI1, and M17-IRDC are plotted in a

Excluding pixels where the excitation temperature is |eSS|og_|og scale in Figure8. They have at pro les below the
than 2.7 K(14% number of pixe}sdue to low rms in the  cojumn density~7 x 102! cm~2 and then a quick drop to a
integrated maps, and using only non-zero data within the ., ver.jaw tail at higher column density. The column density
percentile range 0.5999.99%, we obtain a temperature range ~7 % 102! em-2 is arqued to be the threshold for star
of 8-81 K, and anVy, range of 3x 10°°4.6 x 10°* cm2 for : ) 9 .

2 formation(André et al201Q Lada et al201Q Heiderman et al.

the entire M17 compleXFigures6 and 7). The median CO : ]
excitation temperature_is 20K, and the median column 2010 Arzoumanian et ak01% Evans et al2014. The slope

density is 1.3« 10?2 cm? for the entire M17(Table2). of the power-law tail is shallower in the M17HHegion than
There are strong differences between M17-ehd M17- in the M17-IRDC region. DGMFs converge to unity toward

IRDC. First, the peak optical depthnd is remarkably lower column density, but diverge at higher column density.

different in two regions, as seen in Figuteand 7. 71 in These proles are similar to CMDs and DGMFs of other

M17-H1l has a mean value of 0.31 and a standard deviation ofregions(Lada et al201Q Kainulainen et al2013 and Rivera-
0.15, while those of M17-IRDC are 0.5 and 0.24, respectively. |ngraham et al2015.
Some regions in M17-IRDC havei) values that are even We calculate the very dense gas mass fraction, the ratio of
higher than 1. Second, M174Hhas much higher temperatures mass that has a column density higher than 102 cm=2 or
than M17-IRDC. The maximum temperature in the M1T-H 1 gcnt2 a column density level suggested as massive star
region reaches 81 K, especially around the NEBT8 cluster, formation thresholdkrumholz & McKee2008 as
whereas the maximum temperature in M17-IRDC is only 41 K
(Figure 7(a)). Third, in addition to being colder, M17-IRDC f _ Myy>1x10% em? ©)
also has a lower peak column density compared to Mii7-H verydense Myt '
(Figure 7(b)). We caution that the column density is probably
overestimated because the partition function is overestimatedn total, .4 1S about 8.86% in the entire M17.
due to the fact thafe, is not much greater than 5.5 K. Individually, f,ygense 1S 27% in M17-Hil and only 0.46% in
) . M17-IRDC region.

4.3. Dense Gas Mass FunctiodBGMF) and Mass Properties On the other hand, the DGMFs for mass with column

Figure 7(b) clearly shows that M17-H has higher column densny21 abowze the presumed threshold for star formation
density materials than M17-IRDC. The DGMF is useful to see 7 X 10 cm™* are 96%, 91%, and 98.5% for M17, M17-
how the dense gas is concentrated in sgedensity ranges. H1, and M17-IRDC, respectively. These two column density

Dividing the column density into 120 column density bins !evels are marked as vertical lines in Fig@re ,
ranging from 18 cm2 to 10?*cm~2 we create the DGFMs as The at plateau of the DGMF at the low column density part

the normalized cumulative mass distribut{@MD) as gives us the total masses of M17, M17kHand M17-IRDC
(Figure 8), which are captured in Tab® The total mass of

Mo imyA (Nw,) dN, M17is4.49 x 10° Mo, that of M17-Hil is1.43 x 10° Mg, and
DGME(>Ny,) = % @) that of M17-IRDC is 3.06< 10° M. The median pixel-by-

’ Mo, ' pixel mass surface density of M17-IRDG14Mg pc>?) is

. : . . higher than that of the M17-H region (280M, pc>?).
where Ny, is the co!umn density from Wh'Ch. the mass 15 However, the peak mass surface density is much hjgher in
accumulatedy = 2.8 is the mean molecular weight, is the M17-H1l (9831M, pcS?) than in M17-IRDC(1995M,, pcS?)
hydrogen atomic masa,is the integrated area, anf)” isthe  (see Table). The mean column density™™ is calculated as
maximum column density observed in the region. Whgn )

reaches the noise lev mzi“, the obtained mass is the total Amean _ Mo,

‘ ) (6)
mass of the cloud,, in both masks 1 and 2vy" is the Ao
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Figure 7. Maps of the(@) CO excitation temperaturé)) H, column density, an¢c) peak optical depth of the M17 complex. We use only data within the main
velocity rangg(10-30 km s~!) of M17. The red rectangles outline the two prominent star-forming regions: MiL{ieft) and M17-IRDC(right). The star symbol
pinpoints the OB star cluster responsible for the giant fdgion. The cross symbols pinpoint the locations of the massive @dres 500M;) reported by
Shimoikura et al(20193.

Table 2
Properties of the Subregions M17HHM17-IRDC, and the M17 Complex
Region (Ter;lin’ T;:edian’ Ter;nax) (N].Tzin, Nl%edian: N}l_lr;ax) (Eggsn’ Zg;csdialé, Eg:iasx A101 Mm n]!_[r;e"an
(K) (10°* cm™?) (Mo pc>?) (pc) (Mo) (em™)
M17-H 1l (8, 15, 8) (0.3, 6.3, 4538 (6, 134, 983} 364 1.43 x 103 166
M17-IRDC (11, 21, 4) 1.9, 17, 93 (40, 355, 199% 593 3.06x 10° 285
M17 (8,20, 8) (0.3, 13, 453 (6, 281, 983} 957 4.49%x 10° 201

Note. Tey, Np,, andXgasare measured per pixel.

whereA, is the total areas of the clouds calculated as the sumrgpie 2. The mean volume density is higher in M17-IRDC

of areas of all interior pixels of the cloud projection on the (285 cn$3) than in M17-Hil (166 cnt'3). For the two column
plane of the sky. We also calculate the volume density asgensity levels discussed above, the corresponding average
np, = M- M \wherer= ,/% and Ay is tabulated in volume densities of M17-H, M17-IRDC, and entire M17,

14 3
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Figure 8. Normalized cumulative column density distributions of the entire M17, M174hd M17-IRDC regions. The vertical lines mark the locations of the
column densities of ¥ 10 and 1x 10?3cm°2

Table 3
Statistics of Individual Clumps Extracted with the Dendrogram Technique in the M1 T&7-IRDC, and the Entire M17 Clouds
Region Nsources Neources (i > 1) (Rmin’ Rmedian’ Rmax) (Mmin’ Mmedian’ Mmax) (a,c‘ilin’ Oégiidian, ac}?x
Mg
M17-H 1i 26 11 (0.12, 0.2, 0.41 (3, 60, 1719 (0.12, 0.86, 8.28
M17-IRDC 164 105 (0.11, 0.2, 0.5% (1, 14, 100} (0.14, 1.36, 14.28
M17-Entire 190 116 (0.11, 0.2, 0.5% 1,17, 1719 (0.12, 1.33, 14.28

respectively, are 1.8 10°, 2.1x 10°, and 9.5x 10* cm°3
for column density abovd x 10®cm~2, and 3.5x 10°,
1.7x 10, 1.5x 10° cm®® for column density above

median column density of the entire mg@able 2).
Dendrogram requires three input parametersy_value,
min_delta, and min_npix. The rst parametemin_

7 % 102! em-2. value species the minimum value above which Dendro-

In summary, the peak column density is higher in M17-H gram attempts to identify the structures. The second parameter
while the average column density and total mass are higher imin_delta is the minimum step requd for a structure that
M17-IRDC. If very dense gas is considered alone, its averagéhas been idented. The third parametefiin_npix is the
volume density is approximately two times more in M1E-H ~ minimum number of pixels that a structure should contain in
than in M17-IRDC. order to remain an independent structure. We set the three

parameters as followsmin _value = 50, min_delta
= 30, andmin_npix = 100, wherec is the average rms
4.4. Individual Clump Structure Extracted with Dendrogram noise level of the*CO dataWe selectmin_npix = 100

To obtain an automatic extraction of the individual clumps in Which is in the middle of &« 4 x 4= 64 and 5x 5 x
M17, we use the DendrogragRosolowsky et al2008.%* It is 5= 125 voxel_s in p05|t|omo§|t|on—veIOC|ty space in orde_r
a hierarchical clustering method that builds up clusters in at0 remove articial structure in the area having high noise
tree-like structure where each node represents gskeatture ~ after some trials. The map gular resolution is close to
that has no sub-structyreor branch (structure that has about four times the cell size. We keep only leaf structures,
successor structyreEach node in the cluster tree contains a Which are independent structures in our analysis. This
group of similar data. Clusters at one level join with clusters in €xtraction with Dendrogm results in the identcation of

the next level up using a degree of similarity. The total number26 individual clumps in the M17-H and 164 clumps in
of clusters is not predetermined. M17-IRDC. The properties of these clumps can be found in

In our extraction, we use Dendrogram to detect and extractTable3. Here, we assumed all the distances to the structures
the morphologies of individual clumps using tHéCO identi ed are equal to the representative distance of
(J = 1-0) data cube in the velocity range of 1830.0 km d= 2kpc.
s>, We extract only sources in the regions that have a column We use the virial parameters as the ratio of the virial mass to
density above3 x 102cm~2, as in the masked map the true clump mas$o.;,” as a measure of the gravitational
(Figure 17). This threshold corresponds to three times the stability of the clumps. For clumps in gravitational equilibrium,
awir 1S Unity. Collapsing and dispersing clumps haygof <1
and >1, respectively. The virial parameter for a spherical

14 https// Dendrograms.readthedocéeéal stablé
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clump with uniform density and temperature neglecting
external pressure and magnetald can be expressed as
Mvir SO%DR

= , (N
Mclump 3ijclump

Qyir =

whereG, M, andR are the gravitational constant, clump mass
and clump radius, respectiveglgertoldi & McKee1992. The
clump radiusk is de ned as the geometric mean of the major
and minor semi-axes of the projection onto the position
position plane for a clump idengd. 3D velocity dispersion
o3p is calculated as;p = o01p/~/3 . The clump mass is the LTE
mass calculated from tHéCO (J = 1-0) integrated intensity
of the individual structures.

The masses of the individual clumps extracted with
Dendrogram in M17-H appear to be comparable to those in
M17-IRDC, while the peak column density in M17HHis
higher than that in M17-IRDC, as seen in the histogram of
column densityFigure8). The median clump mass is 60 and
14 M, in M17-H1l and M17-IRDC, respectively. Both clumps
in M17-H1u and M17-IRDC have a median radius of P2
The virial parameters of clumps in M174HHare smaller than
those in M17-IRDC. We nd that 64% of clumps in M17-
IRDC have virial parameters,;, > 1, while 42% of clumps in
M17-H Il haveay; > 1. However, the median virial parameter
in M17-IRDC is 1.36, higher than the median value of 0.86 in
M17-H1I. Thus, the clumps in M17-H are more prone to

Nguyen-Luong et al.

HCO" and HCN in M17-IRDC is almost invisible, except in a
few dense clumps and intersections of the IRD&nentary
network (Busquet et al2016), indicating that there is more
dense gas at the intersections of th@ments(Ohashi et al.
2016. These locations coincide with the brighEO emission
positions(see Figurel9). Note that these areas of both HCN
and HCO emission are similar and are the sums of all pixels
that have HCN and HCDemission larger than zero. The total
areas of HCWHCO" of H 1l and M17-IRDC are 23.6 pand
52.6 p&, respectively. Thus, the HCN and HEGmitting
areas are 6.5% and 8.9% of the total CO emitting areasifor H
and M17-IRDC, respectively. While the trends are similar,
HCN integrated intensity is higher than that of HCO'he
maximum HCO integrated intensity in M17-IRDC is about
5K km s~!, while that of M17-HI goes up to 35 Kkm s~!.
While the integrated intensities of HCN and HC@epend
linearly on the gas column density in the M17+Hloud
(Figure10(a)), they do not exhibit similar correlation in M17-
IRDC (Figure1Q(b)). The Spearman correlation coeents of
HCN and HCO versus gas column density are 0.72 and 0.68
in M17-H1n cloud, and they are both 0.54 in M17-IRDC. A
similar trend is also found between the integrated intensities of
HCN and HCO* and excitation temperature, except the linear
dependence of the integrated intensities of HCN and HCO
only appears at temperature higher than 5@FKures11(a)
and11(b)). The Spearman correlation coeients of HCN and
HCO" versus excitation temperature are lower: 0.65 and 0.59

gravitational contraction, which is consistent with the fact that j; pM17-H1 cloud, and they are 0.49 and 0.39 in M17-IRDC,

star formation is much more active in M174H

4.5. Distribution of Dense Gas Traced by HC@nd HCN
M17-Hi and M17-IRDC have different high column

respectively. The mean ratios of HCKHCN are 0.73 in
M17-Hi and 0.97 in M17-IRDC. While the mean ratio in
M17-H1l is similar to values obtained for resolved nearby
galaxies in a recent survé€jyiménez-Donaire et &2019, that

density gas concentration in the column density maps create@f M17-IRDC is higher. Compared to Galactic Cloud, the ratio

from CO (J = 1-0) observations, as discussed in Sectdh
We use HCO (J= 1-0) and HCN (J= 1-0) to further
examine the distribution of high-density gas in M17, which are

of of HCO"/HCN in M17-Hll is comparable to Ophiuchus
(0.77) and higher than Aquil#0.63 but lower than Orion B
(from 0.9 to 1.4, while the value of M17-IRDC is more

thought to be better tracers of dense star-forming gas than C@omparable to those of Orion himajiri et al.2017).

isotopologue$Gao & Solomor2004 Wu et al.201Q Stephens
et al. 2016. The optically thin critical densities of HCO
(J = 1-0) are as high as 6.8 10° cm™3 and that of HCN
(J = 1-0)is as high as 4.% 10° cm™3 at 10 K(Shirley2015.

However, the effective critical densities at the same tempera-

tures are 9.5 10% cm®2 for HCO' (J = 1-0) and 8.4x 10°
cm>3for HCN" (J = 1-0). For comparison, the critical density
of 2CO (J= 1-0) is less than THcm™® (Shirley 2015.

5. Discussion

In the previous Section, we have quaatl the difference
between M17-HI and M17-IRDC in terms of the cloud mass
distribution and the distribution of dense gas tracers. In this
Section, we will discuss the difference between two subregions

Besides tracing the general landscape of dense gas, theghd how their distributions impact star formation in M17.
tracers are sensitive to the physical processes closely related to

star formation, such as owws, infall, photoionization,
mechanical energy, and chemistRuller et al.2005 Roberts
et al. 2011, Sanhueza et a012 Chira et al.2014 Walker-
Smith et al.2014 Shimaijiri et al.2017).

In Figure9, we present the integrated intensity maps of HCN
and HCO" (J = 1-0) transitions from 10 to 3&ms~!. The
1o levels are~1 and1.2 Kkm s~! for the HCN and HCO

integrated maps. It clearly shows that most of the emission o

these lines is in the M17-H region, indicating that the M17-

H 1l region contains a signtant amount of high-density gas.
The HCO and HCN emission come mainlg/ from the high
column density>3 x 1022 cm~2 or 600M,, pc>?) part traced

in CO, except near the star cluster where the column density i
lower than3 x 10?> cm~2 but a small fraction of HCD and
HCN (J = 1-0) is still detected. In contrast, the emission of

9

5.1. Two Distinct Subregions in the M17 Cloud Complex

M17-Hil and M17-IRDC clouds have different physical
properties, as shown in Sectighand are also known for
having different star formation activit§Povich & Whitney
201Q Povich et al2016. We summarize the properties of the

tIwo subregions in Figur&2. M17-H1l is harboring a massive

protostellar cluste(Kuhn et al.2019, while M17-IRDC is
quiescent and currently forming low-mass st@bkashi et al.
2016. M17-Hu is warmer and has higher peak column density
and a much higher very dense gas fraction. M17-IRDC is more

gnassive and has a higher mean surface density. The total

fraction off‘*mﬂ and fraction of dense gas area over CO gas
HCO™ J=1-0
area are also higher in M17iH(see Sectio®.2).
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Figure 9. (@ The HCO (J = 1-0) and(b) HCN (J = 1-0) integrated intensity maps of M17. The red rectangles outline the two prominent star-forming regions:

M17-H n (left) and M17-IRDC(right). The star symbols pinpoint the OB star clusters responsible for the giargdibn. The cross symbols pinpoint the locations of
the massive core® > 500M,) reported by Shimoikura et §20193. The white contours correspond to the gas column density ledekof0?> cm=2.
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Figure 10. Scatter plots of pixel-by-pixel HCN and HCQJ = 1-0) integrated intensity vs. gas column density(&mM17-H Il and(b) M17-IRDC regions. We note
that the scales are different in these plots.

5.2. HCO" and HCN(J = 1-0) as Proxies to Trace Dense

Gas Mass suggesting that HCDand HCN(J = 1-0) emission lines trace

a similar density region(Figures 9(@) and 9(b)). As in
The distributions of HCO and HCN (J = 1-0) coincide Section4.3, we divide the integrated intensity maps of HCN
with the high-density part of the gas column density map, and HCO (J = 1-0) into 120 bins based on the gas column
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of HCO" and HCN emission also cormed that denser A part of this work was nancially supported by JSPS
gas is present in the M1F+egion than in M17-IRDC. KAKENHI grants No. JP17H02863, JP17H01118, JP26287030,
4. HCO and HCN emission trace all gas with a column JP17K00963, and JP18H01259. The 45m radio telescope is
density higher than 8 10°? cm®® and a higher  operated by NRO, a branch of NAOJ.
HCN/HCO" ratio in M1741 region might be a good
indicator of massive star formation or more evolved
evolutionary stages of star formation in MIL7- Appendix A
5. Applying a Dendrogram analysis to th&CO data, we Dendrogram Masked Map and Results
identi ed clumps in the two clouds. Clumps in M17ttdre
more compact than those in M17-IRDC and most clumps
have virial parameteks,;; <= 1. On the other hand, most
clumps in M17-IRDC have virial parametess;, > 1.
Clumps in M17-IRDC need external pressure, while clumps
in 17-Hil can collapse under their own gravity. Such
distinct dynamical states of clumps are consistent with the
current activity of star formation, where M17Hormed
massive stars more efently in the past, while intense
massive star formation has not happened yet in M17-IRDC.
6. The M17 complex appears to have been formed as a
whole by large-scale compression. This compression We show the*CO and *CO (J= 1-0) integrated
triggered star formation in M17-#Hand will trigger star intensities of the observed region integrated over different

Figure17(a) shows the masked map used to extract sources
with Dendrogram, where we masked out all pixels with column
density below 3« 10?? cm?, and Figure17(b) shows the
detected leaf structures extracted with Dendrogram.

Appendix B
12C0O and *CO (J = 1-0) Intensity Maps of the Clouds
along the LOS of M17 Complex Integrated in Different
Velocity Ranges

formation in M17-IRDC in the future. velocity ranges in Figures3 and 19, respectively.
le23
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Figure 17. Masked map used to extract sources with Dendrogram, where we masked all pixels with column dens‘itwbla(l)é@/vcm32 (uppe) and the detected
leaf structures extracted with the Dendrogi&wer).
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Figure 18. *>CO(J = 1-0) integrated intensity maps of the M17 complex. The velocity range for integration is indicated in the upper left corner of each panel. The red
rectangles outline the two prominent star-forming regions: M17defft) and M17-IRDC(right). The star symbols pinpoint the OB star clusters responsible for the
giant Hil region. The cross symbols pinpoint the locations of the massive @6res500M;) reported by Shimoikura et g20193.
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Figure 19. **CO(J = 1-0) integrated intensity maps of the M17 complex. The velocity range for integration is indicated in the upper left corner of each panel. The red
rectangles outline the two prominent star-forming regions: M17deft) and M17-IRDC(right). The star symbols pinpoint the OB star clusters responsible for the
giant Hil region. The cross symbols pinpoint the locations of the massive @6res500M;) reported by Shimoikura et g20193.
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