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DETERMINATION OF PHYSICAL PARAMETERS OF THE W40 HIl REGION USING OBSERVATIONS
OF H110a RADIO RECOMBINATION LINE

HIl regions are ionized regions of interstellar gas, which ionized by intensive ultraviolet radiation from
nearby hot stars. Radio recombination line is one of the main tools for investigating the Hll region, in particular,
the distribution of HIl is obtained and the main physical conditions of the interstellar matter are determined
from hydrogen lines. This study was carried out based on the analysis of the H110a recombination emission
line toward the W40 HIl region, which is one of the most active star-forming regions in the Aquila Molecular
Cloud. We used archival observational data of the H110a radio recombination line in the Aquila Molecular
Cloud, obtained during February in 2015 using the 26m NanShan radiotelescope in the Xinjiang Astronomical
Observatory of the Chinese Academy of Sciences.

During the period of the study, an integrated intensity map of H110a toward the W40 Hll region and the
corresponding spectra were constructed. The electron density and temperature of the Hll region, the emission
measure, the optical thickness, the Lyman continuum flux, the excitation parameter, the radius of the
Stromgren sphere, and the mass of ionized hydrogen inside the sphere were calculated. The values of the
emission measure and optical thickness indicate that the H110a recombination radio line is optically thin and
traces a very dense region (<6462 AU) with a high electron temperature. The numbers of photons of the Lyman
continuum indicates the presence of a massive 09.5 star, that equivalent to a zero-age main-sequence star
located within the HIl region. The obtained values of the physical parameters indicate that the region of ionized
hydrogen under study is an ultracompact region. The results of this article lay the foundation for further
research aimed at studying the evolution of HIl regions, as well as their role in the processes of starformation.
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W40 HIl ainmakTbiH, dr3nkanbik napametpnepid H110a
pekoMbMHaUMANDIK PaAnOCbI3blFbiH 6aKblnay apKbl/ibl aHbIKTaY

HIl alMmaKTapbl — KaKblH MaH/[afbl bICTbIK KYAAbI3AAPAbIH, KAPKbIHAbI YAbTPAKYAMH CayneneHyimeH
MOHAANFAH  JKYAAbI3apaiblK — rasfablH — MOHAanfaH  ahMmakTtapbl.  HIl allmarbiH - 3epTTey  VUliH
PaAMOPEKOMBUHALIMANBIK CbI3bIKTap Heri3ri KypanaapapiH 6ipi 6onbin Tabbinaabl, atan aMTkaHaa, Hil Tapany
CyTEri Cbi3bIKTapblHAH a/iblHaAbl *KHE KY/1/bI3 apasiblK OpTaHbIH, HEri3ri GU3NKabIK *KaFdannapbl aHbiKTanaabl.
byn 3epTrey Aquila monekynanbik bynTbiHAafbl eH, benceHAi Kynabl3 Ty3eTiH almakTapablH, 6ipi 6onbin
TabbinatelH W40 HIl alimarbl 6afbiThiHaa H110a peKomOUMHAUMANBIK, 3MUCCUA Cbi3blFbiH Tanaay HerisiHae
Kyprisingi. byn 3eptreyai »Kyprizy vwiH 6i3 2015 kbingblH aknad avbiHaa KeitanabiH, L biHKaH,
ACTpOHOMUANBIK FbibIM  aKaAeMUACbIHbIH, 26 M HaHb-LLlaHb pagmoTeneckonbiHAa anbiHFaH Aquila
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Mmonekrynanblk byntbiHaarbl H110a paaMopeKombuHaUMs Cbi3blfbiHbIH, MyparaTTbliK Oakbliay AepekTepiH
KONAaHAbIK,.

3epTtTey bapbicbiHaa W40 HIl aimarbl barbiTeiHaa H110a nHTerpanasl cayneneHy KapKblHAbIAbIFbIHbIH,
KapTacbl XXaHe CalKec CNeKTpAep KypPacTbipblaabl. 3epTTey HaTuxKeciHAe HIl aiMarbiHbIH 3N1EKTPOH TblIfbI3AbIfbl
MeH TemnepaTypacbl, SMUCCUA BALWEMI, ONTUKANbIK KaAblHAbIK, J/ITaiMaH KOHTMHYYM afblHbl, KO3y NapameTpi,
CtpemrpeH cdepacbiHblH, paanycbl XaHe cdepa iWiHAeri MoHAanfaH CyTeriHiH maccacbl aHbIKTanAdbl.
IMUCCUANBIK BILIEMHIH, *KaHe ONTUKA/bIK KaablHAbIKTbIH MaHAepi H110a pekoMbuHaLmMANbIK paamo Cbi3bifbl
ONTUKaNbIK TYPFbIAAH KYKA KOHE 3/EeKTPOH TemnepaTypachl *KOfapbl ©Te TbiFbl3 alMaKTbl (<6462 AU)
KadafananTbiHbIH KepceTedi. /IMMaH KOHTUHYYMbIHAAFbl GOTOHAAP caHbl HIl alimafbiHAa OpHanackaH Henaik
¥KacTarbl Herisri Ti3beKTi Kynabisfa TeH maccmeTi 09,5 Kynapbi3biHbIH, Bap ekeHiH KepceTei. PU3nKabIK,
napameTpaepain, anblHFaH MaHAepi 3epTTeNneTiH MOHAANFaH CyTeri alMafbl YAbTPa KMHAKbl aMaK eKeHiH
KepceTesi. byn sepTtreyaiH HaTuxkenepi HIl aimakTapbiHbIH TabUFaTbl MEH 3BOOLMACHIH, COHAAM-aK 0NapAblH,
Rynapi3gapapiH nanga 6ony npouectepiHaeri KeHipeK KOHTEKCTTeri pesiH 3epTTeyre 6arbiTTanfaH oAaH api
3epTTeynepliH HerisiH Kanaabl.

TyMiH ce3aep: peKombUHaUMANBIK paamockisbifbl, HIl aimarbl, sKynabiskanbintacy, W40 aimassbl.
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Onpepgenenue pusnyeckmx napametpos ob61actn W40 Hll
no HabnaeHUaM peKombMHaLUMOHHOM paanonnHum H110a

O6nactn HIl - 3TO MOHWM3MpPOBaHHbIE 06/M1aCTU MEXK3BE3AHOro rasa, KoTopble OblIM MOHW3UPOBAHBI
MHTEHCUMBHbBIM YAbTPAaGMONETOBLIM M3NyYeHMEM DBAM3AEKALLMX ropaYmMx 3Be3d. Ans maydeHua obnactu Hll
OZIHMM U3 OCHOBHbIX MHCTPYMEHTOB ABNAOTCA PaAMOPEKOMBUHALMOHHbBIE MHUKM, B YAaCTHOCTWU MO JIMHUAM
BOAOPOAA NoayvatoT pacnpefeneHne HIl v onpenenstoT ocHOBHble GU3MYECKME YCNOBUA MEMK3BE3AHOM
cpenpl. [laHHOE nccnenoBaHWe NPOBEAEHO Ha OCHOBE aHa/M3a PEKOMBUHALMOHHON NTMHUKN M3nyYeHna H110a
B HanpaBneHUM pernoHa W40 HIl, KoTopbln sABAAETCA OAHMM M3  CaMblX aKTMBHbIX 0bnacTen
38e34006pa3oBaHMA B MonekyaapHom obnake Aquila. Jna nposeaeHmna AaHHOMo MCCAeA0BaHUA HamK Bblan
MCMNOJIb30BaHbl apPXMBHbIE AaHHble HabaoaAeHMI paaMopekoMOMHaALMOHHOM AMHMKM H110a B MONeKynspHOM
obnake Aquila, nonyyeHHble B TeuyeHwe despans 2015 roga Ha 26-m paamoTeneckone HaHb-LaHb
CVHbU3AHCKOM acTpOHOMMYECKON 0bcepBaToOpumM KMTaMCKOM akaaemMmm HayK.

B xofe wccnefoBaHWA MNOCTPOEHa KapTa MHTerpasbHOM MHTEHCMBHOCTM wM3nyveHma H110a 8
HanpasneHun obnactm W40 HIl n cooTBeTcTBylOUIME CMNEKTPbl. B uccnepoBaHum Hbianm onpeneneHs!
3NIEKTPOHHAA MAOTHOCTb WM Temnepatypa pernoHa HIl, mepa smuccum, onTUMYECKas TOLWMHA, MNOTOK
NAaiMaHOBCKOrO  KOHTMHYYMa, napameTp Bo3byxKaeHwa, paguyc cdepbl CTpemrpeHa M macca
MOHM3MPOBAHHOIO BOAOPOAA BHYTPU Chepbl. 3HAYEHUA MEPbLI SMUCCUM M ONTUYECKOM TO/ILWMHbI YKa3bliBaloOT
Ha TO, YTO pekombuHaumMoHHaa pagnmonnHua H110a onTUYecKM TOHKAA M MPOCNEKMBAET OYEHb MAOTHYIO
obnactb (<6462 a.e.) C BbICOKOW 3NEKTPOHHOM TemnepaTypol. Ynucno ¢oTOHOB KOHTUHyymMa JflalimaHa
MOKa3blBaeT Ha/iM4Me MacCMBHOM 3Be3abl TNa 09.5, 3KBMBANEHTHOW 3Be34e MMaBHOW Noc/aeA0BaTebHOCTH
HY/JIEBOrO BO3pPacTa, PacrnofioXeHHOW BHYTpM obnactu HIl. MonyyeHHble 3HaYeHUa PUINYECKUX NapameTpoB
YKa3blBatOT Ha TO, YTO mccaedyemas o61acTb MOHU3MPOBAHHOMO BOAOPOAA ABNAETCA YAbTPAKOMMNAKTHOM
obnacTbto. PesynbTaTbl NpOBEAEHHOIO MCCAEA0BAHMA 3aKNaAbIBAtOT OCHOBY A4/1A AabHENLWNX UCCAef0BaHU,
Hanpas/ieHHbIX Ha M3y4eHue NpuUpoAbl M 3BoMtouMKM obnacTelr HIl, a Takke ux poan B Honee WMPOKOM
KOHTEKCTe B Npoueccax 38e34006pa30BaHMA.

Kntouesble cnosa: pekoMbuHalMoHHan paamonmHua, obnactb Hll, 3se3oobpasoBaHme, obnacts W4O.
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Introduction

HIl regions are ionized regions of interstellar gas
that mainly consists of hydrogen (H) atoms which
ionized by intensive ultraviolet radiation from nearby
hot stars. HII regions can be either extended to several
hundred light years or be very compact. Thus HIl
regions have a wide range of densities, from a few
atoms/cm® to millions of atoms/cm® for the most
compact regions, and temperature in HIl regions is
around 10000 Kelvin [1]. In our Galaxy, HII regions
are distributed in a pattern similar to that of the
molecular clouds from which stars form, and are
similarly concentrated in the spiral arms of other
galaxies. They are also found in association with
newly formed stars in all irregular galaxies, making
them highly visible traces of active star formation.
Therefore, they are often associated with young
massive stars and serve as indicators of ongoing star
formation [2].

HIl regions emit at certain frequencies,
including radio frequencies, which can be observed as
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recombination lines. Recombination radio lines
(RRLs) provide valuable information about the
physical conditions in the HIl region. By studying the
intensity and characteristics of recombination lines,
one can gain insight into the properties of HIl regions,
including their temperature, density, size, mass,
ionization state and Kkinematics [3-5]. This
information helps us to understand the formation and
evolution of stars, as well as the dynamics of
interstellar gas in galaxies.

Materials and Methods

In this article we study the HII region in the
Aquila Molecular Cloud, which coincides with the
star formation region W40 (Figure 1). The central
dense W40 HIl region with coordinates
RA(J2000)=18"31m29%, DEC(J2000)= -02°05'24"
has a diameter of = 3.5 pc, and the width of the HII
region is ~ 1 pc [6]. Infrared radiation sources of large
masses are used here (IRS 1A South, IRS 2B, IRS 3A
u IRS 5), which illuminate the HIl region [7, 8].

A 2000

Figure 1 — W40 HII starformation region in
Aquila Molecular Cloud at different wavelengths
according to the data of 2MASS (2.16 um), WISE

(22 um) and HERSCHEL (100 pm) [15].
Intensity is given in Jy.
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A dense dark cloud about 20" in diameter
surrounds the H Il region [9-10]. The space between
the hot, ionized HII region and the cold molecular
cloud is marked by a thin HIIl region and an
accompanying neutral interface [11]. The average
radio continuum flux density in the HII region is 34
Jy [12]. W40 is located at a distance of 37 pc above
the plane of the Galaxy [13]. The distance to the W40
region is 436 + 9 pc (1420 + 30 light years) [14], we
suppose it to be one of the closest places for the
formation of massive O and B type stars.

The W40 HII star formation region has been
studied in detail by many authors. Most studies,
however, have focused on studies in the infrared, X-
ray, and radio ranges [16, 17]. However, studies of
this region at the frequencies of hydrogen
recombination lines have not been found; therefore, it
is of interest to study and determine the physical
parameters of the W40 HII region. Figure 1 shows
distribution maps of interstellar matter toward the
W40 HII region at various infrared wavelengths. We
see that the intensity of the emission of interstellar
matter in W40 HII lies in a wide range of values and
the apparent sizes of the region differ at different
wavelengths.

Results and Discussion

This section disclosures main concept of the
work and contains an analysis and discussion of
research results as well as conclusions on the results
obtained during the research. Results and Discussion
is one of the most important sections of article.
Analysis of the present work’s results and discussion
on them in comparison with previous works, analyzes
and conclusions, must be done.

To study the HII region, radio recombination
lines are one of the main tools, in particular, the
distribution of HII is obtained from hydrogen lines
and the main physical conditions of the interstellar
medium are determined.

To conduct this study, we used archival
observational data of the H110« radio recombination
line (vo = 4874.1570) in the Aquila molecular cloud,
obtained during February in 2015 at the 26 m
NanShan  radiotelescope in  the  Xinjiang
Astronomical Observatory of the Chinese Academy
of Sciences [18].

Figure 2 illustrates a integrated intensity map
H110a toward the W40 HII region. Since the most
direct way to track the ionized gas is likely to be dust
emission, which dominates at these frequencies in the
continuum, the presented integrated map of the
H110a emission shows the contours of the dust
continuum, according to [19]. The position of the
peak in the velocity-integrated linear radiation, equal

7
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to 86 Jy/beam km/s, coincides with the position of the
dust continuum. The spectrum of the H110« line is
shown in Figure 3. The range of integration velocities
is from -20 to 10 km/s. For the HII region, from the
size of the deconvolutional beam of the observations
used, we obtain the internal size s =632",456.

Figure 2 — Integrated intensity map of H110a
toward W40 HII region in the Aquila Molecular
Cloud. The contours of the continuum radiation are
superimposed in black. The black ellipse shown in
the lower right corner indicates the beam size at half
power, which is equal to 10’

Figure 3 — A spectra of H110a line

An analysis of the intensity maps of the 13CO
(1-0) line and the maps of the H2CO formaldehyde
absorption line in our previous studies [20]
formaldehyde absorption line in our previous studies
H110« line in W40 HII has no analogue in this profile
at lower velocities, but there will be a weak spectral
component in the absorption spectrum for the H2CO
line at -8.5 km/s. At the maximum continuum
temperature of 3.33 K the ratio T, /T, has a peak value
of 0,038 with an average optical depth of 0.15. The
profile of the H110a resembles a spherical
(blueshifted) outflow with an approximate shape
(1—(V/Vy)®", where the outflow velocity of
matter V, is around of 25 km/s. The local
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thermodynamic equilibrium electron temperature T,
is determined by the formula [21]:

T,
T = [3.624 X 10% - (T—C-Av)] 0.87, (1)

L

where T, has the value of 7300 K assuming maximum
optical depth and linewidth at half power of 24 km/s.

EM = 7.1pccm™® (

where 6 = 632".456 is internal size. For H110« line
the maximum line intensity is S; = 452.64 Jy. For HII
region we obtain EM = 7.4 x 10°pc cm™© at the
observed wavelength which is equal to A = 6 cm.
Electron density n, = 1.54 x 10* cm™3 is estimated

St
Jy

This value makes sense when all H110a radiant
fluxes occur on the outskirts of a typical HII region.

In order to characterize the emissivity of the HII
region under certain conditions in spectral lines the
emission measure (EM) is used, which is determined
under the assumption T, = T, from the equation [22,
23]:

o) (©) (s (ree) ®

by EM = nZ (=) f,, where L = 10.2 x tg(6;) is the

path in kpc and f, = 1 is the volume filling factor.
The length of the region under consideration was
6462 AU. Continuous optical depth z. in central part
of HII region is determined from [24]:

135 EM

7, = 0.08235a(v, T,) (#)_2'1 (%) (—) (3)

we obtain 7, = 0.13 ata(v,T,) = 1.

The above parameters indicate that the H110a
line is optically thin and traces a very dense region
(<6462 AU) with a high temperature (T," = 7300 K).
It also indicates that the HII region under
consideration may be ultra-compact, which directly
surrounds newly formed stars of spectral types O and
early B.

", 0.1 D 2 Sgas T —-0.45
N, = 4.761 x 10*8s~ (v, T,)"1 (—) ( ) ><< v )(—9) ,

T_\15 / N; \3
U = 2.706 x 10~ 6pccm ™2 (—3) ( L),

where D = 0.436kpc is the distance of HII regions
from Sun ata(v,T,) = 1. Based on our obtained
physical parameters, assuming optical fineness and
conditions of local thermodynamic equilibrium, we
have obtained two upper limits: N, = 9 x 1047s~1
and U =28.0pccm™2. This means that the
estimated number of Lyman continuum photons
requires a massive star equivalent to a zero-age main-
sequence star located inside the HII region.

To determine the region of fully ionized gas that
surrounds a hot 09.5 star, we examine the parameters
of the Stromgren sphere: the radius and mass of
ionized hydrogen inside the sphere. The radius of the
Stromgren sphere is the distance from the central star
to the point where the ionizing photons emitted by the
star are no longer able to support the ionization of the

pc cm™

To determine the appropriate type of star in the
HIl region under consideration, we use the Lyman
continuum flux N, which determines the number of
photons emitted by the star per second, and the
excitation parameter characterizing the state of gas
ionization in the vicinity of the star. The number of
photons (NL) and the excitation parameter (U) are
determined from the equations:

4)

GHz! \kpc Jy J\K

4 1

K s~1 ®)
surrounding gas. When limited by ionization in a
medium containing only hydrogen, it is equal to

To determine the region of fully ionized gas that
surrounds a hot O9.5 star, we examine the parameters
of the Stromgren sphere: the radius and mass of
ionized hydrogen inside the sphere [25]. The radius
of the Stromgren sphere is the distance from the
central star to the point where the ionizing photons
emitted by the star are no longer able to support the
ionization of the surrounding gas. When limited by
ionization in a medium containing only hydrogen, it
is equal to

3N, \/3
L) ()

R= (e
4taN,Ny+
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where N, is total number of Lyman photons emitted

-1
per second by an 09.5 star, and @ = 2.06 - 10*'T,? -
¢, —is the recombination coefficient of hydrogen of
the upper levels. @, = 1.389 factor depends on
temperature weakly. From (6), taking into account
N, = Ny+, we obtain an expression for the mass of
ionized hydrogen in a sphere depending on the
electron density:

My  84-107°8N,

[Me] Bl aN,

(7

This equation shows that an O9.5-type star
ionizes a larger mass of gas in a rarefied medium than

Table 1 — Physical parameters of the HII region

in a dense one. Since the rate of recombination is
proportional to N2, then ion lifetime H* is more in
HII regions with lower density. For this reason, the
same photon flux in a rarefied medium ionizes more
hydrogen atoms than in a dense medium. For these
HII regions mass of ionized hydrogen is
Mun= 0.15Mg and the diameter of the Stromgren
sphere is 0,09 pc.

Thus a study of the intensity and characteristics
of the H110a recombination line in W40 region
provides some information about the physical
parameters in HII region (table 1), which, in turn,
made it possible to attribute the W40 HII region to an
ultracompact type.

S, EM n, N, U Mun | Size Spectra.Type | Type of HII
[Jy] [pccm™] [em™3] [c71] [pcem™%] | (Mg) [pc] of stars regions
Ultra-
6 4 47
452,64 | 7,4x10 1.54 x 10 9% 10 28.0 0.15 0,09 09.5 compact
Conclusion determined and used to determine the appropriate

For the first time we have analyzed the radio
astronomical  observations of the H110«
recombination line in the southern regions of the
W40 HIl in the Aquila Molecular Cloud, which were
obtained using the 26 m Nan Shan radiotelescope in
the Xinjiang Astronomical Observatory of the
Chinese Academy of Sciences.

During the study, a integrated intensity
intensity map of H110« and the spectra of this line
were obtained. Based on the analysis of
observational data, the electron temperature,
emission measure, electron density, and continuous
optical depth were calculated. The analysis of these
parameters led to several important conclusions.
Firstly, the H110a line was determined to be
optically thin, indicating that the observed radiation
is not significantly affected by absorption or
scattering processes. This characteristic allows a
more accurate interpretation of the physical
properties of the region. Secondly, the obtained
physical parameters showed that the region is
characterized by a very dense medium (<6462 AU).
This suggests a compact and concentrated
distribution of ionized gas, consistent with the ultra-
compact HII region. Such regions are known to
surround newly formed stars, especially those of
spectral types O and early B, due to intensive
ultraviolet radiation and strong ionization.

In addition, the number of Lyman continuum
photons and the excitation parameter were

type of star associated with the region. The
estimated number of Lyman continuum photons
requires a massive star equivalent to an 09.5-type
zero-age main-sequence star located within the HII
region. For the HIlI region under study, the
Stromgren sphere radius and the mass of ionized
hydrogen in it were calculated. For the W40 HII
region, the mass of ionized hydrogen
Mun = 0.15M, and the diameter of the Strémgren
sphere is 0.09 parsec.

In general, the determination of the physical
parameters of the W40 HII region through
observations of the H110a recombination radio line
provided a significant insight into its properties and
evolutionary processes. These results contribute to
our broader understanding of star-forming regions,
their ionization dynamics, and the role of massive
stars in shaping their physical characteristics. Future
studies may build on these results to further explore
the nature and evolution of HII regions and their
relationship to star formation processes.
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