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Hamlet: Do you see yonder cloud that's almost in shape of a camel? 

Polonius: By th'mass, and 'tis like a camel, indeed. 

Harnlet: Methinks it is like a zueasel. 

Polonius: It is backed like a weasel. 

Hamlet: Or like a whale 9 

Polonius: Verg lik n whale. 

(Hamlet . 111.2) 



Abstract 

The ttiree supernova remnants, 3C391, W28 and W44, are known to be interact- 
ing wi t h t heir environmerital molecular clouds. Our goal in studying such interactions 
is to determine whether compression by supernova shocks triggers star formation or 
n-liether! on the contrary, the shock destroys the clouds. h o t  hcr interest in pursuing 
t liis researcfi is to distiriguish the physical nature of the shocks which occur in these 
supernova remnants. i.e. either J or C-type shocks. 

Observations have been macle in bot h millinieter and near-infrared dornains. 
S lolecular observations. which trace the quiescent gas, include the rotational transi- 
tions "CO .1=3 + 2 and 13C0 J=3 + 2' and several other molecules in the '218-363 
GHz range. For studying the shocked gas. ive made use of v= 1-0 S(1) H2 as well as 
B r i  crriission observations on several locations close to the shock front. 

Ué are investigating in detail the morphology of the gas near (1730LIHz) OH 
rriaser locations. which are known to be sites of shocked a=. The analvsis consists 
also of thc estimation of the excitation temperatures and cvolurnn densitik of clurnps 
of gas arid the determination of ttieir gravitational stability in order to test the 
triggcring of star Formation hypothesis. 

Tlic higti resoliition. both spatial (0.5'') and in velocity (- 12 knifs) of the BEAR 
iiistriitiiciit ori CFHT gives for the first time the possibi1it~- to resolve the vibrational 
lirir H2 v=1-0 S ( l )  in the three remnants. This providcs aclditional information about 
t tic local spced of the shocks and their possible physical nature. Also. the absence 
of Br: eriiission puts further constraints on the nature of the shock. We analyse the 
liiic iritcnsities of thc Hz v=1-0 S(1) and the upper limit rilues for Br? emission 
m r l  corriparc the results with the available theoretical models of shocks. Our study 
siipl~orts-the hypothesis of a C-type shock, in agreement with the theoretical ~ i c t u r e  
o f  t l i ( ~  (1720 MHz) OH maser originating conditions. 
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Chapter 1 

Theoretical Framework 

1.1 Introduction 

.\Il thrce systerns investigatecl in this study 3C391. W2S and 1V-l-l. are believed to be 

cases of supernova reninant/ molecular cloiid (SS/SIC) interaction. The association 

of sriperno\-a remnants with molecular clouds has been suggcsted. based on their ob- 

scrved positional coincidence. for many different cases (Huang and Thaddeus. 1985. 

1986). In principle. ive would expect those kind of associations to occur frequently 

in nature. since massive stars: which will end their lives in a supernova explosion, 

will tend to do so in the proximity of their parental molecular clouds. as suggested 

also by the close correspondence of OB associations and H II regions in spiral arms 

(Elmegreen S- Lada. 1977). However? only fen cases of SN/MC interaction are firmly 

proved to date. 

In several cases. there is convincing evidence of supernova remnantsl molecular 
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clouds interaction. rnost of it having been brought about by molecular mapping re- 

su1 ts. Arnong the most studied esaniples of such interactions are: W-lJ, W 8 .  Puppis 

A. GS4.2-0.8, CTB 109 [G109.1-1.01, HB 21. and the favorite target of such studies. 

the IC443 supernova remnant (Wilner et al.. 1998 and the references therein). The 

sigriatiire of sliock propagation is often seen by the broadenirig of niolecular emission 

lines and a rnasiniiirn of their brightness at the interface between the reninant and 

t h  cloud (e.g Wootten. 1977. for CO rnapping). 

-4notlier approacii in studying supernova shocks is by observing directly the hot. 

sliockccl güs. seen in the near-infrared domain. mostly froni the vibrational transitions 

of nioleciilar hydrogen. 'rIolecular hydrogen emission provides the prirnary coolant 

for iriterstellar sliock waves. produced when moleciilar cloiids collide. or when stellar 

winds. H II rcgioiis. ancl supernovae encounter molecular clouds. The last process. 

wliich is also the one we are interested in. may be responsible for triggering star 

formation when the compressed gas behind the shock aave collapses (Elmegreeen 

ancl Lacla. 1977). One principal interest in studying the SS-SIC associations is the 

iindcrlyirig belief that they can be sites of triggered star formation. 

1.2 Star Formation Induced by Shocks 

I t  is çustornary by non- to cIassiFy star forming processes broadly into two categories: 

i) 5pontaneous" gravitational collapse of a rnolecular cloud (or a part of it).  

cirivcn by the loss of interna1 energu. wtiich originally could have been thermal. 

niagnetic or turbulent. This leak of energp could proceed through radiation. magnetic 

diffusion or turbulent viscosity. SIolecular or grain molecular reactions can also be a 
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source of spontaneous collapse, if they can change the gas temperature and therefore, 

alter the balance between tieating and cooling in the cloud. 

ii) Anotlier aay in which star formation is believed to take place is through 

the so-called **stimulated" collapse. This may occur if some external process can 

act on the cloud and set it into a state of gravitational instability. The shocks 

from supernova explosions could then be an attractive candidate for triggering star 

formation. Moreover. the shocks may also clear away the material around the old 

stars and direct it tovwds ot her locations wlicre? under favorable condit ions. it could 

forni ricw stars (Elmegreen. 1977). 

Of course. tliere stiould be specific conditions in place for a shock to result in 

star forriintion. One basic requirement is that the cloud be massive enough so that 

a suHicient ainount of gas could be compressed in order to form stars. Another 

rccpircrncnt is that the physical conditions in the post-shocked material. nhich are 

Favorable for collapsc. miist esist long enough. possibl- as long as the free-falling tirne 

to forni a star. If r is the characteristic tirnc-scale for the shock (i.e. the time during 

n-hicli post-sliocked rnaterial could have collapsed), its value for supernova shocks is 

r -- 10' years. This means that probably onlp loa-mass self-gravitating fragments 

have timc to form in supernova remnants. in contrast with H II regions. for esample 

(for wliich r - 10"ears)) where then both low and high-mass fragments can form. 

Of the same importance as the previous two requirements is the orientation of the 

magnetic field. depending on which the gaseous compression can be enhanced (in the 

part of the shock perpendicular to 8) or inhibited (in the part of the shock parallel 

to B). 
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1.3 Shocks in Supernova Remnants. 

S hock Models. C ( bbcontinuous") versus J (bbjurnp") shocks. 

The structure of shock maves in molecular clouds is deterrnined by the coupling 

bctwccn the magnetic field and the weakly ionized pre-shock gas. For shock speeds 

bclon 40 - 50 kni s-1 (SIcIiee, Chernoff Sr Hollenbach, 1984), Lorentz forces within 

the shock front push the charged particles away through the neutrals. and the result- 

ing collisioiis accelerate. cornpress and heat the gas. This process is slow. because 

the cliargecl particles are rare. so the gas is able to radiate aivay a significant frac- 

tion of the licat nhile still within the shock front. primarily through the cmission of 

racliutiori in niolecular rotational anci vibrational transitions. Shocks of this kind are 

clcnotcd C-type (Draine. 1980). where the "C" connotes a rather "continuous" vari- 

ation of the fiuitl variables across the shock. At higher shock spceds. the molecular 

coolants arc dissociated. cooling cari no longer keep pace with the heating. aiid the 

gas pressure bccomcs dynamically significant. -4 thin. viscous sub-shock forms a i t  hin 

the frorit. and tlie shock is termed J-type (Draine. 1980). where the ".J" connotes a 

suddeii "jump" of tlie fluid variables across the shock. 

For a C-type stiock. the cooling length in the shocked gas is short compared to 

the ion-neutral coupling length. C-type shocks are characterized by fluid velocities 

wiiich var- smoothly over a length scale larger than the cooling length. in contrast 

to *.jiinip-" or %type" shocks where bulk kinetic energy is converted to random 

thermal energy within a thin adiabatic layer (Iiaufman Sr Xeiifeld. 1996a). 

In  general. the cooling process can proceed through: radiative cooling from rota- 

tional and ro-vibrational emissions of H20. H2 and CO: gas-grain cooling resulting 

from collisions bctween hot gas molecules and other cooler grains: and dissociative 
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(Sliull Si Beckwith' 1982 and the ceferences therein). The Einstein coefficient -4 for 

radiatire de-escitation for v=1-0 S(1) a t  2.12 p m  is 3.47 (Smith and Mac Law? 

Assuniing the molecules to be a t  the post-shock temperature. the intensity is 

given by 

ivlierc 11 is tlic nican niolecular weight of the post-shock gas (2.33 r n ~  including 

10% Hc). ;; is the adiabatic index (assumed tao be 917 for three transitional. one 

vibrational and tmo rotational modes). l i i j  represents the ratio of the total cooling 

rate to the rate in the line 0, na is the pre-shock density and \', is the shock speed 

(Stiull k Beckwitli (1982). Tlius. the iriterisity of the HI irifrared line can deterniine 

tlic procliict rc&". and so. provided that no is known. one can in principle deduce 

the naturc of the shock. 

1.5 Shock Chemistry 

HI is one of the principal coolants within the shock fronts. In certain conditions H20 

cari also be an important coolant. 

\ \ i t c r  formation is very efficient b r  high density shocks. n(l -- 10' cm-3 (Kauf- 

rnann and Seufeld. 1996b). once the shock temperature exceeds 400 K. Le. for shock 

velocities 2 10 km s-'. Above this temperature. nearly al1 the pre-shock osygen 

not bound in CO is rapidly incorporated in H20. producing large column density of 

ivatcr ( - 1018 cm-2). Once the water is formed, it dominates the cooling through- 

out the shock-heated region. The efficiency of HZ cooling is greatly reduced a t  high 
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densities by collisional de-excitation, and it is only the high efficiency of non-LTE 

H 2 0  cooling that allows the shocked gas to  s t q  cool enough for molecules to survive. 

Since the H2 and H 2 0  are the principal coolants in the shocked regions. it is 

reasonable to limit the chemical chain of reactions only to these species. The other 

niolecules have relative abundances to H2. less than 10-". so they cannot in principle. 

affect significantly the final chemical composition of the gas. 

Oiie important goal of the shoçk chemistry is to tinclerstaiid the formation of 

( 1720 MHz)  OH masers, since they are not an immediate consequencc of the clicmi- 

cal reactions. In J-type shocks, molecules are destroyed within the shock front and 

rcconibirie behirici the shock. In non-dissociative C-shocks (wit h shock speed esceed- 

irig 10 km s-l). OH is only an intermediate in the chain of reactions. becausc of its 

rapid corivcrsion to H 2 0  within the shock front (Kaufrnan 9. Seiifeid. 1996a): 

The first reaction is endothermic and it occtirs only after the temperature esceeds 

100 K. As a rcsult. the atomic osygen is efficientlu converteci into OH, which is in 

tirrn. convcrtcci by a less endothermic reaction to water. 

At the sarne tinie. OH can be produced and destroyed by the folloaing reactions: 
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Thus shock chemistry in itseif does not produce a significant amount of OH, and 

the temperature at which OH esists (- 400 K) is too high to explain the origin of 

(1720 MHz) OH masers. 

1.6 Modeling shocks 

In niodeling the impact of supernova shocks on rnolecular clouds. a range of factors 

needs to be taken into account. such as the shock chernistry reactions. shock speed 

v,. the cloud mass. the cooling rate and the magnetic field strength. 

Different shock models have been invoked to date in order to esplain al1 the 

infrared cmission lines or the species abundances. However. at present. there is no 

single niodcl able to esplain al1 the observational data. Fast. dissociative .J shocks 

cari provide strong Br7 emission. but weak Hz. Slow. part ially dissociatiïe J-shocks 

yieltl strong H2 emissiori. but aeak [OI] (because of the chernicd conversion of aromic 

osygcii iiito H20 at  high temperature). Fast C-type shocks have also strong Hz 

criiissio~i. but the [OI] emission is w a k  (because of the chernical destruction of [OI]). 

Fiiially. slow non-dissocinti\-e C-type shocks do not reach high enotigh temperatures 

to excite Hs. 

For pre-shock densities of n~ 2 105 cm-3 and magnetic fields of B - ImG. LVardle 

(1998) studied the role of dust grains in determining the structure of steady cold. 

oblique C-type shocks. The result of simulations shows t hat the grains are partially 

dccoupled from the magnetic field and the shock structure is significantly thinner 

than in niodels which don3 take into account the grain-neutral drift. 

Srnith and Mac Low (1997) have modeled the time-dependent e~olut ion of the 



molecular hyclrogen emission lines in the infrared. Their results show that if the 

initial shock is fast, the molecules do not survive, and the emission is very weak. 

-4s the ionized precursor develops, the line intensity rises rapidly. -4s the strength 

of the shock dccreases, rnolecules can survive and emit with the high excitation 

cliaracteristic of the jump sliock. Later, the jump condition is too weak to excite HI 

and a C-shock forms. 

The role of magnetic fields in the development of the interaction. 

Surrierical simulations carriecl out wit hout niagnetic fields suggest that Iqdrody- 

riatiiical instabilities destroy the rnolecular clouds (Klein. McKee and Colella. 1994). 

Howcver. ttic instabilities can be daniped once the magnctic fields are included in 

tlic riiotlcls. hence limiting the fragmentation of the cloiid ancl allowing it to survive 

as a cohcrcnt structure (Mac Low et al.. 1994). 

Cosmic Rays. 

Finally cosniic rays are another ingredient which neecl to be added to shock 

r~i(ic1els. Tlic thernial radiation from the remnant interior (mainly S - r q s ) .  cosmic 

r a s  ancl tlicir secondary gamma rays. and direct impact of the blast wave ont0 the 

clurrips shoulcl visibly perturb the excitation. chemistry and dynamics of the parent 

niolecular clouci for at  least the - 10' yr during which the S S  blast wave is the most 

powcrful. 

The cosmic rays can be generated by multiple reflections of high-eiiergy charged 

particles wittiin the magnetic field of a SK/!vIC interaction. Once generated, the 

cosmic rays c m  easily permeate the entire region (Chevalier. 1977: Esposito et al.. 

1996). 

I t  is known that cosmic rays play an important role. by acting as a heating source 
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for the cloud. If, by some process, the cosmic rays can be removed, the heating of 

the cloud would be significantly diminished and the interna1 balance between heating 

and cooling altered. This could lead to the collapse of the cloud and possibly star 

fornlation. 

1.7 Examples of SNR/MC interaction. C or J 

type shocks? 

In tlic case of the IC4-13 supernova remnant. a combination of J- and C-type shocks 

w i t t i  [Iiffcrcnt velocities and pre-sliock dcnsities have been involtcd to account for the 

ubsrrwd liiic flues (Burton et ul. 1990). A distribution of loa-velocity C-shocks 

i i i q  esplain the [01] 63 pm line ernission and a distribution of high-velocity C- 

sliocks m a -  csplain the H? v=1-0 S(1) line. However. this rnodel does not explain 

the constaiicy of [O1 63 pm]/[H? v=1-0 S(1)] and [H2 v=L-0 S(1)]/[H2 v=2-1 S(1)] 

linc ratios in the sanie field. unless an assumption of constant distribution of sliock 

wlocities in the bearn is made. Another model. of a partially dissociative J-shock. 

can also csplain the emission lines. But in that case another ad-hoc assumption 

rriiist he macle: that the osygen chemistry is suppressed. so that H20 and OH are 

not fornied bchind the shock. O'Brien and Drury (1996) argued however that the 

constancy of line ratios could be esplained if the assumption of LTE is abandoned 

and non- t hermal processes are incorporated into magnet ized C-shock rnodels. 

Prcsent t heoretical models of maser emission (Lockett et al.. 1999: Wardle et al.. 

1998) favor the C-type shocks occurring a t  the site of SK/4IC interaction. J-type 

shocks have been lately ruled out. because the- cannot produce the high column 
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densities necessary for observable maser emission (PiH2 - 10" cm-*) and the low 

thermal pressures required by the purnping of the (1720 MHz) OH maser (Lockett 

et al.. 1999). Only C-type shocks seem capable of meeting al1 the requirernents, but 

cveii so tliey cannot generate the optimal conditions for the (1720 MHz) OH maser 

production. However. this is consistent with the low detection rate of (1720 MHz) 

OH cniission found by Green e t  al. (1997) in SXRs (17 detections in a sample of 160 

SSRs. Iictice .- 10%). 

Ot licr O bscr~at ional support ing evicience for t lic C-shock hypot hesis cornes from 

t lic dct oct ioti of high maser polarization in several supernova remnants (Claussen et 

rd.. 1997) and the niagnetic fielcls that this implies (B - fcw mG). Yumerical simu- 

lat ioiis slio\i.cd t liat J-shocks cannot procluce t lie observed magnetic field st rengt hs. 

C'-stiocks are a blc to create the necessary magne t ic field st  rengt hs and addi t ionally. 

cari gcricriitc inagnctic field gradients by shock compression (Lockett et al.. 1999). 

T h  fidd curut i i re  crcated when a maser is located near the edge of an espanding 

S S R  cari also create additiorial rnagnetic field gradients. The heat efficiency is in- 

crcasetl through the anibipolar diffusion process. and so high column densities of Hz 

are produced. as required by C-shock models. 

Rcccnt observational studies in 3C391. LW8 and W4-l supernova remnants (Reach 

aiid Rho. 1998: Frail and Ilitchell, 1998) have found for the ambient gas, temper- 

aturcs (50-125 1;) and densities (n = 10" - l ~ % r n - ~ ) .  in the range predicted bu 

Lockctt et al. (1999). Frail and Mitchell (1998) suggest that either a partially dis- 

sociatirc .J-type shock or a C-shock can esplain the determined physical conditions. 

Results from studies of infrared emission lines of H 2 0  and OH in 3C391 (Reach 

arid Rho. 1998. 1999) seem to favor C-type shock models. The same authors found 
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new evidence for C-shocks from studies of CO line brightness (and other molecules) 

in the 3C391 maser region (denoted by them as 3C391:mol). The constraints of 10' 

< no < 105 cm-3 and 10 < us < 50 km s-' imply the presence of a C-type shock 

(Reach and Rho. 1998. 1999). 

1.8 Motivation for the Present Study 

This prcsent study is a combined analysis? performed in both millimeter and near- 

infrarccl cloniains. of three supernova remnanb: WZ8. W-1 and 3C391. Frai1 and 

.\lit clic11 ( 19%) have previously shomn several spatial coincidences of molecular peaks 

wi t 11 t tic location of ( l (%O 11 Hz) OH masers towards several regions mit hin t hese t hree 

siipcrriova rcmnants. The emission lines are broad. which is a clear sign of the shock 

passage. llotivated by this result. ive determine here the physical properties of the 

gas ncar the location of these masers in the post-shock regions and study if tliere is 

ariy potential for shocks to rrigger star formation or whether. on the contrary. the 

sliocks fragment or clestroy the cloud. 

The near-infrared observations covered small fields within the CO mapped re- 

gions. Our mot iwtion in performing the near-infrared observations (vibrationallu 

escitecl H2 emission at 2.12 Pm. and Brackett y emission at 2.16 p m )  was to trace 

the location of hot (Tkin - 2000 K)?  shocked gas. and to identify the physical na- 

ture of the shocks (shock velocits J -  or C-type of shock. etc.) occurring in these 

supernova rernnants. 



Chapter 2 

Observations 

2.1 J=3 + 2 and I3CO J=3 + 2 Observa- 

t ions 

Thc l'CO .J=3 + 2 and 13C0 5=3 -+ 2 observations werc macle by George F. 

Mitcliell and Dale A. Frail.in 1997 over 4 nights in July 1997 and 3 nights in Slarch 

1998 usirig the 13-m James Clerk 1Iaswell Telescope (.JCSIT). The technique used 

aas raster scanning. in which the off-source position is obsen-ed at the end of each 

scan ron. The observations required the use of the common user B-band receiver, 

ai th a beam-tvidth of 13'' and a main beam efficiency of 0.79 (Frai1 and Mitchell. 

1998). 

Sis maps for 12C0 J=3 + 9 transition have been made around different (1720 

\[Hz) OH maser sites. towards the three supernova remnants: \V2SE. K2SF. n'44E. 

\VUF and 3C39 1:mol. The notations for the above regions are the same as those from 
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Claussen et al. (1997) and Reach and Rho (1996). Table 2.1 contains information 

regarding the offset extension of the '?CO J=3 -t 2 emission niaps. the systemic 

velocity of eacli supernova rernnant, and the time of observation. 

Table 2.1: Telescope pointing parameters for '?CO J=3 + 2 mapping. 

Samc cu(1950) d(1950) ct Offsets 6 Offsets L i S R  Obs. 
(h  rn s) ( O  I II) (l' x ") (" x I l )  (km/s) Tinie 

frorn: to: from: to: 

.-\iso. three rastcr rnaps of '"0 J=3 + hmiss ion  have been made. towards 

W S F .  K44F and 3C391:mol regions aithin the targeted supernova remnants. The 

pointitig parameters of the tclescope are given in the Table 2.2. 

Table 2.2: Telescope pointing parameters for 13C0 .1=3 4 2 rriapping. 

Sarnr? a(1950) d(1950) a Offsets 5 Offsets L i S R  Obs. 
( h  In s) ( O  I II) (Il x If)  (" x ") (km/s) Time 

from: to: from: to: 
\C%F 17 58 49.18 -23 19 00.0 35.00 -35.00 55.00 -55.00 13.0 23/07/1997 
3C391 18 4G 47.68 -01 01 00.00 35.00 -35.00 45.00 -45.00 105.0 23/07/1997 
1 - 4 4  18 54 04.66 01 22 35.00 30.00 -50.00 75.00 -50.00 45.0 25/03/1998 
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2.2 Ot her Molecules - JCMT Observations 

Observations were made in July 1997 and March 1998 by George F. Mitchell and 

Dale A. Frail. using h and B comrnon user receivers at the JC'VIT. Several offsets 

wcrc targetctl within W28F. W44F and 3C391:tnol regions iri the three supernova 

remnants. Tables 2.3 - 2.5 show the molecular transitions the search was made 

for. the observecl offsets mith respect to the center of each region and the times of 

observation. 

W28F region (centered on a(1950) = 5grn 49'. 18. S(1950) = -23' 19' OO1'.O). 

Table 2.3: Observation parameters for other moleciiles -\V28F rcgion 

.\Iolcculc Frequency Offsets Timc of Observation 
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W44F region (centered on ~ (1950)  = lah Sm 0.IS.6, 6(1930) = 01' 22' 35"). 

Table 2.4: Observation parameters for other molecules -N'4JF region 

Slolecuic Frequency (GHz) Offset Time of Observation 
C I f 3 0 H  241.8 (20". -180") 28/03/1998 
HCiV 354.5 (201', -180") 28/03/1998 
H XC 362.6 (30R? - 180") 28/03/ 1998 

(30'': -180") 28/03/1998 

3C391 region (centered on o(1950) = lsh -16" 47.6. (i(1950) = -01" 01' 00"). 

Table 2.5: Observation parameters for other molecules -3C391 rcgion 

l Iolecule Frequency Offsets Time 
(GHz) (-Y7 10") ( 2  - 5 )  of Observation 

H2C0 218.4 d 24/07/1997 
d 25/03/1998 

C H 3 0 H  211.5 d 23/03/1998 
CS 342.8 d J 25/07/1997 
HC-V 354.5 d 22/07/1997 

d 25/07/1997 
HCO' 3.56.7 J d 24/07/ 1997 
HSC 362.6 J 2$/03/ 1998 

.-\Il JCSIT data presented in this study have been analyzed nith the SPECS 

prograni (R. Padman. 1999). a special software package designed for JCUT spectral 

data rcduction. 
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2.3 Near Infrared Observations 

Sear I~ifrarecl observations were carried out in July 1998, with the BEXR instrument 

at Carlacla-France-Hawaii Telescope (CFHT) by George F. SIitchell. Jean-Pierre 

lIail1ard and Andreea Font. BEAR combines a Fourier Transform Spectrometer 

with ari infrarecl Recleye camera to provide a "data cube" with Iiigh angular resolu- 

tion ( t 5  ") ancl high velocity (-- 15 km sdl) resolution. 

Tlic filters iisccl during the observations are: the K t  filter. nith a central wave- 

lciigth A, = '2.12 pm and a baridwidtli AX = 0.34 prn. the narrow band H2 1-0 

S(1) filter. ccntcred on A, = 2.123 pm and with a banclaidth of AX = 0.024 pm 

and ttic Brackett 7 filter. centered on A, = 2.16 pm and A,\ = 0.06 Pm. The peak 

trarisr~iissions are 93% for the I i '  filter and 70% for the narrow band filter. 

Scvcral BEAR fields. of 23" in cliameter. have becn selected for investigation 

within the previously CO mappcd rcgions. -4 search for v=1-O S(1) H2 vibrational 

cniissioii lias becn donc for two fielcls in U7%F region (clenoted as 'W28F-1' and 

'W'2SF-7'). two fields in W-IF  (denotecl as 'W-IF-1' and 'W44F-4') and one field 

in 3C391 (denotcd as '3C391:mol9). -411 fields of observation estend 23 " in diameter. 

Dctails of the observations are given in Table 2.6. 

\\é have cletected only the v=1-0 S(1) emission line of HI. See table C.2. from 

Appciidis C for ot her transitions t hat lie wit hin the observed spectral range. 

The raw data cube collected with BEAR instrument on CFHT and presented in 

tliis stucly tias been analyzed with the BEAR data reduction package. using a special 

program nritten in IDL (Interactive Data Language) by François Rigaud and .Jean- 

Pierre Shillard. The obsened Ruses required corrections for the heliocentric motion. 

The corresponding velocity corrections are: v ~ s ~  = vob, - 0.96 km s-' (for W8F-1 
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Table 2.6: Telescope pointing parameters for shocked H2 and Br?. 

Same cu(l95O) d(1950) LU Transition of Obs. 
( l i  rn s) ( O  t II) ( ~ m )  interest Time 

F 17 58 49.84 -23 19 25.0 2.090 - 2.147 H2 ~ = 1 - 0  S(1) 18/07/1998 
\IV28F-2 17 58 48.52 -23 18 40.0 2.090 - 2.147 H2 ~ = 1 - 0  S(1) 19/07/1998 
3C391 18 46 47.4 -01 00 50.0 9.090 - 2.147 H2 r=1-0 S(1) 14/07/1998 
3C391 18 46 47.4 -01 01 50.0 21-12 - '2.202 Br) 16/07/1998 
4 F - 1  18 54 05.7 01 21 50.0 1.989 - 2.320 H2 ~ = 1 - 0  S ( l )  

(Kt filter) and Br, 13/07/1998 
F 18 54 06.40 01 19 29.0 '2.090 - 2.147 H2 ~ = 1 - O  S ( l )  20/07/1998 

rcgiori): VLSR = vobS - 1.42 km s-' (for \V28F-:! region): RE SR = rdr + 14.48 km 

s-l (for W 4 F - 1  region): V L ~ R  = Voba + I ~ . x  km s-' (for 3C391:mol region) (Jean 

Picrrc .\Iaillarrl. priwte cornniunication). For the Aus calibration procedure. we 

tiaw dividecl the source signal by the signal from a standard star. which has a Aus: 

FSI,,,('>. 12prn) = 1.43 x 1 0 - ~  x Fi,,,(2. 12prn). where Fi~.,,(.Z.12prn) = 4.52 x 10-'-' 



Chapter 3 

The W28 Supernova Remnant 

3.1 W28. Introduction 

W S  supernova remnant (known also as G6.4-0.1 or G6.6-0.2) is located in the Galac- 

tic plane. at  n(19.50) = l i t L  5T7" 30": d'(1950) = -23" 25' 00" and estends - 42 (arcmin) 

in angular size. 

The distance to the remnant has heen estimated by various authors. Csing as a 

distance iridicator the relationship between the radio surface brightness and linear 

diarrieter of a supernova remnant (5  - D relation). Goudis (1976) obtains a distance 

of 1.8 kpc. Clark k Casne11 (1976) 2.3 kpc and SIilne (1979) 2.4 kpc. Iiinematically a 

distance of betneen 2.5 and 4.2 kpc has been obtained by L o z i n s k a  (1971): through 

HI absorption rneasurernents. If the distance is near the Iower limit. the remnant is 

rnost likely associated with the molecular clouds and H 11 regions in the area (Hart1 

e t  al. 1953). 



An association between W28 and the pulsar PSR B1738-23 (a(l950) = 1 i h  58" 

17.6'. d(1930) = -23" 06' 06" ) remains uncertain. The two objects have a close 

location in sky coordinates and sirnilar ages. Hosever. the extremely large dispersion 

riicasure of the pulsar of 1074 k6 ~ m - ~ p c ,  determined by Kaspi et  al. (1993). iniplies 

tliat it lias a distance of 1 3 3  kpc. placing it well behind the supernova shell. Still. 

tlic pulsar's distance could bc shorter if tliere is an iiitervening H II emission regioii 

~vkiicli would ticlp iiicreasing the dispersion measure (Shull e t  al.. 1989). In support 

of this iclea lies the evidence of a high density ambient medium for \V2S remnant 

(U'ootcn 1951: Odenwald e t  al. 1984). 

Obscrvations in the optical domain are difficult since IV25 is located in a heavily 

ot>scur;ited rcgion of the Galactic plane. The optical emission fills rnost of the region 

dclirieated hy the radio SXR and is seen to be filarnentary in the S E  but patchy 

in  tlic rest of thc remnant (Long et al.. 1991). The optical filament seen in Ha 

corrcsporids with the filanient seen in the X-ray. Froni the optical spcctra of the 

filarricrits. Lozinskaya (1974) was able to determine an espansion velocity of 45 & 

15 kni s-' (and froni there. an age of about 6 x 10" yr).  The numerous knots 

siirroiiriclecl by diffuse emission do not support the standard Sedov expansion into a 

uniform medium. but rather suggest that the remnant encountered several cloudlets 

wtiicli have been subsequently evaporated. 

In radio wwelengths. several non-thermal sources have been detected in a ring. 

with a Rat spectrum core. The S-ray emission is centrally concentrated and is 

seen tliroiigliout the region outlined by the radio shell (Long et al.. 1991). SIatsui 

and Long (1985) esplored two possible mechanisms for the S-ray emission: the 

synchrotron eniission due to an active central pulsar. and the thermal emission frcm 
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a thin hot plasma filling the interior of the remnant. By comparing W28 radio and 

S - r q  ernission with emission of known Crab-like remnants. the authors suggest that 

the first mechanism isn't very plausible. On the other hand, the S-ray morphology 

is sirnilar to one predicted if the supernova esploded in a dense molecular cloud and 

theri cvolved rapidly to the radiative stage. 

Molccular spectra and infrared observations (Wootten. 1981) reveal a warm dense 

corc riear a rriasirnum of non-thermal radio emission of W S .  Since no apparent 

infrared sources could be cietecteci within the cloud, the ambient cloud is believed 

to be Iicated by the espanding supernova shock. Evidence for interaction of the 

supernova remnant \vit h the adjacent molecular cloiicl cornes from the distribution 

of ttic rriolecular niaterial seen (in ''CO and '"CO 1+0 transition) foilowing the 

castcrii edge of the supernova shell (Wootten. 1981). The distribution of the CO 

gas peaks on the optical filaments. A n  OH cloiid observed by Pastchcnko and Slysh 

(1974) has n similar shape. but is displaced slightly north of the CO cloud. having 

its pcak eniission at the position of the \VZS OH F niaser (see Appenclis B for tnaser 

iclcrit ificat ion). 

An intcrest ing stucly regarding the spatial relationship between the shocked and 

iinshocked gas towards the northern part of \V28 remnant aas done by Ariiiaaa et 

al. (1999). The region was rnapped in both 12C0 d = l + O  (which traces the cold. 

- 10 K gas) and '?CO J = 3 4  (ahich traces the narm. -- 30 K gas). shoaing the 

sliockcd gas having maximum line-nidths of - 70 km s-' and the unshocked gas 

being tlisplaced by 0.4 - 1.0 pc outward from the shocked gas. .\Ioreover. al1 the OH 

riiasers are located a t  the boundary betmeen the shocked and unshocked gas. 

ISO observations have been performed by Reach and Rho (1998). using the Long 
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Rhvelength Spectrometer (LWS) with a beam-size of 80": reporting a detection of 

HIO. OH aiid CO far-infrared emission in the region centered on an OH maser 

( ~ ( 1 9 5 0 )  = 1sh O l m  5 P . 3 :  d(1950) = -23' 19' 25" ). 

U'2S is known to have numerous OH masers. Frai1 et al. (1994) detected 26 

distinct (1720 11Hz)OH masers dong the interface between the SYR \Y28 and the 

adjacent rnoleciilar cloud. (1720 4IHz)OH masers are known to trace the postshock 

gas. collisionally escited by Hz molecules that have been heated by the shock. Theo- 

retically modeling this maser emission, Elitzur (1976) determined the range in which 

the kinetic temperatures and densities must lie in order to create a strong inversion 

of the 1720 MHz line: 25 fi 5 Tk 5 200 K and lo3 cm-3 5 n < 10' cm-'. respec- 

tiwly. More recently. tighter constraints have been suggested by Lockett et a1 (1999): 

kiiictic tenipcratures TI, between 50 - 150 I i .  reiatively low molecular densities. n - 
105 and OH column densities of the order of 1016 cm-'. 

A searcb for rvater masers at 22.233 GHz has been done in the sanie region by 

Claussen et ai. (1999b). rnotivated by the fact that water masers are good tracers of 

star-forniing regions (being created t hrough shock excitation of ambient gas). Hon- 

cver. it is known that different constraints for temperature and density are needed 

for strong water masers: Tk between 300 - 600 K and Hz density of 10%rn-~ (Hol- 

lcnbach 1997 and references therein). Xo water masers were found associated a i th  

the W S  remnant. in agreement with the temperature and denisty range implied by 

tlic presence of (1720 .\IHz)OH masers. 

!deasurenients of magnetic fields in the maser regions give values of about -- 2 

milliGauss. Thus. the magnetic pressure niust be - 100 tirnes more t han the thermal 

gas pressure (Claussen et al. 1999a), estimated from the hot X-ray interior of the 
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rcmnant. These large values of the rnagnetic field are similar with those predicted 

iii modeling of C-type shocks (Lockett et al. 1999 and Draine et al. 1983). 

3.2 W28 Observing Fields 

This section sunimarizes the observational data present in this study for \Vu8 (see 

also Chapter 2 )  and adds information about the location of the (1720 SIHz)OH 

rriascrs. in corincction to our fields. 

The Figiirc 3.1 clisplays the fields observed in this study cornprising both K98E 

and \Iv'2SF regions. The two CO maps nere taken with JCSIT. seen in figure as 

rectangles. W S E  CO map is centered on a(1950)= 1~~ Sm 48V'8. 6(1950)= -23' 

15t00".00. with a size of 70" x 70". 

A riclge of (1730 SIHz)OH masers. shown as small triangles. can bc seen super- 

iriiposcd on the W 8 E  CO map. This line of masers was revealed cluring the analysis 

as beirig in striking correspoiideiice with the morpholog' of the CO gas. The maser 

identification has been done by using the interactive SIIIBAD database (see ap- 

pendis B for identification of their location). The virtual "SISIBAD field". s h o w  in 

figure as a great circle. is centered on \V28 33 OH maser (~ (1950 )  = Eh sarn 4gS.17: 

d(1930) =-23" 18' 09".6) and estends a radius of 1 arcmin. 

;\lthough no near-IR observations have been done for the W25 E region. the 

W S E  CO map (''CO 5=3 + 2) encompasses al1 of the (1720 1IHz)OH masers. 

Coincident with a clump of CO at (-10". O"): is the OH maser W9S 30. Measurements 

of the line of sight magnetic field (Claussen et al., 1997) give a value of 0.11 I 0.03 

niG. ancl t herefore a total median magnetic field twice this value. B= 0.22 mG. 
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Figure 3.1: Obseming fields in W28E and W28F regions. 

K2SF CO niap is located to the south of W 8 E  CO. being centered on a(19JO) 

= l ï h  5Sm -19". 18. d(1930) = -23' 19' 0OU.00. and having a size of 70" x 110". A 

inore cietailecl image of this region can be seen in Fig. 3.2. Superimposed on the 

\\%F CO map. are the two near-IR fields (observed with the BEAR instrument on 
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CFHT) and shown as small circles with a diameter of 23". The near-IR field denoted 

as -.\V28F-l" is centered on c~(1950)=17~ 58" 4gS.84, 6(1950) = -23" 19' 25".0? and 

the wW8F-2" field is centered on a(1950)=lih 5Sm 48" .52, 6(1950) = -23" 18' 40".0. 

Both fields nere chosen in regions with intense maser emission. Again. a ridge of 

masers caii be seen in the WSF-1 field, and as d l  be seen later in section 3.4, it 

shows an interestirig similarity with the near-IR emission of H2. 

Tlic virtual **SIIIBI\D fielcl" in Fig. 3.2 is centered on the maser \Y28 OH F 

((i(l950) =17' 58'" 49'2, d(1950) = -23" 19' 00") and has a radius of 1 arcmin. 

Dctails on the location of OH niasers can be found in Appendix B). 

SIcasurcments of the magnetic fields are available for sonie of the OH masers 

froni tlie W 8 E  and \V%F regions (Claussen et (11. 1997): dl,, = 0.1 1 1: 0.03 niG 

for W28 34. Ël,, = 0.11 I 0.03 mG for W28 30. &,, = 0.10 i 0.07 inG for W28 
- 

31. Of, = 0.45 I 0.25 rnG for W28 27. Ëlos = 0.18 I 0.08 rnG for W28 23. Bi., 
= 0.25 i 0.04 niG For W28 21. Ël,, = 0.31 * 0.03 rnG for W28 24. filos = 0.34 k 

0.08 mG for W28 16. Ël,, = 0.09 rt 0.03 mG for W28 36. 
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Figure 3.2: Observing fields in W28F region. 
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3.3 W28 - Results for CO Gas 

-4s rrientioned before. the W28E CO map aas made with the 12C0 5=3 + 2 transition 

and cciitered on n(1950)= Eh Sm 48'.78, d(1950)= -93' 18'00".00. Figure 3.3 shows 

a tnap of integratcd intensity, within the velocity range -40 km s-' to 40 km s-l.  as 

w l l  as the corresponding grid spectra. The original map had several bad spectra, at 

tlic offscts (-10". -35"). (10". -1.j"), (2jtt, -20") and (35". 25"). ahich were removed 

w i t l i  the SPECS package and are sliown as ernpty squares on the figure. 

'CO 20 . .  .'C - - - - -  - i ir - - _ * - -  . ' - - - - - - - - - - - - -  = 9 . -i 

a & o f % î ( o ~ n c }  'm 17 .;a 4 8  Il 4 A o*su(orrm: '- ': 30 W fl 

Figure 3.3: WSE region. Map of integated intensity (left panel) and the corresponding 

grid spectra(right panel). 

A spectrum at the position of the central CO clump. at offset (-10". 0") is shonn 

in Fig. 3.4. An absorption Feature is present at .- 18 km s-'- probably due to 
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an off-source emission. The velocity range is about 36 km s- ' ,  in agreement with 

tlic velocity range of - 50 km s-' found by Pastchenko and Slysh (1974) from OH 

spectra and mith the expansion velocity of W28 supernova of about .- -10 - 50 km 

s-l. deterniined by Lozinskaya (1973) from optical meüsurements. 

Figure 3.4: ''CO J=3 -t 2 spectriim at the central clump. at the offset (-10". O") in 

\V%E rcgion. 

A set of ofFsets have been chosen for further analysis, of interest because of their 

prosimity either to the CO clump Iocated at (Ot t ,  -101'), either to the (1720 .\IHz)OH 

niasers (for the location of masers in W28E region. see Fig. 3.1 and ;\ppendix B). 

The five offsets are shoan in Table 3.1 together with their peak antenna temperature. 

velocity width a t  FWHM and the corresponding Iine intensity. 

In choosing the offsets. ive tried to follow the remarkable line of OH masers 

detected in this region (Claussen et al. 1997) and see if an? changes occur in the 

intensity or the broadness of the emission Iines. The intensity has a peak at the CO 
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Table 3.1: W28E: Line parameters for l'CO J=3 + 2 emission. 

(", ") (K)  (km/s) (K  km/s) 
(O! -10) 12.6 22 253.7 
(O, -25) 13.1 23 *-)-- 

- (  l.8 
(O. 0) 8.9 '22 157.5 
(O. 10) 6.1 94 85.1 
(O. 20) 4.6 24 57.8 

ciiiriip at (O". - 10"). and it increases towards the south. in the direction of the W28F 

rcgiun. The lines show almost the same width. Av - 22 - 24 km s-'. The eniission 

is faintcr t han in W28F CO map. Yo ciear connection could be seen between the CO 

$as crriissiori arid the line of (172O)OH masers? which could be esplaineci by the fact 

t l i a t  OH iiiasers are a sign of hot (- 200 K )  shocked gas. in cont ra t  n i t h  ambient 

CC) gas. w M i  is at  probably several tens of Kelvin. 

3.3.2 W28F Region 

Rcgioti W S F  lias been mapped in both ''CO J=3 -t 2 and 13C0 .J=3 -+ 2 tran- 

sitions. Both maps are centered on a(1950) = lïh Sm 49'.18. d(1950) = -13' 19' 

00".00. and cstenci 33" x -35" in a offsets and 55" x -55" in ci offsets. Fig. 3.5 and 

3.6 show channel maps for both transitions: in the velocity range where most of the  

gm is present: -10 - 20 km s-l for 12C0 and O - 16 km s-' for 13C0. 
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U * 20 O -20 

3 A.  of~sct(orcscc) tram ' 7  58 49.18 

Figure 3.5: \V2SF. Channel maD of interrated intensitv in l'CO J=3 + 2 emission. 

Figure 3.6: iV28F. Channel map of integrated intensitÿ in 13C0 J=3 -+ 2 emission. 
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There have been identified five distinct CO clumps, in both 12C0 J=3 _t 2 and 

5=3 + 2 velocity charinel maps. Their locations (in offsets with respect to the 

niap ccntcr) are: (-1O1', -lof'), ( l Y ,  --loft), (30". W ) ,  (-20". 5"), (-15'': 15"). 

\ \ é  considered the gas as being optically t hick in the region where both 12C0 J=3 

+ 2 and 13C0 J=3 + 2 emission lines could be detected. 12C0 J=3 + 2 spectral 

lirics w r e  systematically much broader in velocity than the 13C0 J=3 i 2 lines. 

Tlic line parameters iverere calculated using the LTE assumptiori. For the ~elocity 

intcrval where both 12C0 and 13C0 could be detected (listed in Table 3.1 as -*cornmon 

vclocity range"), the radiation temperatures can be calculated from the measured 

peak antcnna temperatures. The optical depth ( r )  is determined froni the ratio 

of integrated intensities "CO/ 13C0. which ive have calculated with the SPECN 

[irograrti. The optical depth and the radiation temperature allow the deterniinatiori 

of r t ic)  cscitatiori temperature and column densities. With tliose parameters and 

ostiniating the radius of the clump, one can calculate total n i a s  of the gas in the 

bcani (sec Apperidis h.1 for details). The line parameters are s h o w  in Tables 3.2 

-3.4. For sirnplicity. the clumps were approsirnated to be spherical. Their real sizes 

haw Ixen calculated from the angular sizes (in arcsec) and assumed a distance of 

2 3  kpc to the supernova (see Table 3.4. 

A sirriilar absorption feature as one encountered in the WPSE region. \vas secn in 

W S F  as \vcll. in both l'CO 5=3 -t 2 and 13C0 J=3 -t 2 spectra, a t  - 20 km s-' (sec 

for esample CO spectra in Figures 3.7 - 3.9). Whenever the spectra were affected by 

the absorption featiire. ive have estimated what the value tvithout absorption rvould 

be by fitting a Gaussian to the line. Hoivever. Ive notice that since this feature is 

located somemhat at  the edge of the spectra and not close to the emission peak. it 
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does not cause a significant difference in the final result. 

Table 3.2: W28F - Offsets. Velocity ranges. 

Cliirnp Offset '"0 Velocity range 13C0 Velocity range Common velocity range 
( I t .  " )  from: to: from: t O: Au 

Table 3.3: Peak Xntcnna Temperatures, Integrated Intensi t ies . '~O optical depth 

Clririip Offset T.,' ("CO) T.-\= ("CO) I (%'O) I nco 
( l ' ,  Il) (K)  ( I i  kni/s) (Iï km/s) (x10--) 

Tlic vatues of the escitation temperatures are about - 30 K. n i th  slightly higher 

valiics for the clumps located in the vicinity of masers (clumps 2 and 5). K e  mention 

tliat a previous study (Frai1 S; Slitchell. 1998) found a kinetic temperature of Th- = 

SO i 10 I i .  based on H2C0 data (namely the [303 - 302]/[322 - 321] intensity ratio) at 

the offset (1.5". -40"). However, the H2C0 emission is detectable from a much higer 

density gas than CO emission. Thus. the rnean gas density within the beam will be 
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Table 3.4: Escitation ternperatures, column densities, radii and masses of the clumps. 

Clurnp Offset Se, !Yi'Co Angular size Radius MclUmp 
( )  (IC) (x10"crn-~) ("1 (x10'~rn (ME,) 

higher for the H-CO observations than for CO. 

Conditions for Collapse. Energy Balance: 

The core is supportcd against its own grarity by the sum of thermal. turbulent. 

rotat ional and magnetic energv. Gravitational collapse is possible only if gravita- 

tiorial c1icrg.y ovcrconics al1 the other competing fornis of energy: 

E,,,,, is sirnply the gravitational cnergy of a sphere of mass .\I and radius R: 

ivhcrc R is taken to be the angukr size of the clumps (FWHhl) as seen on the 

CO rriaps (see Table 3 . 4 .  

The t herrnal energy, Eth. under the assumption t hat the gas follows an ideal gas 

law. can be calculated with the relation: 

ahere p is the mean niolecular mass per particle. which is 2.4 for a full- molecular 

cloud with 23% helium mass fraction: and r n ~  = 1.67 x IO-*'' g. 
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Eturb is the turbulent energy and includes the kinetic contributions of internai 

motions. Its value can be estimated from the half-width of the emission line: 

Tlic niagnetic energy of the clump. E,.,? can be calculated with: 

wlierc B is the magnetic field strength and R is the radius of the clump. 

\Te should mention though that, depending on the orientation of field lines. the 

magnctic field can prevent collapse of the clump or on the contrary, accelerate it. 

For the latter case. several studies suggest ttiat if the magnetic field has a preferred 

tlircctiori. the collapse will occur niost likely dong the field lincs. If the magnetic 

ficld is randornly orientated. the overall niagnetic energy ivill act against the clump 

Ttie contributions of al1 the above types of energy have been calculated for a11 

tlir fivc clurrips. The results are shomn in Table 3.5. An important result is that for 

al1 clumps. the turbulent motions esceed in magnitude t tic gravitational attraction 

(Eli irb - 10"~erg > EgrorT - 10b'3erg). so the collapse is prevented. The contribution 

of the magnetic energy towards dissipation/collapse is not so easy to determine as it 

depends on the orientation of the magnetic field lines. 

Slagnetic fields in niolecular clouds are difficult to measure and poorly known. 

Bascti on niaser polarization studies (Claussen et al. 1994). the magnetic field strengt h 

around a few of the masers in the W2S F region ifras estimated to be of the order oE 

B[,, - 0.2 mG = 2 x 10-~ T (see Appendis B). For a randomly oriented field. the 

mean value of the total rnagtietic field strength is 2Bl,? so the post-shock magnetic 
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Table 3.5: W28F - Energy balauce. 

~ l u r n p  Offset 1 E g m u  l Eth  Elurb  

( I l 7  I l )  ( x loJ3erg) ( x 1od3erg) ( x 10"~erg) 

1 (-10 O )  4.32 4.09 2.65 
3 - ( 1  -40) 79.6 21.18 9 -- 9 
3 (30.15) 2.77 2.17 1.65 
4 ( O .  5) 6.16 4.02 3.44 - 
2 1 5 )  2.32 '2.63 1.71 

fidtl i i i  W 5  ni11 be Bps = 0.4 mG (Frai1 and .\litchell. 1998). Howcrer. there is only 

orle cliirxip ( ~ l i i m p  5'') which is coincident with an OH maser ( W 8  21 maser). For 

r l i c l  rtw of the clumps. there is no direct connection with OH masers. so LW could 

uiily iiiiply a niagnetic strcngth from the neighbouring regions. It is possible that 

tlic niagiictic streiigth in the regions where there are no masers could be less than 

at the maser's locations. so the value of B = 0.4 niG should be taken as an upper 

lirnit to the niagnetic field. rneaning that the magnetic energ- cotild be in tliis nay 

ovcrcstirnated. 

For a clurnp of 10" radius and a mean value for the magnetic field of B = 0.4 tnG. 

t lie magnctic cnergy is Ems, - 10"~  erg? t hree orders of magnitude greater than t han 

EgraL,. Of course. if t iie rnagnetic field lines in W28F have a preferent ial orientation. 

i t  is possible that the collapse condition could be met for some clumps. However. 

tvc no indication that the magnetic field is highly orientated. so rnost probably the 

cl lapsé is not occurring. 
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3.4 W28F - Results for Other Molecules 

Several rotational and vibrational emission lines of different molecules were detected 

i r i  W S F  region. nithin the frequency range of '218.22 - 362.63 GHz. The emission 

Iiiics arc often wak?  but broad, therefore bringing more eridence for gas being 

sliockccl. The importance of these detections consists in the fact that. unlike CO. 

tliosc species trace the dense gas (no - 106 Therefore, in addition to the low- 

dcnsity gas being shocked. WC have now evidence of the dense gas being shocked. 

Thc offscts wliich we chose for observation were: (15''. -40"). which is coincident 

with a peak ( b.cliirnp 9")  in the "CO J=3 + 2 and I3CO .J=3 + 2 maps. (-10". 15") 

aiid (-5". 45"). As cspcctcd. the (15". -40") offset displays the strongest emission. 

Howvcr. al1 offscts show some broad molccular lines. which is a clear sign that the 

gas is shockcd. Broad. but faint emission was detected at  (-10". 15"). for both HCO' 

( J  = 4 -t 3) and HCN (J = 4 -i 3). S o  S i 0  ( J  = 8 -t 7) was detected. and H2C0 

(3":, - hatl a ver? faint and narrow emission. For the (-5". 45") offset. a good 

signal of HCS (.J = -4 -t 3) \vas detected. but a faint HICO (303 - Zo2) signal. Both 

have a broatl estent in velocity (-- 20 km s e ' ) .  

The spectra are shown in Figures 3.7 - 3.9 and the relevant line parameters 

(antenna temperatures and integrated intensities) are s h o w  in Tables 3.6 - 3.8. For 

coniparison. bot h lZCO 5=3 -t 2 and 13C0 5=3 + 2 spect ta were displayd for the 

same offsets. together wit h the other rnolecular transitions. The absorption feature 

at - 20 km s-l is clearly seen in the CO spectra. but it is not so noticeable in the 

or her rnoleciilar spectra. 
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Offset (15", -40"): 

Table 3.6: W8F: Line parameters for other molecules. Offset (15", -40"). 

Slolecule Transition Frequency T4' Av TAU 
(GHz) (K)  (km/s) (K  km/s) 

C H 3 0 H  J = 5 + 4 '241.806 0.527 10 3.9 
HCO' .J = 4 + 3 356.734 1.150 12 11.3 
H C X  J = 4 + 3 354.505 0.859 12 14.7 
H2C0 303 - 218.22  0.252 13 -2 -. 3 - 
H .VC J = 4 + 3 36'2.630 0.371 10 3.1 
l'CO ,J = 3 + 2 345.795 17.42 20 3" - 

-i ( . l  

 CO J = 3 + 2 330.587 3.9-4 10 28.7 
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Offset (15. 40) 
5 - - - .  

Figure 3.7: \.'28F. Spectra of severaI molecules at offset (15". -40"). 
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Offset ( - I O t t ,  15"): 

Table 3.7: WSF:  Line parameters for other molecules. Offset (-10", 15"). 

.\lolecuIe Transition Frequency T.,' Ac J' TAU 
(GHz) (K)  (kni/s) (K  km/s) 

S i 0  J = 8 -+ '1 347.033 - - * 

HCO' J = 4 + 3 336.134 0.278 '20 5.3 
H C hi J = 4 + 3 354.505 0.319 20 6.0 
&CO 303-'202 218.222 0.135 2 O. I 
Ya J = 3 + 2 345.795 14.4 '~ti 312.8 
VO ./ = 3 + Z 330.587 1.22 15 15.6 

-- . . . . . . - . . . . 
0r1sc: (IO. -15) 

I 
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Figure 3.8: \V2SF. Spectra of severd molecules at offset (10". -15"). 

Offset (-Yt,  45"): 

Table 3.8: iV3SF: Line parameters for other molecules. Offset (-3". -45"). 

!dolcciile Transit ion Frequency T-\' Au J' T h  
(GHz) (K) (km/s) (K km/s) 

HCS J  = 4 -t 3 3 4 5 0 5  0.621 20 9.1 
H2C0 303 - 2oi 218.233 0.08 10 0.7 
'"CO . J = 3 + 2  345.795 13.1 25 254.5 
'"0 . J = 3 + 2  330.581 1.92 15 '21.1 
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Figure 3.9: W28F. Spectra of several molecuh at offset (-Y, 45"). 
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3.5 W28F - Results for Shocked H2 

Scar-infrarcd observations have been done for two fields within the W 8 F  region. 

Iabcilccl as . 'WSF-l" and W'ZSF-2". The BEAR field had a diameter of 23". 

Figure 3.1 shows ttie position of BEAR fields within the CO maps in the W S F  

rt?giori. Both observations used the narrow band filter. centered on the v= 1-0 S(1) 

liiir. of H-. Thc range in frequency was: 4657.57 to 4753.43 cm-' (or in ~vavelengtli. 

Srorii 2.09 to 2-14 p r r t )  

W28F-1 Region 

W S F - l  rcgion nas  centered on coordinates: (r(1950) = 17" 5Sm 49'.84. d(1950) 

= -23' 19' 2.j1'.00. with a radius of 11.5". The H2 enlission in ttie entire field (23"). 

sliowi in Figiirc 3.10. ciisplays a striking correspondence with the line of masers. 

Tho iritonsity of tlie Hz line for the entire field is s h o w  in Figure 3.11. nhere it 

is cu11ip;irrd \vit ti t lie CO emission hic. identified üt t hc same location [offsct (10". 

-30'') iii ttir K2SF map of CO]. We can estimate of the shock velocity from the 

FU'HSI of tlic Hî enlission to be - 40 km s-'. The CO line is also broad. -- 20 

kit1 s- ' ( FWHS 1). IV hich is a clear sign of shocked gas. \Vit h t tie velocity resolution 

availablc For the H2 observations of 12.54 km s-'. the peak of emission it is seen to 

occiir at  \-rsn (H2)  = 6.5 km s-'. For comparison. for CO obsewations. C L ~ R  is 12.0 

k111 s- ' . 
The line intensity in the shole BEAR field. uncorrected for estinction. has a 

value of 1.6 x IO-" erg s-l cm-2 sr-'. Ré have selected six different regions within 

the WSF-1 field. denoted iii Figure 3.10 as -1: B. C. D. E and F. Csing the BEAR 

data reduction package (François Rigaud and Jean-Pierre Slaillard). it is possible to 

vistialize spcctra within 1" aperture. and results for such individual spectra from the 
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Figure 3.10: Ridge of H2 emission in lV28F-1 field (v= 15 km s-' ) 

abow sclcrtctl rcgions arc displayed in Figure 3.12. The fact that the line shapes 

;iiicI strtbngths ~ a r y  over sub-arcecond angular distances suggests that the common 

assiiniptiori made in literature of plane-parallel supernova shocks rnay not be valid. 

In turn. other shock geometries. like bow shocks for esample. could give better 

results. 

Al1 the individual spectra have line-nidths ranging from 20 km s-' (region F) to 

km s-' (regions .-\ and B). Also. VLSR displqs a slight shift from region to region. 

The S(1) 1 - O lines are not perfectly symmetric. This could be a sign of internai 

reddening. The predominance of blue-shifted velocities in the H2 line-profile may 
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Figure 3.11: H2 liric Rus for U'28F-1 field ( M t  panel) compared with quiescent CO (right 

1 ~ i 1 i i 4 )  i i t  t.hc sanie position (10". -30"). 

;iris(' f ro i i i  iiri (~spiriding diisty eniission region in shich the recl-shiftcd molecules 

siiffer riiurc estincriori than the bliie-shifted oncs (Sadeau et al.. 1959). 

T h  distribution of shocked H2 varies with velocit- over the entire velocity range 

(fior11 -4G krri s-' to + 44 km s- l ) .  The strongest emission occurs around 6 km 

s- ' .  Two distinct emission peaks are seen within - 46 km s-' to +l5  km s-l .  A 

strong rmission feature is detected in the S\V regiori. ranging from -14 km s-l to 

+j km s-' . At 15 km s-'. the Ydament" (or HI> ridge of emission) is clearly seen 

and it is determined to be displaced by a few arcseconds with respect to the line 

of OH masers. The fact that the line of masers and the H2 filament emission have 

similar configurations but they are separated from one another. can be esplained if 

both types of emission originate in the post-shocked gas. for esample the shocked 

H2 emission originating from a hot region of gas (- 2000 K) and the OH maser 

emission from a cooler portion of gas (- 200 - 400 K ). Final l .  a distinct H2 feature 
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Figure 3.12: iV2SF-1. Line flues in regions (from left top CO bottom right): A. B. C. D. 

E. F. 

is observeci in the N V .  a t  the edge of the emission line. estending in velocity from 

24 k m  s-l to 34 km s-'. 

The velocity of masers in W28F (between 9.1 I to 15-24 km s - ' )  agree nithin a 
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few k m  s-' with V L ~ R  of CO and other molecular species (12 km s-'), or shocked 

H2 (6.5 kni s-'). 
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Figure 3.13: Morphology of the H2 shocked gas for different velocity channels in W2SF-1 

region (continued). 
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Figure 3.14: llorphology of the H2 shocked gas for different velocity channets in W28F-1 

region (continued). 
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W28F-2 Region. 

The W S F - 2  region is centered on the coordinates: ~(1950)  = 1 ih  5Sm -4SY.52: 

d(1950) = -23" 18' 4Of1.00, with the same BEAR field radius, of 11.5". The peak 

ernission of H2 is detected a t  v ~ s ~  (H?) = 9.87 km s-', with a wlocity resolution of 

12 kni s-l. .-\ total ernission in the 23" field is shown in Figure 3.15. 

Figure 3.15: Shocked H2. Total emission in "W28F-2" BEXR field. 

In thc siime manner as for the W8F-1 region. a cornparison with the CO line 

eniission froni the same location (offset (-10". 15") in the WZSF map of CO) has 

been done (see Figure 3.16). 

The liiie flus over the entire '23" field is FH2 5 1 x 10-~ erg cm-? s-' sr-'. 
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Figure 3.16: Hz Linc flus for tV28F-2 field cornparcd with quiescent CO at the samc 

position (- 10". 15"). 

Ttir riiorpllology of the Hz gas has also been inspected. The bright emission to the 

soiitli-east ( in  Figure 3.17) is a continuum emission. coniing from a field star. and 

positioncd at n(1950) = Eh Sm 49': d(1950) = -23' 18' 46". There is a faint 2.12 

p i  crtiission estending in the velocity range -4 km s-' to i 2 . L  km s- ' .  The emission 

is locatcd in the center and in the northwestern part of the field. There is also sign of 

sliocked gas around the field star (but probably, these two features are uncorrelated 

if tlic star is not at the same distance as the shocked gas). Therefore. the shocked 

eniission of H2 in this region could probably belong to the supernola remnant. 
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Figure 3.17: 1Torphology of the Hz shocked gas for different velocity channeis in WSF-2 

region. 



Chapter 4 

The W44 Supernova Remnant 

4.1 W44. Introduction 

\\XI (also (234.7-0.4. G34.6-0.5: 3C392) is a supernova reninant situated in the 

galectic plane at a distance of about 1.5 kpc (Shelton et al.. 1999). The celestial 

coordinates are: a(l95O) = 1 8 ~  -53m 30'. S(l95O) = +01° 18' 00" (SIMBAD database) 

and the radius -- 11 - 13 pc. The nge of the remnant is approsirnately 20.000 years. 

consistent with the age of the associated pulsar. PSR B1853+01 (Wolszczan et  al.. 

1991). 

In radio continuum maps (Giacani et al.. 1997). W4-I appears as an elongated 

shell remnant. with the angular size of 25' x 35'. On the eastern side the radio 

emission is brighter. with filamentary structure contained within a sharp boundary. 

ROSAT S-ray observations (Rho et al.. 1994) show thermal emission centrally 

conccntrated. a n d  dim outer edges extending in the north. south and west. as far 
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as the radio continuum shell. The S-ray emitting region might also extend to the 

casterii edge, where it could be absorbed by a foreground rnolecular cloud (which 

estericls froni a(1950) = lah 53" .LOS to 1 8 ~  54" 5 2 ,  d(1950) = +01° 10' to +01° 20') 

(\\ootten. 1977). Rho et 01. (1994) found temperatures For the 1-ray emitting gas 

i r i  tlie range 013.9 to 7.6 x 106 K and column densities for the intervening absorbers 

frorii 1.6 to 2.1 x 10" cm-'. 

Ciacani et (11. (1997) have observcd Ha and [SII] emission. The optical enlission is 

\vit hiil the boundaries of the radio shcll. with filaments that correlate very well witli 

radio coritiriuuni filaments. On the other hand. the optical and S-ray correlation is 

poor. This iniplies that there is not so much dense gas in the interior of the rcmnant 

(as woiiltl bc the case if H a  is ernitted by relatively dense clouds evaporating in the 

iiitcrior uf tlic rciiiriant). Thus. this non-correlation could be an evidence against the 

iiiotlcl of \\'-I-I interacting a i th  a rnolccular cloud (Shelton et al.. 1999). 

Iioo k Hciles (1995) have mapped W-1 at  '21 cm. resolved its velocity structure. 

and foiind HI cinission up to 5 210 km s-'. .ifter subtracting the systeniic velocit- 

of tlic itiolccular çloud i- 43 km s-').  they estimated that the surrounding shell is 

cspaiiding ni th a velocity of 150 I 15 km s-'. -4s for the near side of the remnant. 

Iioo k Heilcs (1993) didn't find any emission with v ~ s ~  < - 70 km s-L.  Based 

oii t heir posit ion-veloci ty diagrams, t hey also concluded t hat the HI is distributed 

interior to the radio continuum shell. The mean HI column density nu estimated 

to be - 3 x 10" cm-'. 

ISO observations (Reach and Rho. 1996) detected continuum dust emission. con- 

sistent witli dust heated by the diffuse interstellar radiation and dominated by pre- 

shock and unrelated clouds. Reach and Rho (1998) also made ISO spectroscopic 
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observations of H20, OH? CO in far infrared, within a region centered on an OH 

maser (cu(1950) = 1 8 ~  56m 28'.4; 6(1930)= 01° 29' 59"), with the Long CVavelength 

Spectrometcr (beam-size -- 80 "). 

(1720 SIHz) OH masers in W4-l were detected by Claussen et aL(199i). The 

riiaser eniission \vas interpreted as being collisionally escited by the supernova shock 

passing t hroogh a molecular cloud. 

Rcacti aricl Rlio (1996) observed bright [O11 (63 pm) emission. enhanced on the 

c d g ~  of the rcniiiant. and higher in the center of the remnant. The [OI] peak surface 

hrightriess is 10-"erg cm-' s-' sr-' and remnant's total luminosity in this line. 1000 

L:. Reacli and Rho (1996) interpreted the [O11 emission also as shock escited and 

as cvidcncc tliat W4-I is interacting with a molecular cloud. 

Althoiigh [OI] linc emission and OH maser emission were both interpreted to 

bc causecl by the interaction of the supernova rcmnant with ari adjacent molecular 

rloiitl. an analytiral niodel of Shelton et d (1999)  it's uscd to argue t h  W4-4 could 

be iinclcrstood within a contest that doesn't require such interaction. The required 

ingredieiits to the model are a relatively dense ambient environment (about 6 cm-3). 

a significant density gradient, shell corrugat ion caused by the irregularities in the 

ambicnt nieciium and a significant amount of thermal condiiction in the hot interior. 

4.2 W44 Observing Fields 

Figure 4.1 illustrates the observed E and F regions. nith CO mapping and near- 

infrared (BEAR) observations (circles). The srna11 triangles identify the OH masers 

in the field. For this plot: ive used the SIMBAD database. with an identification 
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Figure 4.1: \\;-Li1 (1720 1tHz)OH masers 

of objects centered on the W4.l OH F maser (a(1950) = l g h  Sm O P . ?  d(1950) = 

01" 22' 35") and within a radius of 5 arcmin. The velocity dispersion of the maser 

kaiures is typically less than a few km s-' and the mean maser velocity is equal to 

thc systernic velocity of the remnant (Claussen et al.. 1997). 

There are no OH masers located in the near-IR (BEAR) fields. This in turn. 

gires us the possibility of studying the shocked gas which is not directly connected 



-1.2. W44 O bserving Fields 36 

with the masers. 

Magnetic field measurements of masers in W U F  region (Claussen et al.. 1997) 

give line of sight values of Bi., = -0.12 I 0.03mG, for W-14 24 maser and BIOS = 

-0.30 I!Z 0.01 mG, for the \V44 23 maser. 

W44E Region. 

Figure 4.2: \V-L-LE (1720 MHz)OH masers 

Figure 4.2 shows a circular grid' centered on W44 OH E maser (a(l93O) = l g h  

33"' .373.0.9(19.50) = 01" 25' 4'7, with a radius of 1 arcmin. Our CO map in the W44E 
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region is shown superimposed on this grid as a rectangle scaled to the appropriate 

units. h clear line of (1720 MHz)OH masers is observed, estending from N to S (see 

-4ppendis B for the identification of masers in the observed field). More interestingl- 

this line of niasers coincides with a filamentary CO emission (compare for esample 

Figure 4.2 with Figure 4.4). 

We do not have ariy near-IR observations in the W - I E  field. 

Tlic mngnetic field measuremeiits of masers in W44E region are: Bi, = -0.23 rt 

0.09 mC. for \V44 20 and BIOS = -0.25 k 0.09 mG, for W4-l 11 maser. 

4.3 W44 - Results for CO Gas 

Ttir '?CO .J=3 + 2 eniission map in the W4-L (E + F rcgioiis) is centered on a(1950)= 

lsh ?-ln' 0P.66. d'(1950) = 01" 22' 33" and extends in cr offsets from 1.55'' to -20"  

. arid in  b offsets. froni 225" to -350" (see Figure -4.3). The shock generated by the 

stipcrnova esplosion tliat occurred -- 103 years ago encountered the nearby molecular 

gas at the castern edge of the remnant. The molecitlar ridge corresponds to a location 

whcrc thc interaction between the blast wave of the supernova ancl the ambient 

niolecular gas is strong. A similar leature can be seen in S-ray, radio or optical 

nicasurements as ive11 (Giacani et  al.. 1997: Frai1 et al.. 1996a: Kassim. 1992: Seaard. 

1990). 

The horizontal stripes seen in Figure 4.3 are not true emission. but noise gener- 

atcd by the raster scanning technique. Our 12C0 .J=3 + 2 data in the \Y44 region 

were affected by a spectral absorption feature (probably an off-source emission). very 

close to the CO emission peak. at -- 40 km s-' (see. for esample the last panel in 
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R.A. offset(occscc) frorn 18 54 04.66 

Figure 4.3: W4-L - E and F regions. Map of integrated intensity of "CO J=3 -t 2 

Eniission. 

Figure 4.7). Since we don't have a good estimate of the missing iine shape. we re- 

st m i n  O u r  cnlculat ions to the observable emission. which respresents rnainly the gas 
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in  the blue wing. 

4.3.1 W44E Region 

-4 "CO 5=3 + 2 eniission map has been taken for the W44E region, centered on 

coorclinütes n(l95O) = 1 8 ~  53'" 56'.98, d(1930) = 01' 25' 43". The map estends in 

CL offsets From 35" to -35" and 6 offsets from 60" to -60" . We have atso a 13C0 .J=3 

+ 2 spectral dctection for the offset (O"? 0"). 

Figure 4.4: LV4-E lntegrated intensity in the blue-shifted wing (20-40 km s-') and grid 

spcctra of "CO J=3 -t 2 Emission in the velocity range: 20 -60 km s-'. 

Because there is an absorption feature at -- 45 km s-l. the peak of emission 

cannor be detected. However, the emission is clearly seen in the Mue-shifted wing (v  

< Ï L S R  = 43 km s-'). Figure 4.4 shows the integrated intensity of J=3 + 7 

ernission within the velocity interval 20 to 40 km s-L (blue wing). The grid spectra 
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plot corresponcls to the same region, but spectra are shotvn in the velocity interval 

As rnentioned before, the CO emission displays an interesting similarity with the 

line of OH masers (See Fig 4.2 and Appendix B for the identification of masers in this 

regiori). We have analyzed several offsets close to maser locations and as well on the 

location of a few CO clumps and ive have calculated the corresponding integrated 

liric iritcnsities (Table 4.1). 

Table 4.1: W44E: Line parameters for "CO 5=3 + 2. 

(It,  ' l )  ( K )  (km/s) (ti krn/s) 
1 40) 3.63 12 32.09 
( - 1  O )  3.09 20 28.29 
(-10, 0) 2.97 28 41.87 
( O  - 5 )  2.94 26 41.33 
(O. -30) 3.03 20 41.20 
(5: -40) 2.64 17 32.05 
( O .  -50) 2.89 15 32.51 
(-30, 0) 2.76 18 32.08 
3 5 )  2.50 20 34.06 

The bliic wing! which contains most of the emitting gas, displays a clump of gas 

at the offset (-10.0". 0.0"). The clump is also seen in the red ming emission. the 

lirie wiclth at  this clump exceeds 40 km s - ~  providing strong evidence for a shock. 

Following the same procedure outlined in section 3.3 and Appendix A. ive calculated 

the physical pararneters of the clump ( m a s .  escitation temperature. column density) 

for the total emission (including the tvings). The results are shomn in Table 4.2. 

The energetics of the clump can be estimated as for W28. by comparing the gravi- 

tational energv ai t  h other competing forms of energy (thermal. turbulent, magnetic). 
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Table 4.2: W44E - Clump parameters 

offset T, (L2CO) Angular size Radius 
. ) ( X  1oL7 cm-?) (&) ( K )  (" ( X  10%) 
(-10, O) 8.04 4.68 12.81 1 .il 2.8 

- - 

Thc gravitational energ?. has a magnitude of the order of 10"\rg, greater than the 

tliertriiil eiicrgy (-- 10'" erg). In contrast. the turbulent energy csceeds by tlirec 

orrlors of rriagnitiide the gravitational encrgy ( E L u r b  - 10'16 erg)? tneaning that the 

gas tiirbiilent motions play an important role and will not permit the collapse of the 

(:lutrip. 

Table 4.3: IV-14E - Etiergy balance. 

(". ") ( x 10'~ erg) ( x 10.~' erg) ( x 10.'~ erg) 
(-10. O) 1.23 6.15 3.6 

The magnetic field in the (-10". 0") clump couid be irnplieci from the measurement 

of t tic niagnetic field in the neiglibouring masers. W4.L 11 (Bi., = -0.38 niG) and H'2S 

20 (BI,, = -0.23 mG) (Claussen et al.. 1997). The total median niagnetic field tvould 

bc tlicii -- 0.4 mG and thus the magnetic energy for a clump of size 4.68 x IOL5 

ni is E,,, - 10'16 erg. Again, the magnetic energy largely esceeds the gravitational 

encrgy by three orders of magnitude: and i l  the magnetic field has no preferential 

direct ion. the magnet ic energy will furt her prevent the collapse. 
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Figure 4.5: IV44F. Integrated intensity maps of 13C0 J=3 + 2 (left panel) and "CO 

.1=3 + 2 cmission (right pancl). 

Figure 4.5 shows the maps of integrated intensity for .J=3 -t 2 and 13C0 

6=3 -t 2 transitions. in the W44F region. In W-IIF, the gas is distributed aithin 

a filament. with interconnected clumpy features. We identify two clumps. one at  

the offset (15". -40"). tvhich is aiso the brightest peak on the map. the other at 

(0". O"). Figure 4.6 contains the corresponding grid spectra for the ''CO 3=3 -t 

2 erriission in W44F. Csing the LTE assumption and the a distance of 2.5 kpc to 

the remnant? ive have calculated the physical parameters of the two clurnps. The 

escitation temperatures have values of - 20 K and column densities of the gas. XH2 

- 10" cm-" The results are shown in Tables 4.4 and 4.5. 

The different energies that can play a role in the stability of the clumps have been 
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Figure 4.6: iV44F. Grid spectra of "CO J=3 + 2 emission and the two chrnps of gas at 

( 13"' -40") and (O" ,  0") 

Table 4.4: IV44F - Linc parameters. 

Tabie 4.5: - Radii and masses of the clumps. 

Offset Angular size Radius SIass 
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calciiiated. The turbulent energy is - 10"' erg, which is » than the gravitational 

energ!* of - 10"~ erg. The conclusion is similar to that for the W28 remnant: the 

clumps will not have enough gravitational support for collapse. 

Table 4.6: W44F -Energy balance 

Offset 1 E,,,, 1 Eth Eturb  

(". ") ( 1 0 ' ~ ~  erg) (10." erg) (10'" erg) 

Tlicrcl is no direct rnemurcment of the magnetic field for the (15". -40") offset. 

For (O". O") the niagnetic field could be implied From the neighboring maser. W-4 24: 

BI,, = -0.12riiG. \ W h  a mean value 2x Bi., and for a radius of 1.87 x 1015 ni' the 

rriagnctic eiiergy is E,,, - 10"" erg. The magnetic energv esceeds the gravitational 

ciicrgy by two orders of magnitude and so. on the assumption that the magnetic 

field Ilas no particular orientation. magnetic energy ail1 prevent the clump from 

collapsing. 

4.4 W44F - Results for Ot her Molecules 

Scveral specics have been investigated for their emission at the offset (20". -180"): 

witli respcct to the center of the CO map. The new additional information from 

t hesc detections is t hat the high dense gas which is traced by these molecules is seen 

to be shocked. 

C H 3 0 H  ( J  = 5 + 4) has not been detected: probably its emission being very 
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Table 4.7: W44F: Line parameters for ot her molecules. Offset (201', -180"). 

Slolecule Transition Frequency T.!' r l ~ ~ ~ ~ ~ ~ - ~ ~  TAU 
(GHz) (K) (km/s) (IC km/s) 

C H 3 0 H  J = 5 + 4  241.806 - - - 

Figure 4.7: iV44F. Spectra of several molecules at offset (20". -180"). 

wak.  uritlcr the noise level (0.05 K).  HCN (J = 4 + 3) ernission has been observed. 

nitli a rclatirely broad width. - 35 km s-' (FHW'VI). Very faint HSC ( J  = 4 + 3) 

cniission is detected. but still broad, - 25 km s-' (FHW'II). For cornparison, both 

"CO .J=3 -+ 2 and 13C0 5=3 -+ 2 emission were shomn together with the other 

molccular transitions. The absorption feature at  45 km s-' is less evident for species 

other than CO. but it seems to appear in the HSC spectrum. too. 
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W44F -Results for Shocked H2 

Sear infrared observations have been obtained for t a o  fields in the FVUF region. 

The BEAR field is 13" in diameter. For locations of BEAR fields within the CO 

ernission maps. see Figure 4.2. 

W44F-1 Region 

The \\'-l-IF-1 region is centered on the coordinates a(1950) = 1 8 ~  54" OY.7. 

d(  1950) = 01" '21' 50".00. Né used the I i '  filter for observation. with a frequency 

bard:  -1308.54 to 50'26.63 cm-t (1.98 to 2.32 pm). and a velocity resolution of 1'2.54 

I I  S .  The frequency range allowed us to search for both v=1-0 S(1) and Br7 

t rarisi t ions. 

Scithcr Hz v=1-0 S(1) nor Br7 eniission coulci be detected in the W4F-1 field. 

riieaning tliat th- were either masked by the OH absorption lrom the Earth atmo- 

splicrc. eitlicr belom the noise level (< 10-VV cm-? p m-l) or absent. K e  have 

rlirrcforc cIcrivcd only the upper limits for the H2 and Br:{ line Auses : 

FI[, 5 1 x IO-.' erg cm-? s-' sr-l. and 

FBr, 5 1 x 10-" erg cm-' s-' sr-'. 

W44F-4 Region 

\\24F--I region is centered on cr(19S0) = lsh 5-lm 06'.40. 6(1950) = 01" 19' 29".00. 

Tlic observations have been made with the narrow band filter, centered on v=1-0 

S(1) emission and within the frequency range 4657.35 to 4783.45 cm-L (or equivalent 

in ivavelength. from 2.09 to 2.14 p m). 

Hz emission detected in W44F-4 is weak. but it may well be caused by extinction 

(Figure 4.8). The strong self-absorption a t  45 km s-L implies a large gas (and dust) 

colurnn density in this line of sight. The emission is faint and patchy. distributed 
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Figure 4.8: Shocked Hz gas in WUF-4 region. within the BEAR field (23"). 

over the entirc W-LF--i field, extending in velocity from 33 km s-l to 47 km s-'. 

Tticrc is a coritinuurn emission, identified with a field star: detected in the north-east. 

at n(1950) = l s h  Sm 06'.7: d(1950) = 01' 19' 36". 

Figiirc 4.9 shows a cornparison between the H2 v= 1-0 S(1) line and the "CO J=3 

i 2 transition at the corresponding offset. The Ha emission line has a aidth of -- 40 

krri s-' (FH\\-11). and the CO line has - 20 km sL (FWHM). We note however that 

the latter is affected from the seICabsorptiono around 45 km s-'. making it hard to 

asses the triie shape of the line. There is also a close correspondence between the 

v ~ s n  of CO (45 km s-l) and HÎ (40.3 k 6.2 km s-') on one side. and the velocities 
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of masers. on the other side (ranging from 43.67 to  46.91 km s-l). The line Bus for 

t h  critire field (23'7, uncorrected for extinction, is FH, - 2.5 x 10-3 erg cm-? s-l 

sr- ' . 

vcl (km. S I  

Figure 4.0: H2 line Hus for W-l-IF-4 field (Mt panel) compareci with CO (right panel) at 

thc salric position - offset (30": -195"). 



Chapter 5 

The 3C391 Supernova Remnant 

5.1 3C391. Introduction 

3C301 (known also as G31.9f0.0) is another supernova remnant that is likely to bc 

i ritc?r;tct ing wi t li a molecular cloud. based on the apparent break-out rnorphology at 

raciio ancl S-ray wavelengths (Reynolds % Moffet. 1993: Rho Sr Petre. 1996) and on 

the dctectiori of OH maser emission (Frai1 e t  aL. 1996). The remnant is located at 

(i(19.50) = lsh -16" 30' and d(l.950) = -00" 59' 00". The distance is 8.5 kpc. büsed 

ori H 1 absorption studies (Caswell et ul.. 1971: Radhakrishnan e t  al.. 1972). and the 

angular sizc .5 arcmin x i arcmin. The age of the 3C391 remnant is estimated to be 

1 10"o 10-1 yr. depending on assurnptions made about the environment. A pulsar 

search \.as done by Gorham et al.. 1996. 

The rcmnant has not been detected at optical navelengths. Reynolds and Noffet 

(1993) attribute this to the large absorption almg the line of sight. but it should be 
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noted tliat the absorption is not significant for [OI] observations (Reach and Rho' 

1996) 

ROSAT PSPC observations reveal centrally concentrated X-ray emission inside 

tlie radio sliell (Rho and Petre, 1996). There is a positional asymmetry in both 

radio and S-ray emission, the northwestern part having a strong radio shell and 

w a k  central S-ray emission? rvhile in contrast. the southeastern part displays a 

strorlg S-ray cmission and weak radio emission. The interpretation of this behavior 

is oric of a "break-out" morphology (Rho and Petre. 1996). I t  is quite common For 

shcll-type rernnants to display one-sided brightness enhancements (which are thought 

to bc caused by encountering density gradients iri the interstellar medium) (Caswell. 

1987). biit brea k-ou t morphologies are less common. The break-outs are supposeci 

to occiir wlicn the espanding remnant is encountering a steep gradient iri the gas 

tlctisity. siicti as one espected at the edge of a molecular cloud (Tenorio-Tagle et al.. 

198.3: .-irthiir and Falle. l!XJl). 

Radio cont inuuiri and S-ray emission suggest indeed t hat the remnant's evolut ion 

is takirig place iiear a strong density gradient in the surrounding medium. The S- 

ray emission frorn 3C391 extends slightly outside the radio shell in SW direction. It 

peaks in t hc interior and has a thermal spectrum (Rho Si Petre. 1996). characteristic 

of the b*niisecl-morphologi." remnants (a  class of supernova rernnants whose nature 

lias becn linked to interaction rvith a strongly inhornogeneous pre-shock ISM) (Rho 

S- Petre. 1998). 

For a thermal model. in which PSPC (Rho and Petre. 1995) and IPC ( b a n g  

and Stervard. 1954) data were used. the best fit pields XI I  = 1.8 "-O -0.2 x 1 0 2 2 ~ ~ - 2  

and kT = 1.131::; keY. According to Wilner et al. (1998). the apparent discrepancy 
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betweeri column density of H 1 derived from 21 cm observations (Caswell et al.) and 

froni S-ray observations (Wang and Seward. 1984; Rho and Petre, 1996) could be 

espleined if the shell part of the remnant lies behind a greater depth of molecular 

Iiytirogcn t han the "break-out" region. 

Spectral indes and polarization studies w r e  performed by SIoffet and Reynolds 

(199-4). The value of the spectral indes was found to be 0.35. 

CO J =  1 + O observations bring additional evidence that the remnant is located 

near the cdgc of a niolecular cloud (Wilner et al., 1998). Also! the CO morphology 

shows a clear sirnilarity with the "break-out" morphology of the remnünt! the CO 

interisity tlropping steeply while the radio continuum intensity is rising steeply across 

the itiner cclgc of the rernnant (Wilner et al.. 1998). Therefore. the presence of the 

niolecular cloud could then esplain the S-ray morphologv. nhich is meak where the 

radio siicll is bright. Reach and Rho (1999) have identified the molecular cloud as 

being located at (1.6,  v )  = (32.00.0.00.98), ( q , ~ ,  a,) = (0.22.0.09.3.0). with its 

virial niass estimateci to be of the order of - 10' &,. Also. CO data support the 

Iiypothcsis of a progenitor star esploding within a dense molecular cloud and of a 

shock wwe presently believed to be coming out trough the cloiid boundary. 

CO J = 1 + O data irnply a value for the hydrogen column density of SH2 - 0.8 

x 1022 cm-? for an integrated intensity of 10 IC km s-l. observed at  the remnant's 

center (Kilner et al.. 1998). The average volume density is - 300 cmd3! a typical 

value for molecdar clouds. Xo broad line-widths were detected in the CO J =  1-0 

mnps. as would have been espected for a shocked region. Although CO J= 1 4  

emission does not reveal any estreme kinematic disturbances. these can be clearly 

seen in CO J = 3-t 3 data reported in this present study (see the following sections). 
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OH emission is prescrit near the rernnant as diffuse ernission and as masers (com- 

pact emission) as well (Frail et  al., 1996). The two features detected, which are 

believetl to be (1720 MHz) OH masers, are located in regions where the remnant ap- 

pcars to tiave broken out into an area of lower ambient density (locations: a(1950) 

= 18" 46" -17.63: d(l95O) = -01" 01' 00".6 and ~ ( 1 9 3 0 )  = l sh  4 7 "  0Y.20: d(1950) 

= -00" 139' 01".0). respectively. The maser velocities. 104.9 and 110.2 km s-' (Frail 

et  al. 1996). secni to agree w l l  aith systemic velocities implied from CO J =1+0 

data. nar~iely 103.9 and 108.2 km s-l. respectively (Wilner et al. 1998). and our CO 

.J =312ddata (105 kni s-' for the first maser). Also. the velocities of (1720 MHz) 

OH fcatiirrs agrcc well nitti the H 1 absorption velocity deterrnined for 3C391 by 

Riidliakris linari et  al. (1972). 

In aclditiori to the two compact features. a faint. estended OH eniission was also 

tlctcctcd alorig the bright SW continuuni edge of 3C39l (Frail et al.. 1996). This gas 

is srcri in tlic velocity intemal extending from 95.3 km s-' to 98.5 km s-' .  and being 

tlisplaccd froni niasers by about 10 km s-'. Its brightness temperature (< 15 K) and 

liiic-nicltli (2-3 krn s-') suggest that it is probably thermal (Frai1 et  al.. 1996). 

Tlic [O11 (63 pm) line Ilas been detected and the line luminosity inferred for the 

wholc supernova remnant is .- 1 0 % ~  = 4 x 1 0 ~ ~  erg s- ' .  This value is in very good 

agreement with the shock mode1 of the line. Bright lines. 1.4 x 1 0 - ~  erg cm-? sr-'. 

were detected at several positions near the edge of the supernova remnant and less 

bright in the interior (Reach and Rho. 1996). The [OI] enhancement at the edges of 

t hc reninant siiggests that the emission is originating from the shocked gas. Also. 

the continuum brightness is well correlated with the [01] line brightness (Reach and 

Rho. 1996). 
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Based on the cornparison of their data with theoretical moclels that predict the 

[01] line brightness, Reach and Rho (1996) suggest a pre-shock density > 103 cm-3 

aiicl rani pressiires of the order of IO-' dyne cm-', as predicted for supernova blast 

wwes interacting wit h a molecular cloud. Although the spectral resolution for the 

[OI] observations \vas poor. Reach and Rho (1996) were able to find a velocity shift of 

the liric of about -LOO km s-l betwen the two places where they niade the detection. 

Ttiis velocity clifference is similar to the velocity shifts from newly formed radiative 

sliock Fronts. aliich are faster than the shocks in molecular cliimps. 

5.2 3C39 1 :mol Region. Previous molecular st ud- 

ies 

R ( ~ c i i t  tiigli resoliition data  have locatecl a dense. shocked molecular clump associ- 

atixl with one of the  (1720 .\[Hz) OH masers (located a t  ~ ~ ( 1 9 5 0 )  = l g h  46m 47.63: 

r i (  10.50) = -01" 01' 00t'.6). The infrared observations (Reach and Rho. 1998) im- 

ply that the clunip has higher density (no - 10" - 10' cm-3) than those preseiit in 

\\'44 and W S .  and similar to IC443. Because **3C391:mol" contains a shock-escited 

maser and shows a peak in (011 63 pm emission. it is believed that this is a region 

nherc  t hc SS blast-wave haci a significant impact on the molecular gas. Viewing the 

prosiinity of the maser and presumably the esistence of shocks. it has been suggested 

tha t  this region could be a possible site for triggered star formation. 

ISO observations have been done. using the Long-Wavelength Spectrometer (LW). 

with an aperture of 80" (Reach and Rho: 1996) in b'3C391:B.CIL" (or '03C391:mol") 

region. This region \vas centered on a(1930) = 18"6" 47.1: 6(1930) = -01" 00' 
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W(epoch 1930). The authors reported the first detection of far-infrared H20, OH? 

and CO lines in supernova remnants. There is a strong indication that those lines 

wcrc tlerected from shock-excited gas in the remnant (valid for W28 and CV4-I. too). 

The warni H 2 0  in 3C391:mol is believed to be produced by shock-enhanced chern- 

istry. The observed excitation of H20 and OH (T,,., < 400 I i )  (Reach and Rho. 

199s) iriiplies ttiat the temperature is not tiigh enough to overcome the barrier of OH 

con\wsioii into H 2 0 .  However. more H?O than OH is observed. mhich means that 

at sonic point tlie gas \vas hot enough to sustain the conversion. The fact that still 

tiigh criougli OH abundance is observed (only 15 times less than that of H20) is at 

cidds wi th  C-stiock niodels. in which alniost al1 of OH is convcrted in H20. Hoivever. 

tliis riiiglit be esplaineci i f  by some niean the H20 abunciance !vas underestirnateci 

(I~caiii diliitioti). or if tlie observed liries of OH and H20 conie in fact from different 

types of stiocks. froni regions of different pre-shock densities (Reach and Rho. 1998). 

UQrclle et aL(1998) suggested an alternative mode1 in which H20 is dissociated by 

tlic soft S - r q s  ernittetl from within the interior of the reninant. producing OH in 

srriall rcgioris (- 101' cm) where Th- - 100 - 200 K. This also esplains tvhy the OH 

cniissioii is sccn coming from relatively narrow regions in the rernnants. 

Stiockcd-accelerated species, such as CS. CO. HCO+ have been detected (Reach 

and Rho. 1998). together with bright ionic lines of [O III] and [S III], which are 

espected only from dissociative shocks. The authors conclude that it must be a 

rangc of dissociative shocks in their beam. 

Csing IRASI 30m telescope. Reach and Rho (1999) have estended their search in 

the sanie region of the remnant ('3C391:mol'). for other molecules: %O (J =2+l). 

HCO- ( J  =1+0). CS ( J  = 2 4 .  CS ( J  = 3 4 ) ;  CS (J = 5 4 .  The investigated 
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region is centered on a(1950) = 1 8 ~  46m SOS, 6(1930) = -01' 00' 00" (epoch 1950). 

Tlic narrow lines (- 2 km s-') for the quiescent gas have been interpreted by the 

authors as signatures of pre-shocked gas. The broad lines (-- 20 km s-') in the 

sliochd region are believed to originate in the post-shocked gas. either srnoothly 

accclcrated or dissociated and reformed behind the shock. 

The shape of the spectral lines changes abruptly in the shocked clump. LTE 

arialysis of "CO ( J  = 2 + l )  gives a brightness temperatiire: Tk > 50 K. Thus the 

sliockcd clurrip is significantly more hotter and denser than the densest clumps in the 

partvit clotid. The pressure inferred from CO models is twice as much as the pressure 

iri the blast wave. The authors advance tivo possible esplanations. One esplanation 

siiggcsrs tliat a blmt wave hits a high density structure. as the molecular cloud. and 

tlic stiock splits into reflected and transrnitted shocks. In this way. the pressure is 

r1riti;iricctl sewral times in a plane-parallel. uniform density rnodel. However. if we 

assiinic tliat 3C391 remnant is adiabatic. this rnodel can yield pressures much higher 

tlian obscrved. The second erplanation suggests t hat the pressure could increase 

tlirougli gravitational binding of the clumps after compression by the shock. If trtie. 

tliis coiild be eridence for triggered star formation. 

Tlic search for signs of triggcred star formation \.as also one of our main aims in 

tliis study. for which we have made use of molecular line and near-infrared observa- 

t ions (see the following sections). concentrat ing on t his specific region ("3C39l:rnol"). 

.\ioclels of shocks a i t h  velocities ranging betiveen 10 - 50 km s-' and for a pre- 

shock density of 10" - 10' can yield the obserred line brightness of "CO (J = Z - t l ) .  

This range of shock velocities is near the transition between dissociative (J) and 

rion-dissociative (C) shocks. 
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For the folloaing anaiysis, ive preserved the same notations as Reach and Rho 

(1996). The "3C391:inole region analyzed in this present study has the same center 

as the .*3C391:B&IL" / "3C391:mol" region from Reach and Rho (1996). Howevero 

t lie rcsoliitions of the present observations are superior: the L\VS beam-size mas 80" 

the .IC1IT beam-size (for CO spectral data) nas 13" and the BEAR observations 

liai-c subarcseconcl resolution over a 23" diameter field. 

5.3 3C391:mol Observing Fields. 

Figiirc j.1. estcnding 1 arcrnin. shows a superposition of JCSLT and CFHT (BEAR) 

ol~servatioiis that Ive used in this study, in connection with the position of the OH 

riiascr. The "CO J=3 + 2 and 13C0 5=3 -t 2 maps are drawn corresponding 

to  ttieir location and size. and are shown as rectangles (see Chapter 2 for details 

of obscr~atioiis). The near-IR (BEAR) field. shown as a circle 23" in diameter. is 

ccntcred on a (1720 SIH2)OH maser. with coordinates: a(1950) = lsh -16" -17.63: 

(j(1930) = -01" 01' 001'.6 (Frai1 et  al. 1996). 
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Figure 5.1: (1720 1IHz)OU maser in the 3C391-1 region. 
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5.4 3C391:mol - Results for CO Gas 

l\é obtained a map in 12C0 J=3 + 9 emission of the 3C391:mol region. centered 

on coordinates a(1950) = lgh  46" 47.68, d(1950) = -01" 00' 59".98). therefore 

coiiicicicnt witti the position of the (1720bIHz)OH maser. The map extends in cr 

offscts froni 40" to -40" and in 6 offsets from 40" to -40". The i3C0 5=3 2 

miission niap has the sarne center and estencls in a off'sets from 35" to -23"' and d 

Figure 5.2: 3C391:mol. Grey-map and grid spectra of "CO J=3 + 2 Emission. 

Figure 3.2 shows an integrated intensity map of 12C0 J=3 + 2 emission (left 

panel) and a grid spectra (right panel), within the velocity interval 80 - 140 km 

s-l. The 3C391:moI region has one central clump in CO. a t  offset (-3"' 10"). which 

corresponds ro the position of the intensity maximum in the grey scale map. The 

broad emission lines (h 20 km s-' in FWHM for '*CO J=3 + 2) are a clear sign of 
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shocked gas (sec also the last panels on Figures 7.4 and 5.5). It is also noteworthy 

thar the CO clump is coincident with the position of the OH maser shown in Figure 

q 5 . 1 .  

Figure 5.3: Separate featurc extending in velocity from 78 to 81 k m  s- '  

\\è have iised the LTE analysis (derived in Appendix -4) for the broad line region 

in the "CO 3=3 + 2 emission. The measured antenna temperature as well as the 

resiilts For the optical depth. excitation temperature and column density of I2CO 

corrcsponding to the (-5": 10") offset are shown in Table 5.1. 

Table 5.1: 3C391:mol- Line parameters. 

Field OfFset Ta,* ("CO) ri~co Te, (''CO) :VE CO 
('Io ) W) ( x  ioL' cm-') 
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Table 5.2: Radius and mass for the 3C391:mol clump. 

Offset Angular size Radius 'ilass 

I<iiou-iiig tlic relative abundance of "CO with respect to Hz. NH2 EZ 10'' . V ~ Q - ~  

t Iir roliiiiiri dcrisity of H? is of the order - 102' cm-?. The mass of the clump has 

I i i w i  c~ii1ciil;itctl in the assumption that 3C391 is at  a distance of 8.5 kpc. "CO .J=3 

-? 2 oiiiission is broder  in velocity extent that the 13C0 .J=3 -t 2 emission. The 

o p  ic;illy t liick regiori (where both emissions are present) is in this case 95 - 125 km 

s- l .  

TIio orirsgc~tics of the clump have been investigated in order to determine the 

grwir i i t  ioiial stability of the clurnp. Contributilig energies are. as before. the grar- 

itatioiiol vrwrgy and the thermal. turbulent and magnetic energies. The results are 

slio\vri i n  3.3. 

Table 5.3: 3C391:moI - Energy balance. 

Offset Egrau Eth Et urb 

(". I r )  ( x ! ~ * ' ~ e r ~ )  ( x lo4'erg) ( x 10'16erg) 

The turbulent motions are much stronger than the gravitational energ. (Eturb - 
10'%rg >> E,,,, - 1oq3erg), so the clump could not collapse. By assuming t hat the 

magnetic field is randonily orientatedo its magnetic energy could further prevent the 

collapse. A s  Ive have seen, the magnetic field could be quite important. Although 
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thcre are no direct rneaçurernents of in 3C391, we can estirnate the magnetic 

strcngth around the OH maser to be .Y 0.1 mG, comparable with the other magnetic 

strcngths around niasers in the other two supernova remnants (W38 and WJ).  The 

rnagnetic cnergy? calculated for the a 5.93 x 10'' rn clump could be as high as - 
10"~ erg. t hree orciers of magnitude greater t han the gravitational energy. 

5.5 3C391:mol - Results for Other Molecules 

Obserntions of ciifferent molecular species mhich trace the Iiigh-density gas (no - 
10" cm-'). have been done in the frequency range 218 - 363 GHz, for the offsets: 

( - . j e .  10") and (25". - 2 3 7 ,  with respect to the center of the CO map. 

Diffcrerit linc paranieters have been calculated. and the broadness of the lines lias 

hccii iriwstigated. Thc restilts are summarized in Figures .5.4 and 5.5 and Tables 5.4 

and 5 .5 .  

Offset (-511, 10"): 

TabIe 5.4: 3C391:mol - Line parameters for other molecules. Offset (-5". 10"). 

Slolecule Transition Frequency SI'  AL.'^^^^^^^^ J' T l  
(GHz) (K) (km/s) (K  km/s) 

H2C0 303 - 218.222 - - - 
C H 3 0 H  *J = 5 + 4 241.806 - - - 
CS J = 7 -+ 6 342.883 0.25 1.5 2.4 1 
HC-V J = 4 + 3 354.505 0.5 23 8.04 
HCO' J = 4 + 3 356.734 0.8 18 10.41 
H .VC J = 4 + 3 363.630 0.01 11 O .49 
ECO J =  3 +  2 345.795 11.6 15 261.01 
'"0 J = 3 + 2 330.587 1.02 2 5.62 
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CS, HCOf, HNC transitions are detected, displaying broad Iines. AUFHLVII - 11 

km s-L - 23 km s-l. CHSOH and HîCO are not detected, or are probably belon? the 

iioisc limit (- 0.05 Li). 
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Figure 5.4: 3C391:mol. Spectra of severd molecules at offset (-5". 10"). 
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Offset (25", -25"): 

Table 5.5: 3C391:mol - Line parameters for other molecules. Offset (25", -25"). 

'rlolecule Transition Frequency T4'  AL'^^^^^^ S Th.1 
(GHz) (K)  (km/s) (K  km/s) 

HCO' J = 4 + 3 356.734 0.8 2 133 
H C J .J = 4 -+ 3 354.505 - - - 
CS .J = 7 + 6 342.883 - - - 
12 CO J = 3 + %  345.795 13.55 3 48.39 
1 :i CO J = 3 + '2 330.587 - 

3 3 - 9.6.5 

Figure 5.5: 3C391:rnol. Spectra of several niolecules at offset (25". -25"). 

At (W. - 25").  strong HCO' emission is detected? but the line is narroaer than 

one from offset (- 3"' 10"). HCN: CS transitions are not detected. The integrated 

iritensity is calculated in the velocity range common for both transitions: 101 - 106 

km s-'. 
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5.6 3C391:mol- Results for Shocked H2 

Scar Iiifriired observations with BEAR instrument (the BEAR field has a diameter 

of 23 ") Iiaw becn done in the *'3C391:mol" region (centered on: a(1950) = 1 8 ~  46" 

-17.4. ii(1950) = - 01" 00' 50n.00), in a search for both H2 v=1-0 S ( l )  and Brackett 

-I (>II iissiori. 

Hz Ernission 

For r tiil H2 sliockecl gas observations. we used a narroa band filter. centered on the 

liiw Frc~~iiiwcy of v= 1-0 S(1) eniission. with a frequency range : 4657.57 to 4783.45 

mi- '  (or eqiii~alent in wavelcngth. From 2.09 to 2.14 p m ) .  

Tho H2 kiiots ;ire vrry bright (sec Figure 5.6). with peak values of Fw, - 9.2 x 10-3 

erg s - l  sr-[ (-  10 tinirs greater than in W8F-1 region). The total H2 mission 

lias ;i hroiitl liiic. ~ L ~ ~ ~ ~ ~ ( ' . \ ~  > 50 km s-l. Figure 5.7 shows for comparison. the 

~ l i o ~ ~ k i d  H2 ctiiissiori lirie in the entire BEAR field (23 ") and the corresponding CO 

viiiission line. icleritificd in the CO map at the offset (-5". 10"). The peak of Ha 

iwiission occurs at a sirnilar velocity as the peak CO emission at the same location: 

\.r.sn (K.) = 114.65 km s-' compared V L ~ R  (CO)= 103.0 km s- ' .  The two rest 

wlocitics agree very well. if ive take into account the BEAR velocity resoiution of 12 

km s -  '. SIoreovcr. the OH maser in the field has a velocity of 104.9 km s-'. 

The flux lirie intensity at the offset (-5".10"). uncorrected for estinction is 1 x 

10-"erg s-l sr-! Four small regions (radius = 1 ") - labelled here as A. 

B. C and D - have been chosen from the entire BEAR field. and their individual 

spectra have hem analyzed with the special BEAR data reduction package. Figure 

5.8 presents the lines for the four spectra. It can be seen that the emission lines var? 

in shape and strength, although V L ~ R  doesn't show any major shift. 
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40" 
1 l I 1 I 1 I L 

Figure 5.6: Total fi? shocked emission in 3C391:rnol region (within a 23'' beam) 

The morphologv of the shocked gas has also been in~estigated. A field star (which 

appears as continuum emission in the BEAR field) is identified at ~~(19.50) = lsh 46m 

-F..j: &( 1950) = -01" 00' 50". .-\ feature that could possibly be a bow shock is seen 

at n(1950) = l sh  46'" -17.8: d(1930 = -01' 00' 57". Bright H2 emission estends 

over the velocity range: 107 - 133 km s-'. The morpholog- of the gas is changing 

rapidly with velocity. -4 central emission is seen estending from north to south. more 

enhanced in the northern part of the field. At 132 km s-' three distinct features can 
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Figure 5.7: H2 Lirie flux for 3C391:rnol field (left panel) compared with CO spectrum 

(ri& pancl) at thc same position, i.e (-3". 10"). 

I I P  won. possihly cliiirips of sliocked gas (see Fig. 5.9). 

Brackett : emission 

A srarch for Brackett ernission has been done in the samc field. n i t h  the 

iiarrow barid filtcr. ccntered on 2.16 pm (Brg line). The frecluency range of BEAR 

niiwiircniciits was 4540.74 to 4666.57 cm-' (or, equivaleiit in wavelength. from 2.14 

to 2.20 pm). 

So Br:/ is detected for the BEAR field in the 3C391:mol region. Therefore n e  

cari dcrive only an upper limit for the flux line intensity: FBrT 5 IO-.' erg cm-* s-' 

sr-'. 
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Figure 5.8: 3C391. Line Ruses in regions (€rom left top to bottom right): A. B. C. D. 
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Chapter 6 

Discussion and Conclusions 

Kr lia\-c stodicd a few particular esamples of interaction betweeri supernova rem- 

iiarits arici t heir eri~ironniental niolecuiar clouds. with the airn of determining the ria- 

turc of the supernova shocks and the effcct that those have on tlie atnbient medium. 

\\e analizctl scvcral clumps of gas located near the regions of criderit supernova rem- 

nant /riioleciilar cloucl interaction and assesed their stability against collapse. The 

iiiain fincling of our work is that in al1 clumps the gas is so heavily disrupted that 

t lie gravitat iorial cnergy cannot overcome the turbulent motion or magnet ic energies. 

\\P belicve that the present conditions prevent gaseous clumps from collapse. and 

tliercfore the conditions for star formation are not met. 

6.1 CO Gas and Ot her Molecules. 

The CO J =  3 + 2 maps near regions of supernova remnant1 molecular cloud interac- 

tion have revealed a multitude of molecular clumps. The clumps are clearly shocked. 
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since the CO ernission lines are extremely broad (- 20-40 km s-' in FWHM). More 

intcrest ingly. sorne of the CO clumps coincide with previous detected (1720 MHz)OH 

iiiasers. tlie latter being themselves a sign of shocks. 

Addi tiorially. ive found kinematic evidence of shocks from spectral lines of other 

riiolcciilar species. Emission from several molecular species has been detected in the 

ttircc SSRs. including HCOi (J = 4 + 3). S i 0  (J = 8 + 7). H&O [303 - 2021 and 

[& - LI]. HCS ( J  = -4 + 3): HXC (J = 4 -t 3). CS (.J = 7 + 6). The interest 

ii i  stiiclying ttiose species is thüt. unlike CO gas. they trace the high density gas (no 

- 10"crn-"). Their lines are faint but broad (- 15-23 km sdl FWHSI), bringing 

cvitlcnce that tlie high density gas witliin the molecular cloud is also shockecl. 

It was also found tiiat the maser velocities agrec within a f ea  km s-l with V L ~ R  

of CO ancl other obscrved moleciilar species. suggesting that indeed the niasers are 

spatially close to the molecular gas. 

The CO 3 -t 2 emission is concentrated in thin filamcntary and clunipy struc- 

ttircs lying just behind tlie leading edge of the SNR shock. Assuming LTE (Local 

Tlierrnal Equilibrium) we have been able to determine the physical parameters of 

the  gas in  sonie of the observeci regions within the three supernova reninants. In the 

W 5  supernova remnant. five clurnps of gas have been identified. in both l'CO J=3 

+ 1 aiid '"0 J=3 + 2 emission. The excitation temperatures are about 30 K. We 

have inwstigated the main contributing types of energies. in order to determine the 

gravitational stability of the clumps. Both thermal and gravitational energies are of 

the order of - 10-13 erg. The turbulent energy in W 8 .  implied from the ividth of 

rhc ernission lines. is .- 10'~ erg; exceeding by three orders of magnitude the grav- 

i t at ional energy. Cnder t hese circumstances. the clumps cannot be gravitationally 
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siipported and certainly the collapse is avoided. In the same tirne. the magnetic 

cnergy is believed to be important in the cloud energetics. Although there are no 

direct nieasurements of the magnetic fields within the five rnolecular clumps. the 

iicigiiboririg iriascrs show significant magnetic field strengths (5 0.4 mG). Assuming 

a siriiilar value for the Ë in the rnolecular gas of the clumps. the magnetic energy 

woiild bc of the order of - 10"~  erg. This magnetic energy esceeds the gravitational 

( w r g y  t ~ y  ttircc orders of magnitude. and in the assurnption that the magnetic field 

is riiiitloiiily orientecl. it could further prevent the clumps from collapsing. 

111 tlic \\'4-! rcmnarit. a self-absorption feature very close to the peak emission 

( -  -LrJ k m  a- ' )  made it difficult t o  estimate the physical parameters for the entire 

1 .  Ho\vcvrr. since the bliie ning contained rnuch of the shocked gas. ive have 

c;il(*iilatcd tlic linc parameters only for this region of the spectrum. The escitation 

tcriipmitiircs arc -- '20 1< and the rnasscs of the clumps are 1.4 and 0.7 SIs. Tiirbulent 

iiiid tiiag~ictic cncrgies are foiind ta bc of the order of - 10" erg. ivhich arc rniicli 

grcatcr tlian tlic gravitational energy of .- 10-12 erg. There is again. no evidence for 

cliinip collapse. 

K i t  hiri the 3C391:moi region in the 3C391 remnant we have found only one 

sliockccl clump. Agairi. it coincides a i t h  a (1720 MHz) OH maser and their rest 

vclocities agree within 1 km s-'. The escitation temperature is 33.8 K and the mass 

of the clump is 17 11,. -4 study of the energv balance in the clump reveals that here. 

too. the turbulent energy is rnuch larger than the gravitational energv (Eturb - 10''~ 

erg » EgraL, erg). Based on this, ive suggest that the clump in 3C391:mol too 

will be prewnted from collapse. 

The fact that in al1 three systems analized here the clumps are estremely turbu- 
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lcnt. leads us to the conclusion that  the triggering of star formation is not possible- 

at lcasr a t  the present time. I t  is however possible that  such a process will take 

place in the future. when the free-fa11 timescale ni11 become much shorter than the 

chitractcristic tirnescalc of the turbulence. 

6.2 Vibrationally excited H-. 

\\'o ha\-c prescnted the first observations of high resolut ion. vibrstiorially escited 

v=1-0 S(L) H2 eniission (a t  2.12 pm) in \V'1S. W4-L and 3C391.The H2 1-0 S(1) 

eriiission arises frorn the shock front and traces the hot. recently shocked niaterial. in 

coiitrast nitti the CO emission. which cornes mainly from cooler pre- or post-shock 

gas. The H2 lincs are resolved in velocity and have line widths of - 40 km s-l. 

siitiilar to tliosc of CO lines. This indicates that the shock speed is quite high. The 

\.L.SR of t lie ribrationally escited H2 emission agrees well (nithin a feu* km s-' ) wit h 

t h  wlocities of OH masers in the field and with the V f i ~  of CO. 

A n  intcresting result is that the morpholog. of the shocked HI emission follows 

closely the distribution of OH masers in the field. For esample in W28F. we have 

founcl a cliirnpy and filamentary H2 distribution which follotvs almost identically the 

tliin line of the previously observed (1720 MHz) OH masers (Frai1 et al.. 1996). 

The H2 enlission shows a high degree of small scale clumpiness. similar to H2 

emission in the 1C-M supernova remnant . K e  riot ice the cont rast wit h the estremely 

snioot h Hn emission observed with HST in the Cygnus Loop (Blair et al.. l999). This 

is piizzling. hecause both emissions originate frorn the  hot gas behind the shock and 

yet . t heir morphologies are estremely different. 
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The line shapes and strengt hs seem to vary over sub-arcsecond angular distances, 

nicaning that the applicability of plane-parallel shocks could be put in doubt and 

otlier geonietries (cg. mini-bocv shocks around clumps) will need to be in the future 

esmii~ied. 

Tlic linc fluses OF v=l-O S(1) ernission line are typically of the order of .- 1.6 x 10-~  

i!rg crri-' s-' sr-'. mith the exception of "W-I-IF-1" field. wtiere the Hz emission rvas 

riot. ~Ic t~c tc t l .  For this region. we determined an upper limit of Fr[, 5 IO-" erg cm-? 

5 '  s r .  Ttic brightest H? emission was detected for the shocked clump in 3C391. 

F!,' - 9.2 x IO-:' erg cm-? s-l sr-! 

l\C carricd out two observations for the Brackett :, eniission line. one with the 

t~ruad I i '  filtcr in *%'28F-1'' field, the other with a narrow barid filter centered on 

2.1G ,wu.  in the shockecl clump from 36391. In both observations. the Br, line 

~ ; i s  iiot (1cti:ctcd. Soriet helcss. rve determined an upper lirnit for its emission. as: 

For, < - IO-.' crg cm-' s-' sr-'. 

6.3 Shock Models. Comparison with Simulations. 

Tlicoretical models of shocks (Draine et al.. 1983: Hollenbach and McKee. 1989) pre- 

dict that the [01] line would be produced either in fast (v, > 30 km s-l) dissociative 

stiocks or in slow (r, 5 10 km s-') non-dissociative shocks. nhile the vibration- 

rotation transitions of Hz and high-J rotational transitions of CO and H?O nould 

bc produced by moderate (v, - 40 km s-') non-dissociative shocks. 

One interest is to compare the observed line intensities of HZ 1 - O S(1) transition 

and the upper limits for the Br, emission with existent models of shocks (Hollenbach 
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and .\Icl<ee. 1959: Chernhoff. Hollenbach and McKee, 1982; Draine et al, 1983). For 

tlic lolloaing discussion, tve have preserved the original notation of the cited models. 

Several representarive classes are considered: class T' is a fast dissociative J shock 

( v ,  2 30 krri s-l).  classes "B" and *;Cc represent slow. non-dissociative or partially 

dissociative J shocks (v, 5 25 km s-'). class *'D" is a slow C shock mit h lotv peak 

tvriipcrat iircs (T 5 300 K) so t hat neutral-neutral reactions nith activation energies 

Lire supprcsssctl ( Y ,  5 15 kni KI). and finally, classes "E". "F" and "G" are moderate 

to fast C shocks w i t h  peak temperatures T 1000 -3000 K , near the dissociation 

liiiiit  for H2 (v ,  - ZS - 40 km s-l). 

Table 6.1: Obscrwci vcrsus Mode1 Shock Lirie intensities.Theoretica1 modcls are from 

Burtori et (11.. Il)l)O).Observed [O11 ernissions for W4-l 'and 3C39I arc from Reach and Rho 

Line Intensity 

A (Fast .J) 
B (Slow J)  
C (Slow J )  
D (Slow C) 
E (Fast C) 
F (Fast C) 
G (Fast C) 
Observed Flux 
\V28F-1 region 
\\28F-2 region 
3C391:mol 
\\-44F-l region 
K44F--4 region 

(erg s-l cm-? s r - l )  

Models 
H2 v=1-0 S(1) Br, [01] (63 pm) 
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Table 6.1 shows a cornparison between flux line intensities? predicted by the shock 

models and our observed values. hlso displayed are the observed values for the [01] 

Aiis, whenever they could have been found in the literature. We note that al1 models 

predict vcry low fluxes of Brackett 7 emission and therefore, within our limit of 

dctection, we cannot distinguish in this respect among the difTerent types of shocks. 

Howewr. ive can use the contraints predicted for the HÎ v=1-0 S(1) and [01] lines. It 

can be secn that class ;' B" (slow, non-dissociative J shocks) cannot fit the observed 

[01] lines, producing a much weaker [01] line than the observations. .Uso. classes 

A" and .. B" (the fast and slow J-type shocks) predict much lotver HÎ line intensities 

( -  10-j -  IO-'^ erg cm-* s-l sr-') than those we observcd in the three supernova 

rcniriants (- 1 0 - ~  erg cm-? s-' sr-'). .A slow C shock (class *-D?' ). although it might 

csplairi the observcd [01] emission (- 10-3 erg cm-2 s-' sr-'), it cannot explain the 

ihscrwd v=1-0 S(1) H? emission, yielding an estremel! low line intensity (.- IO-'' 

erg <.In-- s - l  sr-'). Therefore. 1.e can rule out fast J and slow C shocks. 

Clüss C. a slow partially dissociative J-shock could esplain only the H? and 

[01] lines from the W44F-1 region and not the others. Fast C-shocks (classes **F" 

ancl "G" ) secni to be the most suitable theoretical models that can fit both H? and 

[OI] lincs. 

\\é conclude that in those three particular cases of supernova remnant/molecular 

cloud interaction, the most suitable shock mode1 would be either the fast ;.C" or the 

slow -.J" -type. This seems to be the case at least for the small regions of the 

rcninants where we have shocked H2 data. Of course. more data is needed for a 

coniplete understanding of the nature of the shocks in these supernova remnants. 
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Appendix A 

Derivation of Physical Parameters 

A.1 Optically Thick Equations 

Ttic. ratliatiori temperature. TR is giwn by the relation 

ivtirrtl r4 is tlic beani efficiency (for our observations hm a value 0.79) and the filling 

factor F - 1. 

From Langer k Penzias (1990) ive can estimate the 12C0 lL3C0  abundance ratio 

.bCO 
$33 

= 60. and therefore an integrated intensity ratio: 

assuming the same Te,, 

t ions. 

and approsimately the same frequency for the two transi- 
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The escitation temperature, Tescy can be found from: 

Thc total colurrin density of the molecular gas can be obtained from the integral 

of the optical depth over the line profile. Cnder LTE (Local Thermal Equilibrium) 

coiidit ions. the total column density 

nkicrc B is the rotational moment and p 

is obtained from: 

is the elect ric dipole moment of the molecule. 

and WC üssiirned that a11 population levels are characterized bu a single escitation 

terriperatiirc Te,,. For 13C0 molecule. B = 5.75 x 10'' Hz. and IL = 0.110 Debye. 

SIorcowr. for the .l=3 + 7 transition. equation -1.4 takes the sirnplified form: 

nlicrc .Y is espressed in cm-' and u is in k m d .  

The m u s  of the H? gas is given by: 

x (2  x m H )  x A 
= J I ,  . 

1.98 x 

nhere Sr{, is the total Hz column density! -4 is the beam area and rnfr is the mass of 

the hydrogen atom. For an angular size r (") and distance d to the source (in kpc). 

t lie clurnp arca is given by: 

where R is the radius of the clump. 
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How accurate the mass of the clump is calculate \ d l  depend strongly on the 

iincertainty in the distance determination. We should note that the distances to 

tlie three supernova remnants of this study are not precisely determined. sometimes 

nithiri iincertainties of one kpc, depending on the niet hod of nieasurement. There- 

fore. the estimation of the mass of the clumps in Our systems could be affected. 

Fiirt lierrnore. if we are taking into account the fract ional ticliuni abunciance. the 

total n i u s  of the clump within the bearn is: 



Appendix B 

OH Masers in W28, W44 and 

T h  iclcntification of masers has been cione using interactively the SILIBAD database. 

witli inforiiiation bascd on the reporteci maser detection by Claussen et al. (1997). 

V'c Iiaw selectecl only the maser emission coincident with Our CO maps. The co- 

ordiriates. LSR velocities and the magnetic field strength are frorn Claussen et al. 

(1997). It is noteworthy the similarity between maser LSR velocities (shonn in Ta- 

bles B.1 - B.1 on the fifth column) and the systemic velocities of the remnants (1'2 

km s-l for W S .  45 km s-' for W44.105 km s-l for 3C391). hlso. the magrletic 

field strengt hs determined from Zeeman split ting measurements are significant. wit h 

values of about 0.2 milliGauss. Besides the OH maser emission. the tables contain 

also compact radio emission data. 



Table B. l :  Identified masers within the W28F region 

Idcritificr ObjcctType RA DEC C L S R  Bi1 
(h m s) ( O  ' ") (km/s) (milliGauss) 

h s e r  
\laser 
\laser 
h s c r  
h s c r  
h s e r  
Maser 
Maser 
Maser 
\laser 
Maser 
Maser 
Maser 
h s e r  
Maser 
Maser 
14 ase r 
h i e r  



Table B.2: identified masers within the lV2SE region 

Identifier Object Type RA DEC CLSR BII 
(h  m 4 ( O  ' I f )  (km/s) (milliGauss) 

1 laser 
Maser 
11 aser 
h s e r  
h s e r  
Maser 
Maser 
llaser 
Alaset 
)laser 
!i Iaser 
'1 Iaser 
hlaser 
Maser 
Maser 
llascr 
Maser 
Maser 
Maser 
Maser 
Maser 
Maser 
Maser 



Table 8.3: Identified masers within the ?VUE region 

Identifier Object Type RA DEC :LSR Bll 
(h  ln 4 ( O  ' I f )  (km/s) (milliGauss) 

11 aser 
Maser 
 laser 
1 laser 
1 Iaser 
1 Iaser 
1 laser 
Maser 
h s e r  
1 b e r  
h s e r  

Table B.4: Identified masers within the \Y-I-LF region 

Identifier Object Type RA DEC ULSR Bll 

(h m 4 (O ' '7 (km/s) (milliGauss) 

\\'U OH F ,\.laser 185404.7 +O12235 
\V44 24 llaser 18 5 04.49 +O1 2 1  37.5 46.91 -0.12 k 0.03 
\Y44 25 h s e r  18 54 04.86 +O1 22 31.5 46.06 
IV44 23 Maser 18 54 04.44 +O1 22 30.2 46.81 -0.30 I 0.07 
IV J-lB Radio Source 18 54 04 +O1 22.9 
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Table B.5: Mentificd masers and radio sources within the 3C391-1 region. 

Idetiti fier Object Type RA DEC 
(h  4 (O ' "1 

1546-47.69-010200.6 18 46 41.63 -01 O 1  00.6 
SALIE 3C 391 BUL Radio Source 18 46 41.1 -01 00 51 
RRF 212 Radio Source 18 46 48.2 -01 00 3-1 



Appendix C 

Line Frequency Identification 

For tlic iclcntification of the line Frequencies. ive made ilse of the on-line version of 

.Jet Propulsion Laboratory's Catalogue. http://spec.jpl.nasa.gov. Table C.1 show 

t h  frccpiencics of the molecular transitions used in our study. 

Table (2.1: [dencification of hie frec~uencies detected with receivers A and B of JCLIT. 

Molectik Transition Frequency (GHz) 



Table C.2 contains al1 the frequencies of interest within the range of KI filter 

and the narrow band filter (centered on 2.12 p m ) ,  both used in our near infrared 

observations niade with the BEAR instrument on CFHT (Canada-France-Hawaii 

Telescope) . 

Tlie inost interest ing frequency is of shock excited H? at  4712.9 cm-', nhich was 

dctcctcd iri al1 tlirce supernom remnants. Another frecluency of interest is that of 

B r ,  ernissiori (4616.6 cm-'). which mas not detected in our observations, implying a 

low lcvel of ionization. ,411 the other transitions were either too weak to be detected 

or conccaled by the absorption lines of the Earth atmosphere. 

Table C.2: Possible infrared Iine dctections in the Ii' band 

Sloleculc Transition Frequency (cm-l ) \Vrtvelengt h (pm) 
H2 2 - 1 ( 1 )  4449.0 2.24769 

1 - O S(0) 
10 - 7 
7 - 4 (Br-,) 
'2 - 1 S ( 2 )  
1 - O S(1) 
-l3s - 33P0 
2 -1 S(3) 
9'pO - - 2's 
15 -8 
1 - O S(2) 

Sote: He II  frequencies are from Garcia and Mack (1965). He I frequencies from 

Sfoore (1948). H2 frequencies from Fink. Wiggins and Rank (1965). 




