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Chapter 2

Understanding Recombination Lines

2.1   Physics of RRL

The physics of RRL is a well understood subject. The various physical processes 

occuring in gaseous nebulae have been mathematically formulated and cross checked 

with  observations.  The  various  interactions  occuring  between  different  species  of 

components of a gaseous nebulae give rise to the observed radiation. The acceleration 

of electrons encountering ions give the thermal Bremsstrahlung.  Atomic and molecular 

transitions give line radiation.   As discussed in chapter-1, one of the components of the 

interstellar medium is HII regions surrounding young massive stars. Inside the HII regions 

the hydrogen is ionized to proton and electron by the photons of the star.  The electrons 

recombine  to  proton  at  an  excited  state  and  then  cascade  down  to  produce 

recombination lines.  The HII regions are a primary source of RRL at higher frequencies. 

An ionization equilibrium exists in the HII regions which implies continous ionization and 

recombination of hydrogen. A given star can ionize hydrogen to a certain extent, which 

can be understood as follows. As the photon flux propagates into the gas it is deprived of 

photons that can ionize the gas. An equilibrium state is  established within a certain 

region within which the number of ionizations equals the number of recombinations.  For 

a spherically symmetric ionized region the radius of the sphere is called the stromgren 

radius. This radius is a function of the type of star and the density of the gas surrounding 

the star(Stromgren 1939). If the size of the nebulae is small compared to the ionizing 

capacity  of  the  star  then  photons  at  the  boundary  escape  into  the  interstellar 

medium(density bound). However if this size is larger then the gas will be ionized to 

certain finite distance and those HII regions are said to be ionization bounded. 

The recombinations occur at the rate of 104 to 108 per sec, where as the lifetimes 

of photo-ionization are of the order of ~108   sec which is extremely large compared to 

life times of the excited levels. Hence a continuos ionization of hydrogen always occurs. 
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The photoelectrons acquire kinetic energy from the photons of the star. The ionization 

potential of hydrogen is 13.6eV, the energy of the photon in excess to this is acquired by 

the electron which goes into heating the gas. The electron-electron collisions in the 

nebula are perfectly elastic. The electrons soon acheive a common temperature due to 

collisions amongst themselves. Also the electrons move much faster than the ions and 

hence  undergo  a  larger  number  of  collisions  amongst  themselves  which  thermalizes 

them.  However the collision of electrons with the heavy ions gives rise to bremstrahlung 

radiation.   The acceleration of the electron leads to the production of a number of 

continuum photons which loosely speaking forms a flat spectrum, since the encounter of 

electron  with  the  ion(mostly  proton)  is  very  short  when  compared  to  the  radio 

wavelength. 

The  mathematical  formulation  of  the  essential  processes  in  the  interstellar 

gaseous nebulae is given in the following sections. 

 

2.1.1 RadiationTransfer

Before  proceeding  on  to  the  mathematical  understanding  of  the  relevant 

astrophysical  processes  it  would  be  more  beneficial  to  first  consider  the  radiation 

transfer through a medium.  Radiation transfer involves loss and gain of radiation as it 

propagates through the gas. These gains and losses are incorporated in the absorption 

and emission coefficients of various processes. The incident radiation(I(0) in fig-1) loses 
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intensity due to absorption and scattering in other directions than that of propagation 

and its intensity reduces. On the other hand photons are also added to the direction of 

propagation by emission from the medium in the direction of propagation.  This change 

in intensity of radiation can be written as

dI = −I κ dx  j dx          (2.1)

where x is along the line of sight of the observer, κ is the absorption coefficient which 

accounts for the losses in the radiation. Where as j stands for all the additions to the 

radiation in propagation. The first term gives the differential extinction of intensity and 

the second term gives differential reinforcement of intensity. The intensity of radiation 

reaching the observer is obtained by integrating the above equation all along the length 

from farthest side of the cloud to the point of observation.  This can be written as

      

            (2.2)

The first term on the extreme right hand side of above equation is just the incident 

background radiation that is attenuated by the cloud where as the second term takes 

care of the contribution from the cloud, both emission and absorption. The new quantity 

τ introduced here is called the optical depth of the cloud defined as

                     

                  (2.3)

integrated along the length of the medium. Its a convenient quantity to account for the 

loss of radiation. In most cases κ is not known and also it varies along the line of sight. τ 

takes care of the variation of absorption coefficient in the integral form. The factor e-τ is 

directly  proportional  to  the  attenuation  or  the  loss  of  radiation  and  (1  -  e-τ  )  is 

proportional to the fraction of original surviving radiation at the end of propagation. 

The ratio j/κ appearing in the equation (2.2) is called the source function of the medium 

usually denoted as S. In a medium where radiation has acheived an equilibrium with 

matter(thermal equilibrium), source function is quite easy to specify. From Kirchoff's law 

of thermodynamics

23

I L  = ∫
0

L

dI = I τ e−τ  ∫
0

τ
j
κ

et dt

τ = −∫
x1

x2

κ  x  dx



               (2.4)

Bν(T) is the Planck function characterising the radiation from a black body given by

  Bν =
2hν3

c2

1

ehν /kT−1
          (2.5)

In the radio regime where the photon energy hν is much smaller compared to kT (hν << 

kT) the above function reduces to 

Bν =
2ν2kT

c2           (2.6)

which is known as the Rayleigh-Jeans approximation of the Planck Function.

Using this, the radiative transfer equation(2.2) can be written as

        (2.7)

Where the subscript ν indicates that the radiation is considered at frequency ν alone. I0ν 

is  the  initial  incident  radiation  that  gets  attenuated  by  the  medium.  The  radiation 

intensity can also be expressed in terms of brightness  temperature Tbν  which is the 

temperature  at  which  Bν(Tbν)  would  produce  the  observed  intensity.  The  above 

expression in terms of brightness temperature can be written as

        (2.8)

It  is  quiet common in radio astronomy to use the brightness  temperature instead of 

intensity to describe the radiation from heavenly bodies. This also makes it compatible 

with the telescope jargon, where the receiver and the antenna are thought in terms of 

temperature.  

The next  step would  be  to  acquire  an  understanding  of  optical  depth  due to 

different  processes  and  apply  this  knowledge  in  the  interpretation  of  the  observed 

radiation. 
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Iν = I0νe−τ ν  Bν 1−e−τ ν

Tbν = T 0bν  T 1 − e−τν



2.1.2  The Thermal Continuum Radiation and its Optical Depth

In a typical HII region the continuum radiation comes from two components, the 

heated dust and the deccelerative collisions of charged particles, the Bremsstrahlung 

radiation(a german word for braking radiation).  Bremsstrahlung radiation is also called 

the free-free emission, since the particles are unbounded in the initial and final states of 

this process.  The important quantity that should be calculated regarding Bremsstrahlung 

is  its  absorption  coefficient.  The  encounter  of  the  electron  with  the  ion  involves  a 

variety of impact parameters. When the interaction takes place at close distances the 

fields are intense and hence larger accelerations are produced. This leads to  continuum 

radiation in the X-ray regime.  For the radio regime these interactions occur at larger 

distances  and hence smaller accelerations are involved. The difference between the 

initial and final kinetic energy of the electrons during collisions goes out as photons. The 

emitted photon energies are negligible compared to the kinetic energy of the electrons. 

Another assumption that is made during the calculation of Bremsstrahlung absorption 

coefficient is, the time taken by the electron to undergo a 90o turn is considered to be 

much larger than the reciprocal of the emitted frequency. Implying that the period of 

the emitted wave train is much shorter than the period of interaction. Integration is 

performed  over  a  limited  range  of  impact  parameters  with  the  electrons  having  a 

Maxwellian distribution. Following Oster(1961) the free-free absorption coefficient valid 

for the radio regime is given by 
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Fig22: ElectronIon collision releasing bremsstrahlung radiation.

e

hν  = KE
b 
- KE

a
Heavy positive ion

 impact parameter, b

photons

KE
b
 = ½ M

e
 V

b

2

KE
a
 = ½ M

e
 V

a

2



 Kc =
NeNi

ν2T e
3/2 [ 8Z2e6

3c 2π 1 /2
Mek 

3/2 ] ln[ 2kTe 
3 /2

πνZγ5Me
1/2e2 ]         (2.9) 

where γ = 7.87 x 109 sec-1  , Ne,Ni  are the electron and ion densities. Te   is the 

electron temperature. Z is the atomic number of the ion, Me is the electron mass,  ν is 

the  frequency  and e  is  the  electronic  charge.  Substituting  numerical  values  for  the 

parameters in the eqn-2.9, the continuum optical depth can be written(Shaver 1975) as

    τc = 0.0314 EM
ν2T e

3/2 [1.5 lnTe − ln 20.18ν ]        (2.10)

which has been approximated by Altenhoff et.al(1960) as

τc = 8.235x 10−2 ν−2.1Te
−1 .35 EM          (2.11)

EM is the emission measure, quantified as

EM = ∫
0

s

Ne
2ds

Ni   is the total ionic density. The units are Ni,Ne  (cm-3), EM(pc cm-6), Te(K) and  ν(GHz). 

The continuum optical depth is a function of frequency. In a typical HII region the gas is 

optically thin at higher frequencies(ν > GHz) and thick at lower frequencies. Equation 

(2.8) due to the contribution from the gas alone and neglecting the background can be 

written as

    Tbν = T e 1 − e−τ cν                               (2.12)

where Te is the electron temperature and τcν is the continuum optical depth at frequency 

ν.  In the optically thin case  τcν <<  1, the above equation reduces to

Tbν = T e τ cν       (2.13)
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where as for a optically thick case  τcν >>  1, so that the observed brightness temperature 

becomes

 T bν = T e       (2.14)

In  practice  the  telescope  measures  the  source  flux  density  rather  than  the  source 

intensity as given by equation (2.7). The flux density is the integral of intensity over the 

solid angle of the source ΩS 

   Sν = ∫
S

Iν d                            (2.15)

 

The two limiting cases for the flux density take the form

     
Sν α ν−0 .1 , τcν≪1

Sν α ν2 , τcν≫ 1
       (2.16)

When the medium is optically thick the radiation from it is like that from a blackbody at 

temperature Te . Where as the spectrum is nearly flat for the optically thin case having a 

weak  dependence  on  frequency  as  shown  in  fig-3.  The  observations  of  Orion 

Nebula(Terzian & Parrish, 1970) are very well described by these limiting cases.  νt  is the 

turn over frequency which demarkates the two regimes of optical depth. 

27

     

 

Fig 23: Plots of continuum Brightness Temperature / Flux Vs Frequency for hydrogen.
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2.1.3   RRL Frequencies 

For the radio regime the Bohr's formula is very well applicable.  In HII regions 

where  the  hydrogen   continuously  ionizes  and  recombines,  atoms  end  up  in  highly 

excited states. The excited atoms cascade down to lower energies . The jump from a 

higher level to lower level can involve a single step(i.e principal quantum number Δn = 

1)  or multiple steps(Δn = 2,3 etc). The probability of dexcitation in a single step has the 

maximum probability and hence the line is more intense. A transistion from a energy 

level n+1 to n in hydrogen is denoted by a standard notation as Hnα. In general for an 

arbitrary element, H can be replaced by X or by the symbol of the particular element. 

Similarly transistions involving  Δn=2 are represented as Hnβ and likewise. The frequency 

of the photon when the hydrogenic atom(Z=1) makes a transistion from a energy level n2 

to energy level n1 is given by

ν =
Z2 e4

8ε0
2 h3 [ me Mx

me  M x
] 1

n1
2

−
1

n2
2                     (2.17)

Mx is mass of the core of the hydrogenic atom X and me is the mass of the electron. This 

formula can be further simplified by writing in terms of Rydberg constant  R∞ ,

ν = Rx cZ 2  1

n1
2
−

1

n2
2 

where 

Rx =
R

∞

1 
me

M x
  ; R

∞
= 109737.31cm−1

Two useful programs for RRL calculation and search have been given in appendix-I.

2.1.4   The Line Radiation: Coefficients and Optical depth

The line radiation coming out of a medium depends on the level populations of 

atoms. In thermodynamic equilibrium the number of atoms occupying an energy level n 

is given by the Saha-Boltzmann equation
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Nn = NeN
x h2

2 πme kTe

3 /2 ωn

2
e

χn               (2.18)

Units are Nx+,Ne (cm-3) of ion and electron densities, Te(K) of electron temperature. ωn  = 

2n2 is the statistical weight of the level n. The remaining terms have the usual meaning.

χ n =
En

kTe

=
hcRx Z2

n2kT e

≈
1 .58 x 105 Z2

n2T e

                   (2.19)

En is the ionization potential of the level n. The number of spontaneous transitions(cm-3 

sec-1) from upper level n to lower level m are given by

   Sn,m = Nn An,m                  (2.20) 

where  Nn are  the  number  of  atoms  occupying  the  level  n.   An,m is  the  Einstein-A 

coefficient for spontaneous emission. The net number of induced  transitions(cm-3 sec-1) 

from the level n to the level m is given by ,

            In,m = [NnBn,m − NmBm,n ]Iν                           (2.21)

Here  Bn,m and  Bm,n are  Einstein-B  coefficients  of  induced  emission  and  absorption 

respectively for levels n and m respectively, which are related as

Bn,m =
c2

2hν3
An,m  ;  Bn,m =

ωm

ωn

Bm,n                 (2.22)

It  is  interesting  to  compare  radiation  contribution  from  spontaneous  and  induced 

transitions in the radio regime. The ratio of stimulated to spontaneous transitions can be 

written  using  the above equations as, 

Bn,m Iν Nn

An,m Nn

=
1

ehν /kT e−1
≈

kT e

hν        (2.23)

corresponds to the frequency of photon resulting from transition from level n to m. For 
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radio regime, hν << kTe , so this ratio is enormously large. i.e the contribution from 

stimulated emission is  very large compared to spontaneous emission. In general it  is 

inversly proportional to frequency for a given temperature Te. Normally the stimulated 

emission  is  included into  absorption  by making  it  negative and it  is  called negative 

absorption.   

The line emission coefficient is given by,

           

                        

  (2.24)

 * indicates Local Thermodynamic Equilibrium(LTE) and φν  is the profile function of the 

line which is normalised as

∫
−∞

∞

φνdν = 1       (2.25)

Next, the line absorption coefficient can be written as,

κν
* = In,m

hν
4πIν

φν

          =
hν
4π

φν Nm Bm,n − Nn Bn,m        (2.26)

Using Boltzmann's equation for the population of two quantum levels

Nn

Nm

=
ωn

ωm

e−hν /kT e       (2.27)

and the above equations, the LTE absorption coefficient can be written as 

κν
* =

hν
4π

φν NmBm,n 1 − e
−hν /kTe        (2.28)
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= Nn An,m
hν
4π

φν

jν
* = Sn,m

hν
4π

φν



which for the radio regime approximates to

κν
* ≈

h2ν2

4πkT e

φν NmBm,n       (2.29)

For the sake of convenience we express B coefficient in terms of oscillator strength fm,n  

     f m,n ≈
mchν

4π2e2
Bm,n       

and use Saha-Boltzmann equation to obtain Nm.  After replacing the numerical values of 

various constants and simplification the LTE absorption coefficient can be written as,

κν
* = 1.628×10−3

NeN
x

T e
5/2

ν n3φν e
χn

f m,n

m
psc−1        (2.30)

where Ne, Nx+ (cm-3) and Te(K).  The LTE optical depth can be written as

τν
* = ∫

0

S

κν
* ds

S is the path length through the medium. 

2.2   Line Broadening Mechanisms

2.2.1  Lorentz Broadening

RRL radiation  undergoes  several  kinds  of  broadenings.  The  foremost  amongst 

these is the natural broadening which is due to the intrinsic property of the atom that 

the emitted wave train is finite and its amplitude exponentially decreases with time. 
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Δm
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The profile due to this broadening mechanism is given by

φ ν  =
γ

π2 [4 ν − ν0 
2
 γ /2π 2 ]          (2.31)

where γ is the called the damping constant given by

γ =
8 π2e2

3 m c3
ν0

2

which has been derived from classical considerations of a damped harmonic oscillator. 

The damping constant can also be derived quantum mechanically as

γ = ∑
n '

A
nn'       (2.32)

where the sum of the spontaneous transition rate coefficient is carried out over all lower 

states n'. This gives the broadening of one level. When two levels are involved it turns 

out that the damping constant is equal to the sum of the individual damping constants,

     γ = γ n2
 γ n1

      (2.33)

The total spontaneous transition rate from level n2 is, 

γn2
= ∑

n1=1

n2−1

An2 ,n1
      (2.34)

with  a  similar  consideration  for  the  other  level  the  full  width  at  half  maximum 

(FWHM)for the line can be written as,

      
Δν
ν0

=
1

2πν0
γn2

 γn1
 ≈

1
πν0

∑
n1=1

n2−1

An2 ,n1

the last approximation takes into account the fact that the rates are about the same for 

the  upper  and  the  lower  levels  when  n  >>  Δn.  In  the  radio  regime the  sum,  An(of 
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spontaneous  probabilites  from  level  n), in  the  above  expression  can  be 

approximated(Sobelmann et.al 1995) as

An ≈ 2 .4×1010  ln n

n5
, n  20

Using this approximation the FWHM for n>20 can be written as

Δν
ν0

≈
1 .2×10−6  ln n

n2       (2.35)

For example at n = 271, this fractional width would be 9.15 x 10-11 or 27 x 10-3 kms-1 which 

is extremely small when compared to those due to other broadening mechanisms, which 

are about to follow.  Hence the intrinsic broadening is mostly neglected.

2.2.2  Doppler Broadening

Doppler  broadening  occurs  from  radiation  emitted  by  moving  atoms.  If  a 

Maxwellian distribution of gas were to be considered then at a temperature T the atoms 

would have a velocity  distribution given by
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Fig 24: The Lorentz   line profile as per (2.31), the broad wings are  
characteristic of this profile, here ν0 = 1.4 1015 Hz . 
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dnv

n
= 4π M

2πkT 
3/2

e−Mv2
/kT v2dv       (2.36)

where dnv is the number of atoms with speed between v and v+dv. n is the total number 

of atoms and other terms have the usual meaning. The probability that an atom has a x-

component of velocity between vx and vx+ dvx is given by 

nxdv x = n M
2πkT 

1/2

e−Mvx
2
/kT dv x       (2.37)

Due to symmetry the x-axis could be chosen along any direction. So it can be  aligned 

along the line of sight of the observer, to consider the relative motion of atoms.  

Applying classical formula for Doppler shift we can write for the frequency shift in 

the observed line radiation as

Δν = −
Δvx

c
ν0       (2.38)

where  ν0 is  the rest  emission frequency from the atom.  Considering a standard HII 

region of temperature 104  K the most probable velocity of the hydrogen atom would be 

vp  = (2kT/M)1/2   ~ 13 kms-1  . This can be compared with the intrinsic broadening in the 

previous  section.  This  justifies  the  fact  that  intrinsic  broadening  is  negligible  when 

compared  to  Doppler  broadening.   The  intensity  interval  of  the  line  dI(ν) between 

frequency ν and +d  ν ν  is proportional to the number of the emitters dnx  in the velocity 

interval  vx and  vx+dvx  in  the  beam  of  the  antenna.  In  the  case  of  pure  Doppler 

broadening this leads to a gaussian profile of the line so that the total intensity I is 

proportional  to  the  total  number  of  emitters  n.  This  pure  Doppler  broadened  line 

intensity distribution can be written as,

I ν  = I φ G ν        (2.39)

where the gaussian profile function φG(ν) is given by 
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φG ν  =
2

ΔνG 
ln2
π

e
−4ln2 ν0−ν

ΔνG

2

                (2.40)

ΔνG  is the FWHM of the profile given by

ΔνG =
2ν0

c ln2 2kT
M

                (2.41)

Along with doppler effect the line is also broadened due to microturbulence which 

is the motion of cells within the beam of the telescope. Usually the beam is much larger 

and  the  cells  are  unresolved.  Hence  this  relative  motion  of  cells  is  termed  as 

microturbulence. The velocity distribution of these cells is gaussian. The observed line 

profile  is  a  result  of  convolution  of  the  thermal  and  turbulence  gaussians,  which is 

another guassian with width equal to the quadratic sum of the two individual gaussians.

      ΔVD
2 = ΔVG

2  ΔVT
2                 (2.42)

Where ΔVD   is the resulting width, ΔVG and ΔVT are the thermal and microturbulence 

widths.  The total Doppler width can also be written in terms of the gas temperature and 
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Fig  25:  Normalized  Gaussian  Line  Profile  as  per   (2.40)   for  hydrogen,  
notice the short wings compared to Lorentzprofile. 
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turbulence velocity VT as 

 ΔVD = 2ln22kT
M

 VT
2 .             (2.43)

2.2.3  Pressure Broadening

Pressure  broadening  occurs  due  to  collision  of  the  emitting  atom  with  other 

species like protons, ions and electrons present in the astronomical plasma. Collisional 

broadening  specifically  for  RRL  have  been  calculated.  Griem(1967)  using  modified 

classical theory obtained the ion(elastic) and electron(inelastic) impact broadenings  as

where Δνci is the FWHM, the index i indicates ion impact, λ is the wavelength of the 

line, n is the principal quantum number and e is the base of natural logarithm. The other 

terms have their usual meaning.  After simplification this can be approximated  as 

     Δνci ≈
6 .7×10−5

T e

Ni n
2 ln 172n  [ ln 9.4×10−3n2T e ]       (2.44)

where Ni is in cm-3 and Te is in K. The inelastic electron impact broadening is given by 

     

which has been evaluated(Griem 1974) as,

     Δνce =
5 .16×10−6

T e

ln 8.25×10−6 T e n         (2.45)

A more accurate quantum theory (Gee et.al 1976, Beigmann 1977, Smirnov 1985) gives 
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Δνci ≈
3

2 π  h
2πme 

2

 M
kT e 

1/2

N i n
2[32

2

e2
ln2n

3 ]0.5ln [me λ

hn  kTe

M 
1/2

]

Δνce ≈
5

32π  h
2πme 

2

 me

kT e

1 /2

Nen4 [0.5  ln  2πkT e λ

hcn2 ]



the following results for the electron and ion impact broadenings

Δνce = 8.2 Ne n
100 

γ

1 
γ
2

Δn
n                (2.46)

Ne is in cm-3, γ is a function of n which varies slowly in the radio regime. γ changes 

inversely with temperature, however this variation is small. The average value of γ is 4.5 

. 

Δνci = 0.06  2.5×10−5T e   n
100 

γ i

1 
2.8 Δn

n  N i              (2.47)

where γi  = 6 – 2.7 x 10-5 Te – 0.13(n/100) .  The figure above shows the theoretical plots 
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Fig   26:  Pressure   broadening   of   hydrogen   RRLs   from   n=50   to   300.   The   upper   lines  
correspond   to   electron   impact   brodening   and   the   lower   two   correspond   to   ion   impact  
broadening. MCT indicates the curves are from modified classical theory where as QT are  
from quantum theory. One can see that the electron impact broadening far exceeds that due  
to ions.
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obtained from the modified classical and the more recent quantum approaches. The 

plots clearly show that the electron impact broadening is more important than the ion 

impact broadening. 

2.2.4  The Voigt Profile

The observed profile is a combination of profiles due to doppler(gaussian) and 

pressure(Lorentzian)  which  get  convolved to  produce  a  composite  profile  called  the 

Voigt profile.  The Doppler broadening involves the velocities of the atoms while the 

pressure  broadening  mostly  concerns  with  the  velocities  of  the  electrons.  The  two 

velocity  distributions  are  essentially  independent  and  the  two  line  profiles,  a 

Gaussian(Doppler,  LD)  and  a  Lorentzian(Pressure,  LP),  get  convolved  to  produce  a 

composite line profile as

φL ν  = ∫
−∞

∞

φLD ν'  φLP ν−ν' dν'         (2.48)

which is normalized as

  ∫
−∞

∞

φL ν  dν = 1       (2.49)

so that the intensity function for the line can be written as

IL ν  = I0φL ν            (2.50)

After substituting and convolving the respective Gaussian and Lorentzian profiles the 

Voigt profile can be expressed as

φL ν  = 2  2
π

1
ΔνD

H a,v                  (2.51)

where the Voigt function H(a,v) is given by,
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H a,v  =
a
π
∫
−∞

∞
e−t2

a2 v−t 2
dt       (2.52)

The width of the Voigt profile has been approximated as(Smirnov 1985) 

 ΔνL = 0.5343 ΔνLP  ΔνLD
2  0 .4657 ΔνLP 

2
      (2.53)

where ΔνL, ΔνLD and ΔνLP  are the full widths at half intensity of the Voigt, Gaussian and 

the Lorentzian profiles.  Plots of comparison of Doppler and Voigt broadenings have been 

given in  the  figure above for  different  densities  as  a  function  of  principal  quantum 

number(or  frequency).   The  theoretical  results  obtained  above  have  been tested  in 

detail by observations on Orion nebula(Smirnov et al., 1984). A good agreement between 

theory and observations has been seen.   
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Fig  27:  Plot  of  Voigt  width  Vs  Quantum  number,   the   straight   line   is  pure  Doppler  
broadening for a temperature of 104K , the curved lines represent the sum of Pressure and  
Doppler broadenings for different densities according to smirnov approximation (2.53).
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2.3  Non-Local Thermodynamic equilibrium

2.3.1  Departures from LTE and the departure coefficients

The  intensities  of  lines  from  astrophysical  plasma  do  not  fit  with  their  LTE 

description.  A thermodynamic  equilibrium is  a  situation  where  the  energy  exchange 

between radiation and gas is efficient enough that a single parameter, temperature, can 

be used to describe both of them. The term local thermodynamic equilibrium is used 

when  thermal  equilibrium  exists  or  is  near  to  it  in  certain  localized  situations. 

Spectroscopically  ,  LTE  means  the  rates  of  in  and  out  from a  level  are  in  detailed 

balanced. This applies to collisions as well. The rate into a level through one process is 

in balance by its reverse process. However in astrophysical plasma which is an open 

system this condition almost never holds. The astrophysical plasma is described by non-

local thermodynamic equilibrium(non-LTE). In a non-LTE situation the level populations 

are written as

Nn = bn Nn
*        (2.54)

where Nn
* is the LTE population given by Saha-Boltzmann equation and bn is Nn departure 

coefficient which is a factor first introduced by Menzel(1937) to account the departures 

from LTE populations. The bn factors are obtained by equating the various processes that 

take the atom out of the level n with those that take it into the level n. A general 

expression for this statistical equilibrium of level n can be written as

Nn ∑
n≠m

Pnm = ∑
n≠m

Nm Pmn        (2.55)

the  P's  are  the  rates  of  different  processes  in  statistical  equilibrium.   This  can  be 

expanded to show the different processes  as

Nn ∑
m=n0,m≠n

∞

Cnm + Bnm Iν  ∑
m=n0

n−1

 Anm + Cni + Bni Iν  =

∑
m=n0,m≠n

∞

Nm Cmn+ Bmn Iν  ∑
m≠n+1

∞

Nm Amn+ Ne N
 αn

r + αn
3 .

      (2.56)
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In the above equation on the left which stands for the total depopulation of level n, the 

first sum accounts for collisional transitions and stimulated emission from the level n 

with n0 being the lowest energy level. The second sum includes spontaneous emission, 

collisional and photo ionization. On the right we have, the total population rate the first 

sum of which accounts for collisional and stimulated transitions into the level n. The 

second sum includes spontaneous transitions and recombinations. The two alphas with 

respective superscripts stand for radiative and 3-body recombinations.  The above set of 

equations is solved along with the equation connecting non-LTE population Nn with LTE 

population  Nn*.  The  dimensionless  variable  bn =  Nn/Nn*  is  called  the  departure 

coefficient. bn is a function of electron temperature, volume density and background 

radiation field intensity.  

2.3.2  The non-LTE optical depth

The  non-LTE  line  optical  depth  is  obtained  by  introducing  the  departure 

coefficient  bn   into  the  equation  (2.24)  and  (2.26)  for  line  emission  and  absorption 

respectively.  The non-LTE emission coefficient is given by

jL = bm j L
* = bnNn An,m

hν
4π

φν        (2.57)

as mentioned earlier the star indicates LTE value. The non-LTE absorption coefficient can 

be related to LTE coefficient as 

K L = bm[1−
bn

bm

e
−hν /kTe

1−e
−hν/kTe ]K L

* , n>m

    ≈ bn [1− kTe

hν
Δb
bn

]K L
* , hν /kT e≪1 , Δb = bn−bm

    ≈ bm[1−kT e

hν

d lnbm

dm
Δm ]K L

* , bm≫Δb, m≫Δm            (2.58)

where  the quantity in the brackets is called the amplification factor and is written as
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βm = 1 −
kT e

hν

d ln bm

dm
Δm

The non-LTE optical depth can thus be written as

τL = ∫
0

S

K Lds = bmβm∫
0

S

K L
* ds = bmβmτL

*       (2.59)

As defined above  β is given by the derivative of bn coefficients with n.  In the radio 

regime the factor along with the derivative in the expression for  β assumes a large 

value.  A  slight  difference  in  the  level  populations  can  thus  result  in  significant 

magnitudes of β giving large optical depths compared to LTE situation. The sign of β also 

determines the line strength. Its negative value implies population inversion which is 

favourable for stimulated emission. The stimulated emission can be brought about by 

continuum radiation of the cloud or the background non-thermal radiation incident on 

the cloud.  Low frequency RRLs from low density regions  would be expected to be 

dominated by stimulated radiation. 

 

2.3.3  Non-LTE line intensity

The general radiative transfer equation for a gaseous nebula can be written as

dIν
ds'

= jν 
Inc

S
− KIν      (2.60)

which has the solution 

Iν = I0e−τ  S+
Inc

τ  1−e−τ   If       (2.61)

I0 and If are the incident and emerging intensities from the back and front of the cloud 

respectively.  Inc is  the nonthermal  radiation  distributed within the cloud.  The source 

function S can be written as
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S =
jL + jC

kL + kC

;
j L

K L

=
jC
K C

= B T e

so that 

S = B Te [bnτL
*+ τC

τL+ τC
]            (2.62)

In terms of brightness temperature equation (2.61) can be written as

            (2.63)

The line temperature is extracted by substracting the continuum. The excess line 

temperature is given by

      (2.64)

In the optically thin case(1 >> τc >> |τL| >> τL*) the line temperature can be written as

 ΔT L ≈ τL
* [bnT e − bmβ τCTe /2  Tnc /2  T0  ]       (2.65)

in case T0 = Tnc = 0 , the ratio of LTE line strength to non-LTE line strength can be written 

as

ΔT L

ΔT L
*
=

ΔT L

τL
*Te

= bm1 −
βnτC

2        (2.66)

where βn(usually negative) has been defined above.   
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ΔT L = T0 [e−τC e−τL−1  ]  Te[ bnτL
*+ τC

τL+ τC
 1−e

−τL+ τC   − 1−e
−τC ]

 T nc[1−e
− τL + τC 

τL + τC 
−

1−e
−τC

τC ]

T = T0e−τL + τC 
 [Te bnτL

* + τC   T nc

τL+ τC ] 1−e−τL+ τC    T f
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Source (G.C) TL (mK) VLSR (km/s) V� LSR (km/s)

l b H165� H208� H165� H208� H165� H208�

7.2 -0.7 41.3(1.2) 15.9(5.6) 17.9(0.47) 20.4(2.4) 32.3(1.1) 13.8(5.6)

15.8 -0.5 32.8(1.1)

14.2(2.6)

--- 30.3(1.6)

60.7(2.3)

--- 36.2(3.0)

23.6(4.1)

---

17.4 1.5 28.7(4.0)

21.7(3.7)

15.3(2.7) 20.7(0.6)

30.2(2.1)

28.8(2.8) 16.9(2.0)

37.7(2.6)

32.3(6.6)

18.6 -0.8 17.4(7.1)

22.4(13.2)

--- 46.9(12.5)

66.7(1.3)

--- 44.7(11.6)

26.3(6.4)

---

19.2 1.7 53.6(1.2) 13.8(3.7) 25.8(0.3) 25.7(2.8) 30.3(0.8) 21.2(6.5)

23.4 -0.6 46.4(2.7)

29.7(3.6)

14.5(2.0) 66.0(1.9)

95.5(2.6)

75.8(4.0) 32.2(2.9)

29.1(3.7)

56.7(9.3)

26.5 0 31.7(2.1)

75.8(1.6)

13.4(2.1) 71.0(1.5)

102.6(0.7)

96.0(3.4) 25.7(2.7)

30.7(1.4)

42.7(7.9)

28.0 0 11.3(1.2)

47.5(2.8)

11.5(3.3) 53.6(6.9)

96.7(1.0)

93.0(4.8) 53.0(13.6)

31.8(1.8)

33.9(11.3)

16.3 1.3 31.3(1.3) 9.7(2.7) 26.4(0.6) 19.9(4.6) 29.2(1.4) 33.8(10.9)

18.0 1.8 127.1(1.8) 34.2(3.7) 27.3(0.2) 27.5(1.3) 26.9(0.4) 24.3(3.1)

12.6 -0.6 66.0(1.5)

19.6(2.7)

16.7(2.2) 32.9(0.7)

62.3(1.6)

35.8(3.0) 33.1(1.6)

19.9(3.3)

45.4(7.0)

Table 3-2:  The fitted parameters to observations towards different positions with WSRT. Multiple entries correspond to multiple components. The  

values in the paranthesis are errors on the parameters.
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Fig 4-20: Line plots towards the Galactic positions G78�2 to G60�2. The abscissa is V
LSR

(km/s) while the 

ordinate is T
l
 /T

c
 
. The map runs horizontally from top left corner in longitude in steps of 2o from 78 to 70 in the 

upper three rows which correspond to +2,0 and -2 Galactic latitude from top.  While in the lower rows it goes 

from 68 to 60 with the similar latitudes. The scale of the two axis have been set equal in all the plots for the sake 

of comparison. The blank regions are those were observations were not possible. The abscissa runs from -250 

km/s to +250 km/s. The gaussian fitted parameters are given in table-1.
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Fig 4-21: Line plots towards the Galactic positions G58�2 to G40�2. The abscissa is V
LSR

(km/s) while the 

ordinate is T
l
 /T

c
 
. The map runs horizontally from top left corner in longitude in steps of 2o from 58 to 50 in the 

upper three rows which correspond to +2,0 and -2 Galactic latitude from top.  While in the lower rows it goes 

from 48 to 40 with the similar latitudes. The scale of the two axis have been set equal in all the plots for the sake 

of comparison. The blank regions are those were observations were not possible. The abscissa runs from -250 

km/s to +250 km/s. The gaussian fitted parameters are given in table-1.
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Fig 4-22: Line plots towards the Galactic positions G38�2 to G20�2. The abscissa is V
LSR

(km/s) while the 

ordinate is T
l
 /T

c
 
. The map runs horizontally from top left corner in longitude in steps of 2o from 38 to 30 in the 

upper three rows which correspond to +2,0 and -2 Galactic latitude from top.  While in the lower rows it goes 

from 28 to 20 with the similar latitudes. The scale of the two axis have been set equal in all the plots for the sake 

of comparison. The blank regions are those were observations were not possible. The abscissa runs from -250 

km/s to +250 km/s. The gaussian fitted parameters are given in table-1.
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Fig 4-23: Line plots towards the Galactic positions G18�2 to G0�2. The abscissa is V
LSR

(km/s) while the 

ordinate is T
l
 /T

c
 
. The map runs horizontally from top left corner in longitude in steps of 2o from 18 to 10 in the 

upper three rows which correspond to +2,0 and -2 Galactic latitude from top.  While in the lower rows it goes 

from 8 to 0 with the similar latitudes. The scale of the two axis have been set equal in all the plots for the sake of 

comparison. The blank regions are those were observations were not possible. The abscissa runs from -250 km/s 

to +250 km/s. The gaussian fitted parameters are given in table-1.
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Fig 4-24: Line plots towards the Galactic positions G-2�2 to G-20�2. The abscissa is V
LSR

(km/s) while the 

ordinate is T
l
 /T

c
 
. The map runs horizontally from top left corner in longitude in steps of 2o from -2 to -10 in the 

upper three rows which correspond to +2,0 and -2 Galactic latitude from top.  While in the lower rows it goes 

from -12 to -20 with the similar latitudes. The scale of the two axis have been set equal in all the plots for the 

sake of comparison. The blank regions are those were observations were not possible. The abscissa runs from 

-250 km/s to +250 km/s. The gaussian fitted parameters are given in table-1.
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l 
o

b
o

Tl /Tc x 10
3

V� LSR  (km/s) VLSR  (km/s) Tc (K) Comments
b

78.0 2.0 0.41(0.06)

0.33(0.07)

33.7(5.8)

26.4(6.4)

3.1(2.5)

-140.5(2.7)

297 H

C

78.0 0.0 0.44(0.07)

0.52(0.06)

32.3(6.0)

46.9(6.1)

4.85(2.5)

-141.2(2.6)

234 H

C

78.0 -2.0 0.79(0.13) 38.5(7.2) 103.7(3.0) 104 H,pd

76.0 2.0 0.4(0.08) 31.7(7.0) -129.7(3.0) 104 C

76.0 0.0 0.42(0.01)

0.45(0.01)

32.6(8.5)

30.5(7.8)

0.0

-137.5(3.3)

78 H

C

76.0 -2.0 -

0.52(0.12)

-

26.3(6.8)

-

-114.2(2.9)

66

C

74.0 2.0 0.35(0.085) 47.3(13.0) 0.3(5.5) 91 H

74.0 0.0 0.32(0.13) 24.0(11.0) 6.4(4.7) 140 H

74.0 -2.0 0.64(0.12) 28.8(6.0) -38.0(2.6) 84 H

72.0 2.0 0.3(0.07) 36.3(11.3) -143.6(4.8) 28 C

72.0 0.0 0.4(0.01) 32.5(10.0) 0.0(4.2) 84 H

72.0 -2.0 1.3(0.14) 39.6(5.0) -35.3(2.1) 55 H

70.0 2.0 - - - - -

70.0 0.0 -

0.45(0.07)

-

33.0(6.1)

-

-141.2(2.6)

72 -

C

70.0 -2.0 - - - 18 -



68.0 2.0 - - - 91 -

68.0 0.0 - - - 140

68.0 -2.0 0.8(0.09) 33.6(4.3) -139.7(1.8) 163 C,pd

66.0 2.0 - - - 55

66.0 0.0 - - - 111

66.0 -2.0 0.38(0.1) 23.6(8.3) -99.4(3.5) 111 C,pd

64.0 2.0 - - - 44

64.0 0.0 - - - 72

64.0 -2.0 - - - 60

62.0 2.0 - - - 78

62.0 0.0 - - - 72

62.0 -2.0 - - - 72

60.0 2.0 - - - 84

60.0 0.0 0.33(0.1) 21.7(8.3) 25.2(3.5) 91 H

60.0 -2.0 - - - 55

58.0 2.0 - - - 78

58.0 0.0 - - - 91

58.0 -2.0 0.35(0.1) 40.9(15.2) -114.4(6.5) 49 C,pd

56.0 2.0 - - - 104

56.0 0.0 - - - 118

56.0 -2.0 - - - 78



54.0 2.0 - - - 140

54.0 0.0 - - - 140

54.0 -2.0 -

0.42(0.09)

-

34.9(8.4)

-

-110.5(3.6)

84

C

52.0 2.0 -

1.2(0.1)

-

46.9(5.2)

-

-114.8(2.2)

125

C,pd

52.0 0.0 - - - 188

52.0 -2.0 - - - 97

50.0 2.0 - - - 132

50.0 0.0 0.38(0.06) 37.2(7.5) 64.3(3.2) 254 H

50.0 -2.0 - - - 206

48.0 2.0 0.7(0.17)

0.3(0.11)

12.3(3.5)

30.7(12.3)

85.5(1.5)

-138.2(5.2)

111 H

C

48.0 0.0 0.24(0.04) 57.2(11.9) 67.5(5.1) 234 H

48.0 -2.0 - - - 38

46.0 2.0 -

0.86(0.1)

-

42.9(5.5)

-

-106.0

125

C

46.0 0.0 -

0.37(0.09)

-

42.9(12.0)

-

-140.6(5.1)

275

C

46.0 -2.0 -

0.85(0.08)

-

48.0(5.4)

-

-117.6(2.3)

188

C

44.0 2.0 -

0.37(0.06)

-

35.7(7.0)

-

-101.0(3.0)

125

C



44.0 0.0 -

0.38(0.06)

-

55.5(11.0)

-

-126.4(4.7)

215

C

44.0 -2.0 0.22(0.08)

0.34(0.05)

17.6(7.5)

44.6(7.6)

48.3(3.2)

-105.8(3.2)

132 H

C

42.0 2.0 -

0.51(0.06)

-

43.8(5.6)

-

-113.3(2.4)

197

C

42.0 0.0 -

0.37(0.09)

-

42.9(12.0)

-

-140.6(5.1)

265

C

42.0 -2.0 -

0.52(0.07)

-

39.0(6.3)

-

-105.6(2.7)

188

C

40.0 2.0 -

0.36(0.07)

-

34.8(7.7)

-

-136.8(3.3)

308

C

40.0 0.0 - - - 344

40.0 -2.0 - - - 234

38.0 2.0 0.25(0.052)

0.29(0.04)

22.8(5.4)

41.0(6.4)

30.5(2.3)

-136.7(2.7)

332 H

C

38.0 0.0 - - - 482

38.0 -2.0 -

0.27(0.06)

-

28.8(7.2)

-

-145.8(3.0)

215

C,pd

36.0 2.0 -

0.34(0.07)

-

31.3(7.4)

-

-133.5(3.2)

206

C,pd

36.0 0.0 - - - 320

36.0 -2.0 -

0.48(0.15)

-

14.4(5.1)

-

-148.2(2.2)

215

C,pd



34.0 2.0 -

0.39(0.09)

-

37.0(10.3)

-

-134.2(4.4)

197

C

34.0 0.0 - - - 452

34.0 -2.0 - - - 188

32.0 2.0

0.76(0.1) 20.9(3.0) -148.1(1.3)

180

C

32.0 0.0 0.53(0.05) 38.7(4.3) 91.3(1.8) 344 H

32.0 -2.0 -

0.36(0.06)

-

45.5(8.1)

-

-140.8(3.4)

357

C

30.0 2.0 -

0.47(0.1)

-

10.3(2.4)

-

-139.2(1.0)

234

C,pd

30.0 0.0 0.58(0.06)

0.15(0.06)

32.9(3.9)

33.9(14.8)

92.9(1.6)

-62.4(6.3)

452 H

C

30.0 -2.0 0.3(0.08)

0.44(0.06)

13.7(5.1)

30.3(5.7)

54.2(2.1)

85.2(2.2)

275 H

H

28.0 2.0 - - - 297

28.0 0.0 1.05(0.13) 35.9(5.05) 93.2(2.1) 423 H

28.0 -2.0 0.31(0.06) 34.8(7.6) 94.4(3.2) 308 H

26.0 2.0 - - - 308 H

26.0 0.0 0.51(0.05) 37.7(4.4) 96.6(1.9) 600 H

26.0 -2.0 0.21(0.5) 34.0(9.9) 85.6(4.2) 396 H

24.0 2.0 0.37(0.06) 43.2(7.6) 86.0(3.2) 382 H

24.0 0.0 0.36(0.04) 55.3(7.3) 81.0(3.1) 582 H



24.0 -2.0 - - - 308

22.0 2.0 - - - 344

22.0 0.0 0.32(0.043) 50.1(7.8) 78.6(3.3) 618 H

22.0 -2.0 0.37(0.14)

0.43(0.21)

25.3(10.8)

10.7(6.1)

51.3(4.6)

-99.0(2.6)

332 H

C

20.0 2.0 0.35(0.09) 21.6(6.3) 26.8(2.7) 396 H

20.0 0.0 0.78(0.14)

0.53(0.22)

49.1(9.9)

18.3(8.9)

60.3(4.2)

-111.5(3.8)

547 H

C

20.0 -2.0 - - - 332

18.0 2.0 0.6(0.06) 32.7(3.9) 26.9(1.7) 396 H

18.0 0.0 0.45(0.12)

0.56(0.06)

31.2(8.6)

42.9(11.2)

15.3(5.3)

52.9(6.0)

564 H

H

18.0 -2.0 0.26(0.08) 20.9(7.2) 24.7(3.1) 320 H

16.0 2.0 0.54(0.08) 41.6(6.7) 28.5(2.9) 357 H

16.0 0.0 0.65(0.05)

0.24(0.06)

46.8(4.1)

36.8(9.8)

31.7(1.8)

-136.3(4.2)

582 H

C

16.0 -2.0 0.34(0.07) 28.9(6.8) 33.4(2.9) 382 H

14.0 2.0 0.3(0.07) 24.2(7.0) 21.3(3.0) 357 H

14.0 0.0 0.6(0.06)

0.44(0.05)

37.4(4.1)

42.6(5.9)

28.5(1.7)

-125.2(2.5)

676 H

C

14.0 -2.0 0.31(0.04) 60.2(8.5) 38.6(3.6) 357 H

12.0 2.0 -

0.35(0.08)

-

40.6(10.5)

-

-153.7(4.5)

320

C



12.0 0.0 0.69(0.05)

0.3(0.06)

55.4(4.8)

35.6(8.8)

32.9(2.0)

-123.4(3.7)

564 H

H

12.0 -2.0 0.43(0.08)

0.28(0.08)

32.1(6.6)

31.6(10.2)

24.0(2.8)

-147(4.3)

396 H

C

10.0 2.0 0.37(0.06)

0.17(0.07)

30.5(6.0)

25.0(11.7)

18.2(2.6)

-137.1(5.0)

382 H

C

10.0 0.0 0.42(0.04)

0.34(0.045)

45.9(5.2)

38.8(5.9)

22.7(2.2)

-125.7(2.5)

656 H

C

10.0 -2.0 0.5(0.07) 34.2(5.5) 19.5(2.4) 369 H

8.0 2.0 - - - 308

8.0 0.0 0.51(0.06)

0.31(0.05)

34.5(4.7)

41.1(8.4)

18.3(2.0)

-140.0(3.6)

618 H

C

8.0 -2.0 0.35(0.09)

0.24(0.09)

17.6(5.0)

17.2(7.3)

16.3(2.1)

-141.9(3.1)

396 H

C

6.0 2.0 - - - 344

6.0 0.0 0.54(0.085)

0.28(0.07)

24.1(4.4)

34.8(10.2)

17.1(1.9)

-137.7(4.3)

738 H

C

6.0 -2.0 0.41(0.085)

0.23(0.01)

27.1(6.6)

19.2(9..7)

12.2(2.8)

-142.1(4.1)

369 H

C

4.0 2.0 0.24(0.09)

0.52(0.16)

24.8(10.7)

7.3(2.5)

9.34(4.5)

-144.2(1.2)

332 H

C

4.0 0.0 0.37(0.11)

0.42(0.06)

14.0(4.7)

47.1(7.6)

6.3(2.0)

-142.3(3.2)

637 H

C

4.0 -2.0 0.3(0.1) 18.0(7.1) 15.5(3.0) 297 H



2.0 2.0 - - - 482

2.0 0.0 0.43(0.08)

0.46(0.09)

21.5(4.5)

17.1(3.8)

0.0(1.9)

-152.3(1.6)

656 H

C

2.0 -2.0 0.56(0.12) 19.6(5.0) 15.3(2.1) 344 H

0.0 2.0 0.47(0.13) 23.3(7.1) 8.2(3.0) 437 H

0.0 0.0 0.45(0.05)

0.27(0.08)

52.7(6.4)

18.8(6.3)

7.6(2.7)

-147.8(2.7)

1150 H

C

0.0 -2.0 0.3(0.08)

0.2(0.05)

25.0(7.9)

56.0(18.3)

10.0(3.4)

-158.3(7.8)

482 H

C

-2.0 2.0 0.25(0.07) 28.8(8.6) -7.5(3.7) 396 H

-2.0 0.0 0.31(0.06)

0.12(0.08)

25.3(5.9)

18.0(13.3)

0.0(2.5)

-149.5(5.7)

656 H

C

-2.0 -2.0 0.41(0.06)

0.27(0.06)

30.4(5.2)

33.4(8.0)

0.0(2.2)

-160.6(3.4)

275 H

C

-4.0 2.0 0.16(0.06) 22.5(10.5) 0.0(4.4) 357 H

-4.0 0.0 0.33(0.07)

0.45(0.05)

23.1(5.7)

44.0(5.9)

0.0(2.4)

-163.3(2.4)

514 H

C

-4.0 -2.0 0.3(0.07)

0.24(0.09)

31.0(8.3)

19.8(8.2)

0.0(3.5)

-157.3(3.5)

332 H

C

-6.0 2.0 0.37(0.12)

0.3(0.07)

13.8(5.14)

40.8(11.1)

1.4(2.2)

-129.3(4.7)

357 H

C

-6.0 0.0 0.4(0.05)

0.19(0.07)

30.4(4.8)

19.2(8.3)

0.0(2.1)

-150.3(3.5)

467 H

C



-6.0 -2.0 - - - 188

-8.0 2.0 0.43(0.11) 19.5(5.5) 0.0(2.35) 265 H

-8.0 0.0 0.6(0.08)

0.31(0.11)

25.1(4.0)

15.8(6.2)

-6.5(1.7)

-166.4(2.6)

344 H

C

-8.0 -2.0 - - - 215

-10.0 2.0 - - - 215

-10.0 0.0 - - - 344

-10.0 -2.0 0.43(0.12)

0.46(0.13)

30.2(9.6)

24.2(8.0)

-6.1(4.1)

-124.0(3.4)

254 H

C

-12.0 2.0 0.43(0.08) 53.7(11.1) -20.0(4.7) 180 H

-12.0 0.0 - - - 297

-12.0 -2.0 - - - 234

-14.0 2.0 0.34(0.12) 30.4(12.9) 0.0(0.12) 234 H

-14.0 0.0 - - - 320

-14.0 -2.0 - - - 188

-16.0 2.0 - - - 224

-16.0 0.0 0.59(0.06) 62.8(7.4) -24.8(3.2) 344 H

-16.0 -2.0 - - - 155

-18.0 2.0 0.72(0.27) 19.1(8.4) -124.6(3.6) 188 C,pd

-18.0 0.0 0.4(0.05)

0.46(0.1)

39.0(6.0)

11.7(2.8)

-27.5(2.5)

-156.9(1.2)

332 H

C

-18.0 -2.0 - - - 163



-20.0 2.0 - - - 206

-20.0 0.0 1.3(0.2)

1.13(0.34)

52.5(9.3)

18.0(6.14)

-30.8(4.0)

-171.6(2.6)

320 H

C

-20.0 -2.0 0.44(0.074) 46.0(8.9) -21.2(3.8) 224 H

-22.0 2.0 - - - 171

-22.0 0.0 - - - 369

-22.0 -2.0 0.4(0.06) 47.8(9.4) -29.3(4.0) 155 H

-24.0 2.0 - - - 140

-24.0 0.0 - - - 254

-24.0 -2.0 - - - 78

-26.0 2.0 - - - 207

-26.0 0.0 0.5(0.07) 27.0(4.6) -52.6(2.0) 301 H

-26.0 -2.0 - - - 191

-28.0 2.0 -

0.68(0.17)

-

36.6(10.5)

-

-133.7(4.4)

125

C

-28.0 0.0 - - - 215

-28.0 -2.0 - - - 147

-30.0 2.0 - - - 125

-30.0 0.0 - - - 225

-30.0 -2.0 - - - 132

Table 4-1:  Parameters of line detections from ORT survey, the values in the paranthesis are errors on them. 

b 
 H- hydrogen line , C- Carbon line, pd-probable detection
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Source

l 
o

b
o

TL (mK)

H He

VLSR (km/s)

H He

V� LSR (km/s)

H He

�

(mK)
NHe+ /NH+

7.2 -0.7 41.2(0.5) - 18.0(0.2) - 31.0(0.4) - 0.74 0.018

15.8 -0.5 35.2(0.4)

15.4(0.8)

2.25(0.3) 28.4(0.5)

59.0(0.8)

-102.8(2.0) 36.3(0.8)

27.1(1.2)

25.2(5.0)
0.41

0.064(0.01)

17.4 +1.5 33.4(2.2)

18.7(1.6)

2.73(0.6) 21.9(0.2)

35.7(1.7)

-102.0(1.2) 21.7(0.9)

40.8(1.4)

11.2(2.8)
0.66

0.082(0.02)

18.6 -0.8 9.1(1.8)

10.3(3.8)

30.4(0.1)

- 29.3(6.1)

43.7(0.8)

64.5(0.7)

- 34.8(6.7)

17.7(2.8)

30.5(1.0)

-

0.69

0.023

19.2 +1.7 41.8(6.2)

14.8(3.5)

4.2(2.1)

2.9(0.2) 24.1(1.5)

30.4(0.4)

55.4(18.8)

-98.2(2.6) 34.6(1.1)

18.8(1.8)

48.6(18.6)

35.7(5.4)

0.41

0.069(0.015)

23.4 -0.6 40.0(5.4)

41.4(2.8)

- 61.4(1.5)

90.3(2.6)

- 32.1(1.7)

42.3(3.1)

-
0.7

0.017

26.5 0.0 3.8(0.6)

29.3(0.7)

75.4(0.5)

- 26.1(1.2)

71.6(0.47)

103.4(0.2)

- 14.9(2.9)

25.2(0.85)

32.3(0.44)

-

0.78

0.01

28.0 0.0 11.7(0.5)

39.0(12.0)

24.1(24.4)

45.5(0.6)

- 39.4(1.1)

87.5(7.6)

103.7(1.7)

138.7(2.7)

- 29.0(2.3)

34.5(8.2)

22.8(5.4)

28.0(5.1)

-

0.55

0.012



16.3 +1.3 31.1(0.5) - 27.1(0.25) - 32.6(0.6) - 0.92 0.03

18.0 +1.8 124.5(0.5) 8.4(1.2) 27.4(0.06) -92.8(3.5) 28.4(0.1) 26.0(5.2) 0.75 0.067(0.01)

12.6 -0.6 56.1(13.0)

22.7(8.0)

28.8(2.5)

3.2(0.7) 34.2(1.0)

16.9(5.5)

56.2(1.9)

-81.5(4.2) 22.9(2.2)

27.6(4.7)

27.9(2.1)

25.5(6.9)
0.46

0.057(0.026)
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