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Introduction

I Photodissociation regions
(PDRs): neutral regions of
ISM.

I They are at the interface
between the HII region and
the molecular cloud.

I Heating and chemistry are
regulated by far UV photons
(6 eV ≤ hν ≤ 13.6 eV).

Nebular emission lines

HII region

PDR UV

IR

Molecular cloud
Cloud of dust
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M8, the Lagoon nebula

I Emission nebula lying in
Sagittarius-Carina Arm,
1.25 Kpc away.

I The prominent HII region
(NGC 6523/33) of M8 is
excited by several O stars in
the open cluster NGC 6530.

I Main source of ionization is
the star Herschel 36 (O7 V)
similar to the θ1 Orionis C
star in the Orion nebula
cluster.

1.5 pc

Her 36
9 Sgr

Image taken from National Optical
Astronomy Observatory gallery

4 / 27



Motivation

Understanding the interstellar medium
Study of PDRs is the study of the effects of FUV photons on the
structure, chemistry, thermal balance and evolution of the neutral
interstellar medium.

One of the brightest PDRs

I White et al., 1997 reported the 2nd brightest CO(3-2)
emission has been observed along Her 36.

I One of the brightest PDRs in our galaxy with a number of star
forming regions, HII region and star cluster, yet little explored!

New template
It can act as a new template to study PDRs and HII regions.
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Goal: A comprehensive survey

I To characterize the PDR of
M8.

I Qualitative analysis: To
know the morphology of
the PDR and the HII region
around Her 36.

I Quantitative analysis: To
determine the physical
parameters like excitation
temperatures, optical
depths and column
densities of molecules. Structure of a PDR (Sternberg et al.,

1995)
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Observations: SOFIA, IRAM 30m and APEX

Atacama Pathfinder
EXperiment (APEX)

Institut de Radioastronomie
Millimétrique (IRAM)

Stratospheric Observatory for
Infrared Astronomy (SOFIA)

I CII and high J CO OTF
maps were obtained with
SOFIA.

I Mid J CO OTF maps were
observed with APEX.

I Low J CO OTF maps were
observed with IRAM 30 m.
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SOFIA Observations

I Asterisk
represents Her
36 at (0”, 0”).

I CII emission is
maximum at
an offset of
(30”, -2”).

I High-J CO
transitions’
emissions
peak almost at
Her 36 (0”,0”).
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APEX Observations

I Asterisk
represents Her
36 at (0”, 0”).

I The mid J CO
transitions
peak towards
north-west of
Her 36.
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IRAM 30 m Observations

I Asterisk represents Her 36 at (0”, 0”).
I Low J CO transitions peak at Her 36 and the emission is

towards north-west of it.
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Velocity channel maps

Similar to M17 SW (Perez et al., 2015)

I CI (similar to 12CO) doesn’t show any significant emission at
(60”, 27”).

I HII region towards north-east of Her 36? It is close to 9 Sgr
responsible for an HII region around it (Tothil., et al 2008).
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Comparison with ancillary data

I CII+ATLASGAL
870 µm contours.
Probes dust and
it’s column
density.

I CII+VLA 1.3 cm
contours. Probe
hot gas like CII.

I CII+WISE 3.4 µm
contours. Probe
hot gas like CII.

I CII+WISE 4.6 µm
contours. Probe
hot gas like CII.
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Spectra of 12CO, 13CO, [CI] and [CII] emission lines at
different offsets

I A lower velocity: 2 km s−1 - 6 km s−1.
I The higher velocity component emission lines have blue-shifted

wings in the molecular cloud in the west while the emission is
red-shifted towards the CII peak toward the east compared to their
emission peaking at 9 km s−1 Her 36. 14 / 27



Physical parameters

I H2 column density N(H2) of ∼ 3.7 × 1022 cm−2.
I Mass of CO warm gas ∼ 470 M� in a region of 3.1 arcmin2.
I Mass of cold gas ∼ 103 M� in a region of 5.1 arcmin2.
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Rotational diagrams of 13CO

To investigate about the excitation conditions prevalent in M8

ln
Nthin

u

gu
+ ln Cτ = ln N − ln Qrot −

Eu

KT
(1) Table : Physical parameters

calculated from rotational diagrams.

Optically thin 13CO Correction factor included

Trot
a(K) N(13CO) (cm-2) Trot

a(K) N(13CO) (cm-2)

8.3 3.6 × 1016 8.6 6.2 × 1016

40.6 3.6 × 1016 29.6 5.4 × 1016

90.1 1.9 × 1016 38.8 4.6 × 1016

83.5 2.1 × 1016

a Calculated for different gradients in the plot as indicated in the
figure.

Temperature gradients in the
gas, as expected in a PDR.
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Non-LTE calculation

RADEX: A non-LTE radiative transfer program (Van der Tak et al.,
2007).
I Leiden Molecular and Atomic Database (LAMDA) provides

rates coefficients for collisions of CO and H2.
I Grids in Tkin ∼ 50 – 250 and n(H2) ∼ 104 – 108 are computed.
I Input: N(CO) from LTE analysis, ∆v from observed spectra,

Tbg of 2.73 K
I Compared the temperatures obtained from the modeling with

the observed temperatures.
I Constrains on Tkin and n(H2)
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Non-LTE calculation
RADEX results in blue→ Tkin and n(H2)
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Non-LTE calculation

All observed CO transitions

Transition Frequency(GHz) ηmb θmb (′′) Peak line flux (K km s−1) rms (K km s−1) Telescope
12CO

J = 1→ 0 115.271 0.73 22.5 610.2 0.6 IRAM 30m/EMIR
J = 2→ 1 230.538 0.65 28.7 355.5 0.2 APEX/PI230
J = 3→ 2 345.796 0.73 19.2 210.2 0.4 APEX/FLASH+

J = 6→ 5 691.473 0.43 9.6 580.1 2.0 APEX/CHAMP+

J = 7→ 6 806.652 0.34 8.2 673.4 10.0 APEX/CHAMP+

J = 11→ 10 1267.014 0.68 22.9 130.9 1.8 SOFIA/GREAT
J = 13→ 12 1496.923 0.68 19.1 155.3 1.2 SOFIA/GREAT
J = 16→ 15 1841.346 0.70 14.8 46.2 1.0 SOFIA/GREAT

13CO

J = 1→ 0 110.201 0.73 23.5 64.9 0.2 IRAM 30m/EMIR
J = 2→ 1 220.399 0.65 30.1 92.6 0.3 APEX/PI230
J = 4→ 3 440.765 0.59 15.0 198.1 1.3 APEX/FLASH+

J = 6→ 5 661.067 0.45 10.0 158.8 1.6 APEX/CHAMP+
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Non-LTE calculation

No single kinetic temperature or density!
I Tkin = 100 - 150 K, n = 104 - 106 cm−3
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Understanding the geometry

HST F487N (4865 Å) image of Her 36 + CII channel map contours:
(a) 2 km s−1; (b) 5 km s−1 and (c) 7 km s−1

In the warm veil, N(CII) ∼ 1 × 1018 cm−2

Maximum extinction Av ∼ 4.2
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Geometry: Our hypothesis

M8 has a face-on geometry in contrast to Orion bar and M17 SW!

Observer

Her 36

Sgr 9

cold and dense
molecular cloud

warm 
 PDR

2 km s-1

7 km s-1

10 km s-1

13 km s-1

HII region

I All emissions peak close to Her 36.
I Dense molecular cloud in the background, HII region close to

Her 36, warm PDR veil in the foreground!
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Luminosities and comparison to the Orion Bar

Similar to Orion Bar!

L = 1.04 × 10−9S∆VνD2
L , (2)

Total CO luminosity of LCO = 9.5 L�
CI 609 µm line luminosity of LCI = 0.11 L� (lower limit to total CI
luminosity).
CII luminosity of LCII = 95.8 L�
FIR luminosity of LFIR ∼ 104 L� (White et al., 1998)

Luminosity Ratio M8 Orion bar

LCII/LFIR 10−3 1.1 × 10−3

LCII/LCO2−1 7.5 × 102 1.6 × 103

LCO2−1/LFIR 1.3 × 10−6 6.6 × 10−7
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Comparison with the Orion Bar

I G0 and n values obtained for M8 are similar to that of Orion
bar→ Direct comparison with the PDR model results of Orion
bar.

I At Av = 2: H→ H2

I At Av = 4: C+ → C→ CO
I At Av = 8: All O will be in atomic form except in CO until very

deep into the molecular cloud
I Gas surface layer at 500 K while dust will be at 30 – 75 K
I M8 has a face on geometry unlike Orion bar
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Conclusions

I We presented for the first time the maps of [CII], [CI] and
various CO transitions.

I Geometry: M8 has a face-on geometry where the cold dense
molecular cloud lies in the background with Her 36 being very
close to the dense core and is powering the HII region
towards the east of it along with 9 Sgr while the foreground
veil of a warm PDR is receding away from Her 36 towards the
observer.

I Quantitative analysis: LTE and non-LTE methods were used
to calculate the temperatures and H2 number density in the
PDR around Her 36. Kinetic temperatures Tk: 100 - 150 K
and densities n: 104 - 106 cm−3 were obtained.
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Extra slide: Comparison with M17 SW

I M17 has an edge-on geometry compared to the face-on
geometry of M8.

I CII, CI and CO show only a weak correlation both in M8 and
M17→ they don’t originate from the same spatial region.

I the CO SEDs follow similar trend for all positions in M8 while
in M17 the SEDs have variations for different positions.
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Extra slide: Correlation plots

I CII is least correlated with 12CO(6-5). Two branches: upper
left→ north-east of Her 36, lower right→ west of Her 36.

I CII and CI: upper left→ north-east of Her 36, lower right→
west of Her 36.
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