
Proceedings for the Workshop of IMPRS for Astronomy and Astrophysics
Braunfels, Hesse, September 14-17, 2009

Workshop of IMPRS for Astronomy and Astrophysics took place at r at Fuerstenhoff hotel in Braunfels, 
Hesse. A very specific scientific program which was meant to strengthen the team work has been 
followed. In Particular, teams of 2 to 3 students invented a topic from three broad fields:

1. Stellar Astrophysics (code: SA) 

2. Galactic Astrophysics (code: GA)

3. Extragalactic Astrophysics and Cosmology (code: EG)

Each such team then presented the selected topic by splitting the work over the team members. Each 
member approached the common topic by contributing, either of:

1. Review-Introduction

2. Milestone Discoveries

3. Black-board problem solution

Each talk will have available 30-40 minutes hence each team will have 1.5 hours. Each Session was 
chaired by the last speaker of the previous session.

Day 1:
September 14, 2009
Day 1:
September 14, 2009

Session 1: Stellar Astrophysics
Chair: E. Angelakis
Session 1: Stellar Astrophysics
Chair: E. Angelakis

Rainer Rolffs Energy Production in Stars and Elsewhere

Alex Kreplin Circumstellar disks around young stellar objects

Marion Wienen Overview of star formation

Session 2: Extragalactic Astrophysics and Cosmology
Chair: W. Wienen
Session 2: Extragalactic Astrophysics and Cosmology
Chair: W. Wienen

Filomena Volino Introduction to General Relativity 

Er Xinzhong Cosmology without General Relativity 

Sibylle Anderl Space and time in the philosophy of Kant
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Day 2:
September 15, 2009
Day 2:
September 15, 2009

Session 3: Extragalactic Astrophysics and Cosmology
Chair: S. Anderl
Session 3: Extragalactic Astrophysics and Cosmology
Chair: S. Anderl

Chin-Shin Chang Active Galaxies

Rusen Lu Active Galaxies

Marios Karouzos Active Galaxies

Session 4: Extragalactic Astrophysics and Cosmology
Chair: M. Karouzos
Session 4: Extragalactic Astrophysics and Cosmology
Chair: M. Karouzos

Jiannis Nestoras Gamma-Ray Bursts

Frank Schinzel Gamma-Ray Bursts

Day 3:
September 16, 2009
Day 3:
September 16, 2009

Session 5: Galctic Astrophysics
Chair: J. Nestoras
Session 5: Galctic Astrophysics
Chair: J. Nestoras

Xuyang Gao Galactic Plane Surveys

Fangchun Liu Chemistry in Star Forming Regions

Fujun Du Chemistry in Star Forming Regions

Session 6: Extragalactic Astrophysics and Cosmology
Chair: F. Liu
Session 6: Extragalactic Astrophysics and Cosmology
Chair: F. Liu

Brenda Miranda 
Ocejo

Sunyaev Zel'dovich effect

Xun Shi Sunyaev Zel'dovich effect

Felipe Navarrete Sunyaev Zel'dovich effect
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1
credit: ESO

Alexander Kreplin

IMPRS retreat
Braunfels, 14.09.09

Circumstellar disks around

young stellar objects

Wednesday, September 16, 2009



Outline
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary
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4

Circumstellar disks

Evolution of young stellar objects

Class 0

Class 1

Class II

Class III

• Classification scheme of  YSO’s 

   (Lada 1987)

! Class I: steep positive spectral 

     slope due to the presence of

     large amounts of circumstellar 

     dust
! Class II: negative spectral slope

     indicates less dust than class I 

     sources

! Class III: the weak mid- and 

     near-infrared excess emission

     indicates little or no circumstellar

     dust

! Class 0: only submm-emission

     which indicates a deep embedded

     object

credit: Jacqueline Kessler-Silacci
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Circumstellar disks

Evolution of young stellar objects

Class 0

Class 1

Class II

Class III
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5

Circumstellar disks

Circumstellar disks are visually detected

Wednesday, September 16, 2009



credit : NASA/JPL-Caltech

artist impression

• Protostar is surrounded by a circumstellar

   dust and gas disk

! disks also detected in the case of 

     intermediate-mass stars (Millan-Gabet 2000)

• Observations at different wavelengths provide information 

   about different regions of the disk !

• Since the nearest star forming regions are

   about 140 pc away, high angular resolution

   is required ( 1 AU     7 mas )

! Interferometry 

     (e.g. with a 200 m baseline at     = 2.2 µm

      one gets an angular resolution of 

      a = 2.7 mas ) 

! Multiwavelength analysis required to study the whole disk

6

Circumstellar disks

λ

≈
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credit : NASA/JPL-Caltech

artist impression

• Protostar is surrounded by a circumstellar

   dust and gas disk

! disks also detected in the case of 

     intermediate-mass stars (Millan-Gabet 2000)

• Observations at different wavelengths provide information 

   about different regions of the disk !

• Since the nearest star forming regions are

   about 140 pc away, high angular resolution

   is required ( 1 AU     7 mas )

! Interferometry 

     (e.g. with a 200 m baseline at     = 2.2 µm

      one gets an angular resolution of 

      a = 2.7 mas ) 

! Multiwavelength analysis required to study the whole disk

6

Circumstellar disks

few AU

few 100 - 1000 AU

λ

≈
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Kraus et al. 2007,  A&A

MWC 147

7

Circumstellar disks

Mannings 1997, Nature

MWC 480

credit: Dullemond 2006

Open Questions: ! What is the shape of the inner rim ?

! Flaring behaviour of the disk ?

•puffed-up rim (Dullemond et al. 2001)
•curved rim (Isella et al. 2002)

•self-shadowed disk

Wednesday, September 16, 2009



Kraus et al. 2007,  A&A

MWC 147

7

Circumstellar disks

Mannings 1997, Nature

MWC 480

credit: Dullemond 2006

Open Questions: ! What is the shape of the inner rim ?

! Flaring behaviour of the disk ?

•puffed-up rim (Dullemond et al. 2001)
•curved rim (Isella et al. 2002)

•self-shadowed disk

near-infrared

Wednesday, September 16, 2009
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary

Wednesday, September 16, 2009



Disk models

• Chiang-Goldreich model (C & G 1997)

• Puffed-up inner model (Dullemond et al. 2001)

Wednesday, September 16, 2009



Dust disk

10

• Dust settling in the cooler mid-plane

grain growth 

• Photoevaporation removes gas from disk

influences planetformation

- dust particles 

   follow the gas

   flow

- formation of 

  gas planets is 

  supressed

Wednesday, September 16, 2009



10

Gas disk

• Dust settling in the cooler mid-plane

grain growth 

• Photoevaporation removes gas from disk

influences planetformation

- dust particles 

   follow the gas

   flow

- formation of 

  gas planets is 

  supressed

Wednesday, September 16, 2009



Shadowing or planetary gap ?

11

credit: Klahr 2004
credit: Dullemond 2004

• Puffed-up inner rim leads to shadowing of parts of the disk

detectable, but still confusion with planetary gaps

Wednesday, September 16, 2009



Shadowing or planetary gap ?
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credit: Klahr 2004
credit: Dullemond 2004

• Puffed-up inner rim leads to shadowing of parts of the disk

detectable, but still confusion with planetary gaps
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Outline
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary
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The inner rim

13

• The inner rim should be curved and NOT be vertical

Isella et al. 2007

Wednesday, September 16, 2009



The inner rim

Isella et al. 2005
Wednesday, September 16, 2009
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The inner rim

• Closure phases contain information about the inner rim

CP measures the degree of asymmetry of the brightness 

distribution on the sky

Monnier et al. 2007

Wednesday, September 16, 2009
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary
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Observational techniques

Telescopes: 3 AT’s in a linear 

configuration

Aperture: 1.8 m

Baselines: 32 m, 64m, 96 m

credit: Google Earth

Dates:             2007-05-13
2007-05-14

Very Large Telescope Interferometer (VLTI)

T1 T2 T3

AMBER instrument

17
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photometric 
beam 1

photometric 
beam 2

interferometric
 beam

photometric 
beam 3

AMBER produces spectrally dispersed 
Michelson Interferograms

Observational techniques

Wednesday, September 16, 2009



λ{}

{}
J
{}

H

K

1.0 µm

2.4 µm

AMBER provides different spectral 
resolution modes

HIGH (R = 12000)

MEDIUM (R= 1500)

LOW (R = 30)

! observation carried out in LOW resolution

Observational techniques

Wednesday, September 16, 2009



Observational techniques
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Observational techniques
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Interferometric Observations  with 

AMBER/VLTI
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Interferometric Observations  with 
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Interferometric Observations  with 
AMBER/VLTI

• Fourieranalysis is difficult because of

f
ij

|F
[i
(x
)]
|

Re

Im

f
ij

 fringepeak overlap
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The Object:  V921 Sco

23

Ik =
Ntel∑

i

ai
kF i +

Ntel∑

i<j

[cij
k Rij + dij

k Iij ]

 The equation of the AMBER interferogram 

can be rewritten in terms of so called  “carrier waves” 

Ik =
Ntel∑

i

ai
kF i +

Ntel∑

i<j

√
ai

kaj
kCij

B Re[F ij
c · ei(2παkfij+φij

s +φij
B )]

cij
k = Cij

B

√
ai

kaj
k√∑

k ai
kaj

k

cos(2παkf ij + φij
s + φij

B)

dij
k = Cij

B

√
ai

kaj
k√∑

k ai
kaj

k

sin(2παkf ij + φij
s + φij

B)

Rij =
√∑

k

ai
kaj

kRe[F ij
c ]

Iij =
√∑

k

ai
kaj

kIm[F ij
c ]

in matrix form:

︸︷︷︸
mk




m1
...

mk



 = V 2PM ·





...
Rij

...
Iij

...





F ij
c = 2N

√
titjV ijei(φij+φij

p )

with the coherent flux:

with the “Visibility to Pixel Matrix”, containing the carrier waves       andck dk
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Interferometric Observations  with 
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• This is in principle a fringe fitting process
called P2VM - Algorithm (Tatulli 2007)
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The Object:  V921 Sco

26

2007.05.13 :

2007.05.14 :

uv - plane coverage

 100
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 25
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 50

 75

 100

 100  75  50  25  0  25  50  75  100

v
 [

m
]

u [m]

uv - plane

dataset 2007-05-13
dataset 2007-05-14

B1 = 31 m

B2 = 62 m

B3 = 93 m

Θpos = 79◦

Θpos = 59◦
• The coverage in position angle of ~20° could not be

   used to analyse possible asymmetries in the source 

   structure
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The Object:  V921 Sco
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The Object:  V921 Sco
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Size-Luminosity relation

The Object:  V921 Sco

Rs = 1.1
√

ε

(
L!

1000L!

) 1
2

(
Ts

1500K

)−2

ε =
Qabs(T!)

Qabs(Tsubl)

( Monnier & Millan-Gabet 2002)

with the ratio of the dust 
absorption efficiencies:

•To interprete the nature of 

  the near-infrared emitting

  region, the fitted ring-radius

  is compared to the expected

  dust sublimation radius
ring model + star

20 mas

20
m

as

Rsubl

Dust sublimation radius:
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Temperature-gradient model

T (r) = T0 ·
(

r

rin

)−q

rim at T = T0

rin

q
T0

Fλ = 2π
d2 · cos(φ) ·

rout∫
rin

Bλ(T (r))rdr

rin
: inner disk radius

: exponent

: Temperature at r = rin

Temperature profile:

rout

• To get a first more physical approach a 

   temperature-gradient model was used 

   to reconstruct the visibility which was 

   already successfully applied to YSO’s 

   (e.g.  Bertout et al. 1988, Malbet et al. 1995)

The Object:  V921 Sco
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This model is able to reproduce both the observed SED 

 and observed multiwavelength visibilities

Problem: 

The inner dust-disk radius is smaller then the 

dust sublimation radius

multiwavelength visibiliy modellingvisibility modelling at 2.1 µm

rout = 13.2 AU

The Object:  V921 Sco
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3-component temperature-gradient model (gas disk + dust disk + star):

Modelling
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This model is able to reproduce both the 

observed SED and observed multiwavelength 

visibilities
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Monnier et al. 2005

• For the given stellar parameters the measured ring radius 
   is more compact than expected

• An optically-thin inner gas disk could 
   contribute to the total near-infrared
   emission
   

- One reason might be that the stellar luminosity could be
   overestimated   

! The dust sublimation radius is not compact in contrast
     to the expected one

! Such inner gaseous disks where already 
     successfully observed in YSO’s
     e.g.  MWC 147 (Kraus et al. 2007)
            MWC 748 (Isella et al. 2008)

Modelling

Tatulli 2007 et al.
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credit : NASA/JPL-Caltech artist impression
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Outline
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary
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Future Instruments
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MATISSE (Multi AperTure mid-Infrared SpectroScopic Experiment) 

reconstructed imagemodel imagereconstructed imagereconstructed image folded image

60 mas

• planet 200 times fainter than central star
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Future Instruments
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“Image the gas kinematics in protoplanetary disks around young sun-like stars 

with a resolution of a few astronomical units out to a distance of 150 pc (roughly 

the distance to the star forming clouds in Ophiuchus or Corona Australis), 

enabling the study of their physical, chemical and magnetic field structures and 

detection of the tidal gaps created by planets undergoing formation in the disks.”

Extract of ALMA Science Objectives:

ALMA (Atacama Large Millimeter/submillimeter Array)
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Outline
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• Overview: circumstellar disks

• Disk models

• The inner rim

• Observational techniques:  V921 Sco

• Future Instruments

• Summary
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Summary
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• The investigation of circumstellar disks, especially around intermediate

   mass stars, are important to understand the formation of high mass

   stars.

• and since we are combining at least three telescopes at 

  the same time, we get closure phase information which reveal

  information about the rim structure

• with future instruments like ALMA and MATISSE we will be able to 

  investigate circumstellar disks in more detail

stars with       > 10       are embedded during their whole 

pre-main sequence life.

M! M!

constraints on disk mass, dust and gas composition etc.

detect finally planetary gaps / self shadowed disks directly
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Thanks for your attention
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Immanuel Kant, born in 22 April 1724, Koenigs-
berg, Prussia. Kant was the last influential philoso-
pher of modern philosophy in the classic sequence
of the theory of knowledge during the Enlighten-
ment beginning with thinkers John Locke, George
Berkeley and David Hume.

Immanuel Kant, wikipedia

(following relates to the point 1 and 2 of the other one)

One of Kant’s most prominent works is the Critique of Pure Reason, an investigation into the
limitations and structure of reason itself. He suggested that by understanding the sources and limits
of human knowledge we can ask fruitful metaphysical questions. He asked if an object can be known
to have certain properties prior to the experience of sensation of that object. He concluded that all
objects about which the mind can think must conform to its manner of thought. For example, if you
always wore blue spectacles, you could be sure of seeing everything blue. However, it is possible that
there are objects not blue, or with such nature which the mind cannot know, so the principle in the
“blue world” cannot be applied outside of experience.

Empiricists and Rationalists The empiricists believed that knowledge is acquired through
experience alone, but the rationalists maintained that such knowledge is open to Cartesian doubt
and that reason alone provides us with knowledge. Kant argues, however, that using reason without
applying it to experience will lead to illusions, while experience will be purely subjective without first
being subsumed under pure reason.

’a priori’ and empirical An ’empirical’ proposition is one which we cannot know except by the
help of sense-perception, either our own or that of someone else whose testimony we accept. An ’a
priori’ proposition is one which though it may be elicited by experience, is seen, when known, to have
a basis other than experience.

Space and time (point 4) According to Kant, the outer world causes only the matter of sen-
sation, but our own mental apparatus orders this matter in space and time, so that anything would
be impossible if space and time were not kinds of pure ’a priori’ intuitions.(think about the geometry
and mathematics)

After applying the space and time to things that are not experienced, Kant maintains, we find
ourselves troubled by ’antinomies’ –that is to say, by mutually contradictory propositions each of
which can apparently be proved.

Antinomies (point 5 and 6)

• is it infinite of both space and time?

• every composite substance both is, and is not, made up of simple parts?

• two kinds of causality, one according to the laws of nature, the other that of freedom?

• there is, and is not, an absolutely necessary Being?

1
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Gamma - Ray Bursts

Ioannis Nestoras 

IMPRS Retreat 15/09/2009

International Max Planck Research School (IMPRS) 
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Outlook

• What are gamma-ray bursts , (GRBs)??

• Type of  GRBs

• Theoretical models for GRBs

• Obsarvational data for GRBs
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So what are they exactly??

IMAGINE if you could see something that : 

Emitted as much energy as nearly the entire universe for few seconds, 

Allowed you to see  billions of  years into the past, from your own 
backyard,

And, of all the world’s great observatories looking for this object,

 You saw it first...
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So what are they exactly??

IMAGINE if you could see something that : 

Emitted as much energy as nearly the entire universe for few seconds, 

Allowed you to see  billions of  years into the past, from your own 
backyard,

And, of all the world’s great observatories looking for this object,

 You saw it first...

GRBs are objects that produce massive 
emission of gamma rays for a period of ~0.1 
to 100 seconds followed, in some cases,  by 
optical, radio, and/or x-ray afterglows
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GRB Characteristics

!The distribution of GRBs in the sky is isotropical.

!The distances of GRBs are usally z > 1.

! The frequency of appearance is 1 - 2 per day.

!There is no prediction of when and where a GRB will happen.

!The typical duration of GRBs is 10-3 – 102 sec.

!The dimension of the central engine is of the order of 105 – 1010m.

!The power of a GRB is  >1043 watts.
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Distribution of GRBs
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The power of GRBs

!Power of a single GRB  >1040  Joule/sec!!!!!

!Power of the Sun L
H

=3.8.1026 Joule/sec

!Power of a Galaxy L=1036 Joule/sec!!!
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Type of GRBs

Burst Class
(Subclass)

Percentage
Of All Bursts

Duration of
Initial Emission

        (sec)

Initial 
Gamma Ray 
Emission

X-Ray 
Emission

Visible
Emission

Hypothetical
Central

Engine

Long
(normal)

25 20 ! ! ! Energetic 
explosion of 
massive star

Long
(ghosts)

30 20 ! ! x Energetic 
explosion of 
massive star

Long
(x-ray 
flashes)

25 30  x ! x Energetic 
explosion of 
massive star

Short 20 0.3 ! ? ? Merger of pair 
of compact 
objects ?

Wednesday, September 16, 2009



• Plots of “hardness ratio” versus burst 
duration showed a dumbbell-like 
distribution.

• Infers there may be two di!erent types 
of GRB “engines”, thus multiple theories 
of GRB formation may be correct. 

Theoretical models of  GRBs
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Theoretical models of  GRBs
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Observational data for GRBs
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Observational data for GRBs

GRB970228

The first obsarvation of an afterglow !" x-rays
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Observational data for GRBs
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Observational data for GRBs

And in Optical…
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GRB030329

Observational data for GRBs
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Observational data for GRBs
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Connection of GRB980425 

– SN 1998bw

Connection of GRB030329 

– SN 2003dh

and

Observational data for GRBs
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Radio (polarization) surveys of the 
Galaxy/Galactic plane 

Xuyang Gao
                                                      

 IMPRS retreat 2009, Braunfels   09-16-09
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Why we do surveys of the Milky Way??

Radio properties of SNRs, HII regions, 
FSs, ISM etc

Foreground of CMB polarization

Magnetic field in the Galaxy
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shell type SNRs

HII regions
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Why we do surveys of the Milky Way??

Radio properties of SNRs, HII regions, 
FSs, ISM etc 

Foreground of CMB polarization

Magnetic field in the Galaxy
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Centimeter wavelengths :

~mK                 Signal of interesting

~K                   Galactic emission                                                                    

                        CMB 2.7K + unresolved EG sources f(beam)

a few K              Atmospheric noise/Ground radiation

>20K                 System noise f(t)          

Wednesday, September 16, 2009



Why we do surveys of the Milky Way??

Radio properties of SNRs, HII regions, 
FSs, ISM etc 

Foreground of CMB polarization

Magnetic field in the Galaxy
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History of polarization survey

Cambridge 7.5-m dish 408MHz (Wielebinski et al. 1964) 

Leiden Dwingeloo 25-m telescope 408MHz (Berkhuijisen et al. 
1963)

Parks 64-m telescope 30MHz (Mathewson et al. 1965)

Dwingeloo 610MHz

408MHz and 620MHz in southern sky
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Leiden-Dwingeloo 1.411GHz polarization survey
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Nowadays.....

Effelsberg 1.4GHz, 2.7GHz survey

CGPS/SGPS 1.4GHz survey

EMLS 1.4GHz survey

Parks 2.4GHz survey

Sino-German 4.8GHz survey

Nobeyama 10GHz survey

WMAP

......
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Property of synchrotron emission

Intensity:

Polarization percentage:
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Faraday Rotation
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Depolarization

Depth depolarization

Bandwidth depolarization

Beam depolarization
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About our own survey

Urumqi 25m telescope, located in Nanshan, Urumqi, China

Survey started in Sept 2004

5GHz receiver constructed at MPIfR, almost the same as mounted 
in Effelsberg

-5 to 5 deg in Galactic latitude, 10 to 230 deg in Galactic longitude

Broad-band mode(600 MHz) and Narrow-band mode(295MHz)

Longitude: 87d 10’ 40.44”E    

Latitude:  43d 28’ 16.14”N      

Altitude:   2029 m
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Parameters of survey

System Temperature 22 K Ta

Telescope Beamwidth 9.5’

Subscan Seperation 3’

Scan Velocity 4’/s

Scan Direction GL and GB

Theoretical rms-noise for total intensity (1s) 1.4 mK Tb

Theoretical rms-noise for Q/U (1s) 1.0 mK Tb

Central Frequency 4800/4963MHz

Bandwidth 600/295MHz

Aperture Efficiency 62

Beam Efficiency 67

                                  Tb[K]/S[Jy] 0.164

Calibrator(Polarized/Non-polarized) 3C286/3C295

Sun et al. 2007
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The first survey region

2 New HII regions: G124.0+1.4 and G124.9+0.1

2 Faraday Screens: G125.6-1.8 and G124.9+0.1, HII as FS

Rule out the spectral curvature of SNR 126.2+1.6

                                                         Sun et al. 2007
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five years after the project 
started

...
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Zero-level restoration by WMAP extrapolation
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Zero-level restoration by WMAP extrapolation
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Zero-level restoration by WMAP extrapolation
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Faraday Screen

Diffused ionized gas

HII regions

Possibly HI clouds

Surface of molecular clouds
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Model of FS

f depolarization factor

c foreground PI ratio
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Chemistry in Star Formation Region
Fang-Chun Liu

IMPRS retreat 2009
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Chemistry controls critical physical parameters: the 
fractional ionization and cooling of the gas.
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fractional ionization and cooling of the gas.

Chemistry is a very powerful diagnostic, both of the 
current and the past physical conditions of the 
forming protostar.
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Chemistry controls critical physical parameters: the 
fractional ionization and cooling of the gas.

Chemistry is a very powerful diagnostic, both of the 
current and the past physical conditions of the 
forming protostar.

Chemistry (initial composition and later process) 
affects the chemical composition of the objects that 
eventually form the star and planetary system.

Why Chemistry?
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Chemistry controls critical physical parameters: the 
fractional ionization and cooling of the gas.

Chemistry is a very powerful diagnostic, both of the 
current and the past physical conditions of the 
forming protostar.

Chemistry (initial composition and later process) 
affects the chemical composition of the objects that 
eventually form the star and planetary system.

Why Chemistry?

Therefore, we need to study the chemistry 
properties and evolution in the star formation region.
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How?
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How?
-Observation Techniques 

(Sub)millimeter observations

1. Traditionally, most of the chemical information has been derived from 
(sub)millimeter observations due to the rotation transition.

P. Schilke et al 1997
No. 1, 1997 ORION KL LINE SURVEY 303

FIG. 1.ÈComposite spectrum of the whole line survey. The strongest lines are marked, and the atmospheric transmission is plotted on top of the
spectrum.

were present in both sidebands.) The resulting spectrum
consists of the true underlying spectrum with ““ ghost ÏÏ
images of the lines superposed at the frequencies corre-
sponding to the image sideband frequencies. An iterative
subtraction is then performed to remove the ghosts, found
by assuming that the strongest lines represent real detec-
tions. A ““ clean ÏÏ spectrum is built up that consists of the
subtracted amounts at the frequencies of the detected lines,
with the Ðnal SSB spectrum obtained by adding the
residuals to the clean spectrum. Sideband deconvolution
using the maximum entropy approach (see for aS94
description), developed for the 650 GHz survey et(Schilke
al. gives a very similar result.1996),

The CLEAN method requires (as does any spectral
deconvolution method) a redundant set of observations at
di†erent LO settings, so that a given line has images at
several frequencies. Following et al. we madeBlake (1986),
observations centered at intervals of 250 MHz, or half the
back-end width. In this way, each frequency could be
observed twice in each sideband as we stepped through the
range of the survey. We also took several spectra with LO
shifts of 10 or 20 MHz, as well as an increased number of
settings near the CO (3È2) line, which e†ectively prevents
detection of lines in the opposite sideband because of its
strength. These smaller shifts allowed us to estimate better
the sideband gains by aiding in the identiÐcation of individ-
ual lines in the DSB spectra, and they also provided addi-
tional redundancy at frequencies near the ends of the
survey, at which the coverage included only one sideband.
Using correct sideband gain ratios also minimizes the
number and strength of ghosts.

Some ghosts are not eliminated completely. One
common source of error is the pointing o†set between
observations of the same spectral feature in di†erent side-
bands. For a structured source, like Orion, these o†sets will
result in nonidentical spectral line shapes for the two posi-
tions. Also, the line strength of di†erent lines in one spec-
trum relative to each other may vary, if di†erent lines peak
at di†erent positions. The atmospheric water absorption
line at 325 GHz caused the spectrum in this range to be very

noisy. Here, as at the upper edge of the observed band, the
data were observed with less redundancy. This resulted in
imperfect reconstruction and gaps in the spectrum, e.g.,
between 326 and 327.5 GHz.

3. RESULTS

3.1. L ine IdentiÐcations
The obtained spectrum is displayed in Figures and1 2,

and a full list of identiÐed lines is shown in The lineTable 2.
identiÐcation was performed on the basis of the JPL catalog

& Pickett a list of frequencies compiled by(Poynter 1985),2
F. J. Lovas (see and references therein), theLovas 1992
papers by et al. Anderson, Herbst, & DeAnderson (1988),
Lucia on methanol, and the paper of et(1992, 1993) Pearson
al. on The frequencies for the(1994) CH3CH2CN. 33SO2and SO18O species were calculated on the basis of measure-
ments in the Cologne submillimeter spectroscopy labor-
atory and kindly provided by E. Klisch and G.
Winnewisser. The observed line intensities and peak tem-
peratures for the various species are displayed in Tables
3È25.

We claim a line as identiÐed if it passes a by-eye inspec-
tion of the original double-sideband spectra. For this, a low
identiÐcation threshold was used, i.e., we only claim a line
as real if it shows up as a 3 p feature in more than one
di†erent frequency setting, which also establishes unam-
biguously the sideband. Some lines of known molecules
were also claimed as identiÐed on the basis of an approx-
imate estimated strength for the transition obtained from
other transitions already identiÐed. This method, of course,
applies only to species with many transitions. Some
unidentiÐed lines are questionable in the sense that they
may be ghosts. They are indicated in the tables by question
marks. The errors of the determined line amplitudes and
integrated intensities are dependent on the degree of con-
tamination from the other sideband, which could not be

2 Now available online on the World Wide Web,
Shttp ://spec.jpl.nasa.govT.
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P. Schilke et al 1997
No. 1, 1997 ORION KL LINE SURVEY 303

FIG. 1.ÈComposite spectrum of the whole line survey. The strongest lines are marked, and the atmospheric transmission is plotted on top of the
spectrum.

were present in both sidebands.) The resulting spectrum
consists of the true underlying spectrum with ““ ghost ÏÏ
images of the lines superposed at the frequencies corre-
sponding to the image sideband frequencies. An iterative
subtraction is then performed to remove the ghosts, found
by assuming that the strongest lines represent real detec-
tions. A ““ clean ÏÏ spectrum is built up that consists of the
subtracted amounts at the frequencies of the detected lines,
with the Ðnal SSB spectrum obtained by adding the
residuals to the clean spectrum. Sideband deconvolution
using the maximum entropy approach (see for aS94
description), developed for the 650 GHz survey et(Schilke
al. gives a very similar result.1996),

The CLEAN method requires (as does any spectral
deconvolution method) a redundant set of observations at
di†erent LO settings, so that a given line has images at
several frequencies. Following et al. we madeBlake (1986),
observations centered at intervals of 250 MHz, or half the
back-end width. In this way, each frequency could be
observed twice in each sideband as we stepped through the
range of the survey. We also took several spectra with LO
shifts of 10 or 20 MHz, as well as an increased number of
settings near the CO (3È2) line, which e†ectively prevents
detection of lines in the opposite sideband because of its
strength. These smaller shifts allowed us to estimate better
the sideband gains by aiding in the identiÐcation of individ-
ual lines in the DSB spectra, and they also provided addi-
tional redundancy at frequencies near the ends of the
survey, at which the coverage included only one sideband.
Using correct sideband gain ratios also minimizes the
number and strength of ghosts.

Some ghosts are not eliminated completely. One
common source of error is the pointing o†set between
observations of the same spectral feature in di†erent side-
bands. For a structured source, like Orion, these o†sets will
result in nonidentical spectral line shapes for the two posi-
tions. Also, the line strength of di†erent lines in one spec-
trum relative to each other may vary, if di†erent lines peak
at di†erent positions. The atmospheric water absorption
line at 325 GHz caused the spectrum in this range to be very

noisy. Here, as at the upper edge of the observed band, the
data were observed with less redundancy. This resulted in
imperfect reconstruction and gaps in the spectrum, e.g.,
between 326 and 327.5 GHz.

3. RESULTS

3.1. L ine IdentiÐcations
The obtained spectrum is displayed in Figures and1 2,

and a full list of identiÐed lines is shown in The lineTable 2.
identiÐcation was performed on the basis of the JPL catalog

& Pickett a list of frequencies compiled by(Poynter 1985),2
F. J. Lovas (see and references therein), theLovas 1992
papers by et al. Anderson, Herbst, & DeAnderson (1988),
Lucia on methanol, and the paper of et(1992, 1993) Pearson
al. on The frequencies for the(1994) CH3CH2CN. 33SO2and SO18O species were calculated on the basis of measure-
ments in the Cologne submillimeter spectroscopy labor-
atory and kindly provided by E. Klisch and G.
Winnewisser. The observed line intensities and peak tem-
peratures for the various species are displayed in Tables
3È25.

We claim a line as identiÐed if it passes a by-eye inspec-
tion of the original double-sideband spectra. For this, a low
identiÐcation threshold was used, i.e., we only claim a line
as real if it shows up as a 3 p feature in more than one
di†erent frequency setting, which also establishes unam-
biguously the sideband. Some lines of known molecules
were also claimed as identiÐed on the basis of an approx-
imate estimated strength for the transition obtained from
other transitions already identiÐed. This method, of course,
applies only to species with many transitions. Some
unidentiÐed lines are questionable in the sense that they
may be ghosts. They are indicated in the tables by question
marks. The errors of the determined line amplitudes and
integrated intensities are dependent on the degree of con-
tamination from the other sideband, which could not be

2 Now available online on the World Wide Web,
Shttp ://spec.jpl.nasa.govT.

P. Schilke et al 1997
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FIG. 1.ÈComposite spectrum of the whole line survey. The strongest lines are marked, and the atmospheric transmission is plotted on top of the
spectrum.

were present in both sidebands.) The resulting spectrum
consists of the true underlying spectrum with ““ ghost ÏÏ
images of the lines superposed at the frequencies corre-
sponding to the image sideband frequencies. An iterative
subtraction is then performed to remove the ghosts, found
by assuming that the strongest lines represent real detec-
tions. A ““ clean ÏÏ spectrum is built up that consists of the
subtracted amounts at the frequencies of the detected lines,
with the Ðnal SSB spectrum obtained by adding the
residuals to the clean spectrum. Sideband deconvolution
using the maximum entropy approach (see for aS94
description), developed for the 650 GHz survey et(Schilke
al. gives a very similar result.1996),

The CLEAN method requires (as does any spectral
deconvolution method) a redundant set of observations at
di†erent LO settings, so that a given line has images at
several frequencies. Following et al. we madeBlake (1986),
observations centered at intervals of 250 MHz, or half the
back-end width. In this way, each frequency could be
observed twice in each sideband as we stepped through the
range of the survey. We also took several spectra with LO
shifts of 10 or 20 MHz, as well as an increased number of
settings near the CO (3È2) line, which e†ectively prevents
detection of lines in the opposite sideband because of its
strength. These smaller shifts allowed us to estimate better
the sideband gains by aiding in the identiÐcation of individ-
ual lines in the DSB spectra, and they also provided addi-
tional redundancy at frequencies near the ends of the
survey, at which the coverage included only one sideband.
Using correct sideband gain ratios also minimizes the
number and strength of ghosts.

Some ghosts are not eliminated completely. One
common source of error is the pointing o†set between
observations of the same spectral feature in di†erent side-
bands. For a structured source, like Orion, these o†sets will
result in nonidentical spectral line shapes for the two posi-
tions. Also, the line strength of di†erent lines in one spec-
trum relative to each other may vary, if di†erent lines peak
at di†erent positions. The atmospheric water absorption
line at 325 GHz caused the spectrum in this range to be very

noisy. Here, as at the upper edge of the observed band, the
data were observed with less redundancy. This resulted in
imperfect reconstruction and gaps in the spectrum, e.g.,
between 326 and 327.5 GHz.

3. RESULTS

3.1. L ine IdentiÐcations
The obtained spectrum is displayed in Figures and1 2,

and a full list of identiÐed lines is shown in The lineTable 2.
identiÐcation was performed on the basis of the JPL catalog

& Pickett a list of frequencies compiled by(Poynter 1985),2
F. J. Lovas (see and references therein), theLovas 1992
papers by et al. Anderson, Herbst, & DeAnderson (1988),
Lucia on methanol, and the paper of et(1992, 1993) Pearson
al. on The frequencies for the(1994) CH3CH2CN. 33SO2and SO18O species were calculated on the basis of measure-
ments in the Cologne submillimeter spectroscopy labor-
atory and kindly provided by E. Klisch and G.
Winnewisser. The observed line intensities and peak tem-
peratures for the various species are displayed in Tables
3È25.

We claim a line as identiÐed if it passes a by-eye inspec-
tion of the original double-sideband spectra. For this, a low
identiÐcation threshold was used, i.e., we only claim a line
as real if it shows up as a 3 p feature in more than one
di†erent frequency setting, which also establishes unam-
biguously the sideband. Some lines of known molecules
were also claimed as identiÐed on the basis of an approx-
imate estimated strength for the transition obtained from
other transitions already identiÐed. This method, of course,
applies only to species with many transitions. Some
unidentiÐed lines are questionable in the sense that they
may be ghosts. They are indicated in the tables by question
marks. The errors of the determined line amplitudes and
integrated intensities are dependent on the degree of con-
tamination from the other sideband, which could not be

2 Now available online on the World Wide Web,
Shttp ://spec.jpl.nasa.govT.

(Sub)millimeter observations

1. Traditionally, most of the chemical 
information has been derived from 
(sub)millimeter observations due to 
the rotation transition.
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FIG. 1.ÈComposite spectrum of the whole line survey. The strongest lines are marked, and the atmospheric transmission is plotted on top of the
spectrum.

were present in both sidebands.) The resulting spectrum
consists of the true underlying spectrum with ““ ghost ÏÏ
images of the lines superposed at the frequencies corre-
sponding to the image sideband frequencies. An iterative
subtraction is then performed to remove the ghosts, found
by assuming that the strongest lines represent real detec-
tions. A ““ clean ÏÏ spectrum is built up that consists of the
subtracted amounts at the frequencies of the detected lines,
with the Ðnal SSB spectrum obtained by adding the
residuals to the clean spectrum. Sideband deconvolution
using the maximum entropy approach (see for aS94
description), developed for the 650 GHz survey et(Schilke
al. gives a very similar result.1996),

The CLEAN method requires (as does any spectral
deconvolution method) a redundant set of observations at
di†erent LO settings, so that a given line has images at
several frequencies. Following et al. we madeBlake (1986),
observations centered at intervals of 250 MHz, or half the
back-end width. In this way, each frequency could be
observed twice in each sideband as we stepped through the
range of the survey. We also took several spectra with LO
shifts of 10 or 20 MHz, as well as an increased number of
settings near the CO (3È2) line, which e†ectively prevents
detection of lines in the opposite sideband because of its
strength. These smaller shifts allowed us to estimate better
the sideband gains by aiding in the identiÐcation of individ-
ual lines in the DSB spectra, and they also provided addi-
tional redundancy at frequencies near the ends of the
survey, at which the coverage included only one sideband.
Using correct sideband gain ratios also minimizes the
number and strength of ghosts.

Some ghosts are not eliminated completely. One
common source of error is the pointing o†set between
observations of the same spectral feature in di†erent side-
bands. For a structured source, like Orion, these o†sets will
result in nonidentical spectral line shapes for the two posi-
tions. Also, the line strength of di†erent lines in one spec-
trum relative to each other may vary, if di†erent lines peak
at di†erent positions. The atmospheric water absorption
line at 325 GHz caused the spectrum in this range to be very

noisy. Here, as at the upper edge of the observed band, the
data were observed with less redundancy. This resulted in
imperfect reconstruction and gaps in the spectrum, e.g.,
between 326 and 327.5 GHz.

3. RESULTS

3.1. L ine IdentiÐcations
The obtained spectrum is displayed in Figures and1 2,

and a full list of identiÐed lines is shown in The lineTable 2.
identiÐcation was performed on the basis of the JPL catalog

& Pickett a list of frequencies compiled by(Poynter 1985),2
F. J. Lovas (see and references therein), theLovas 1992
papers by et al. Anderson, Herbst, & DeAnderson (1988),
Lucia on methanol, and the paper of et(1992, 1993) Pearson
al. on The frequencies for the(1994) CH3CH2CN. 33SO2and SO18O species were calculated on the basis of measure-
ments in the Cologne submillimeter spectroscopy labor-
atory and kindly provided by E. Klisch and G.
Winnewisser. The observed line intensities and peak tem-
peratures for the various species are displayed in Tables
3È25.

We claim a line as identiÐed if it passes a by-eye inspec-
tion of the original double-sideband spectra. For this, a low
identiÐcation threshold was used, i.e., we only claim a line
as real if it shows up as a 3 p feature in more than one
di†erent frequency setting, which also establishes unam-
biguously the sideband. Some lines of known molecules
were also claimed as identiÐed on the basis of an approx-
imate estimated strength for the transition obtained from
other transitions already identiÐed. This method, of course,
applies only to species with many transitions. Some
unidentiÐed lines are questionable in the sense that they
may be ghosts. They are indicated in the tables by question
marks. The errors of the determined line amplitudes and
integrated intensities are dependent on the degree of con-
tamination from the other sideband, which could not be

2 Now available online on the World Wide Web,
Shttp ://spec.jpl.nasa.govT.

(Sub)millimeter observations

1. Traditionally, most of the chemical 
information has been derived from 
(sub)millimeter observations due to 
the rotation transition.

P. Schilke et al 1997

2. They are not restricted to 
absorption/emission toward the 
source but can map the 
surroundings with high spectral 
resolution and resolution. 
(Kinematic Information and 
location)
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FIG. 1.ÈComposite spectrum of the whole line survey. The strongest lines are marked, and the atmospheric transmission is plotted on top of the
spectrum.

were present in both sidebands.) The resulting spectrum
consists of the true underlying spectrum with ““ ghost ÏÏ
images of the lines superposed at the frequencies corre-
sponding to the image sideband frequencies. An iterative
subtraction is then performed to remove the ghosts, found
by assuming that the strongest lines represent real detec-
tions. A ““ clean ÏÏ spectrum is built up that consists of the
subtracted amounts at the frequencies of the detected lines,
with the Ðnal SSB spectrum obtained by adding the
residuals to the clean spectrum. Sideband deconvolution
using the maximum entropy approach (see for aS94
description), developed for the 650 GHz survey et(Schilke
al. gives a very similar result.1996),

The CLEAN method requires (as does any spectral
deconvolution method) a redundant set of observations at
di†erent LO settings, so that a given line has images at
several frequencies. Following et al. we madeBlake (1986),
observations centered at intervals of 250 MHz, or half the
back-end width. In this way, each frequency could be
observed twice in each sideband as we stepped through the
range of the survey. We also took several spectra with LO
shifts of 10 or 20 MHz, as well as an increased number of
settings near the CO (3È2) line, which e†ectively prevents
detection of lines in the opposite sideband because of its
strength. These smaller shifts allowed us to estimate better
the sideband gains by aiding in the identiÐcation of individ-
ual lines in the DSB spectra, and they also provided addi-
tional redundancy at frequencies near the ends of the
survey, at which the coverage included only one sideband.
Using correct sideband gain ratios also minimizes the
number and strength of ghosts.

Some ghosts are not eliminated completely. One
common source of error is the pointing o†set between
observations of the same spectral feature in di†erent side-
bands. For a structured source, like Orion, these o†sets will
result in nonidentical spectral line shapes for the two posi-
tions. Also, the line strength of di†erent lines in one spec-
trum relative to each other may vary, if di†erent lines peak
at di†erent positions. The atmospheric water absorption
line at 325 GHz caused the spectrum in this range to be very

noisy. Here, as at the upper edge of the observed band, the
data were observed with less redundancy. This resulted in
imperfect reconstruction and gaps in the spectrum, e.g.,
between 326 and 327.5 GHz.

3. RESULTS

3.1. L ine IdentiÐcations
The obtained spectrum is displayed in Figures and1 2,

and a full list of identiÐed lines is shown in The lineTable 2.
identiÐcation was performed on the basis of the JPL catalog

& Pickett a list of frequencies compiled by(Poynter 1985),2
F. J. Lovas (see and references therein), theLovas 1992
papers by et al. Anderson, Herbst, & DeAnderson (1988),
Lucia on methanol, and the paper of et(1992, 1993) Pearson
al. on The frequencies for the(1994) CH3CH2CN. 33SO2and SO18O species were calculated on the basis of measure-
ments in the Cologne submillimeter spectroscopy labor-
atory and kindly provided by E. Klisch and G.
Winnewisser. The observed line intensities and peak tem-
peratures for the various species are displayed in Tables
3È25.

We claim a line as identiÐed if it passes a by-eye inspec-
tion of the original double-sideband spectra. For this, a low
identiÐcation threshold was used, i.e., we only claim a line
as real if it shows up as a 3 p feature in more than one
di†erent frequency setting, which also establishes unam-
biguously the sideband. Some lines of known molecules
were also claimed as identiÐed on the basis of an approx-
imate estimated strength for the transition obtained from
other transitions already identiÐed. This method, of course,
applies only to species with many transitions. Some
unidentiÐed lines are questionable in the sense that they
may be ghosts. They are indicated in the tables by question
marks. The errors of the determined line amplitudes and
integrated intensities are dependent on the degree of con-
tamination from the other sideband, which could not be
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(Sub)millimeter observations

1. Traditionally, most of the chemical 
information has been derived from 
(sub)millimeter observations due to 
the rotation transition.
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2. They are not restricted to 
absorption/emission toward the 
source but can map the 
surroundings with high spectral 
resolution and resolution. 
(Kinematic Information and 
location)

VI.Figures

Figure 1: The whole B1 region. Grey scale shows Spitzer IRAC 4.5 !m continuum map and 

contour scale shows integrated intensity map of the H13CO+ emission taken with the NRO 

45m telescope. Red crosses indicate the peak positions inside the B1-b in the 1.3 mm. The 

contour levels start from 4 ".

Figure 2: 3 mm (black contour), 850 !m (red contour), and 24 !m  (grey scale) 

continuum maps of B1-b region. 
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Infrared observations

van Dishoeck & Blake 1998

Infrared observations 

1. It can probe the absorption of 
material along the line of sight to 
the embedded young star. 

2. Important molecules without a 
permanent dipole moment, such as 
H3

+, CO2, CH4, and C2H2, possess 
strong infrared vibrational 
transitions.

3. Both gas-phase molecules and 
solid-state species can be detected 
at infrared wavelengths.
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How?
-Models

Two main fundamental models:

1. Gas-phase chemistry: molecules are form from the 
reaction in gas-phase. ex: HCO+ formation.

2.Grain-phase chemistry: molecules are form from 
the reaction in grain-phase. ex: H2 formation.
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Interstellar medium are the sites of a very rich 
chemistry, as evidenced by the detection of 
nearly 120 different molecules.

The observed species range from single diatomic 
molecules in diffuse clouds to long, unsaturated 
carbon chains in dark pre-star-forming clouds 
and saturated organic species near massive YSOs.

About interstellar medium
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About the Hot cores

The spectra of the solid-state 
CO2 and solid- and gas-phase CO 
infrared absorption feature 
toward embedded massive YSOs, 
illustrating the evaporation of 
ices and development of a “hot 
core” region near W3 IRS5 and 
AFGL 4176.
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About the Hot cores

The spectra of the solid-state 
CO2 and solid- and gas-phase CO 
infrared absorption feature 
toward embedded massive YSOs, 
illustrating the evaporation of 
ices and development of a “hot 
core” region near W3 IRS5 and 
AFGL 4176.

The relative ratios of these 
features can be used as an 
indicator of the evolutionary state 
(van Dishoeck et al 1996, 1998).

Evolution
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About Prestellar cores

(Ward-Thompson et al. 1994). 

Central condensation 
without protostellar objects 

(No IR sources inside)

 Gravitational bounded cores
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About Prestellar cores

Tafalla et al. 2006 

L1498

Chemical strucuture (L1498) 

T
a

fa
lla

 e
t a

l. (2
0

0
6

) 

Wednesday, September 16, 2009



About Prestellar cores

Tafalla et al. 2006 
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Depletion-Molecular freeze out
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Gas-grain equilibrium (sticking vs evaporation) 
–! if Tgrain > Tfreezeout, most molecules in gas phase 
– !if Tgrain < Tfreezeout, most molecules on grains 

Depletion-Molecular freeze out
Molecular freeze out 

L
e

g
e

r  (1
9

8
3

) 

•! Gas-grain equilibrium (sticking vs evaporation) 

–! if Tgrain > Tfreezeout, most molecules in gas phase 

–!if Tgrain < Tfreezeout, most molecules on grains  

•!  At low temperatures: molecules stick on grains 

and do not evaporate back to gas phase: freeze-out 
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Gas-grain equilibrium (sticking vs evaporation) 
–! if Tgrain > Tfreezeout, most molecules in gas phase 
– !if Tgrain < Tfreezeout, most molecules on grains 

Depletion-Molecular freeze out
Molecular freeze out 
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•! Gas-grain equilibrium (sticking vs evaporation) 

–! if Tgrain > Tfreezeout, most molecules in gas phase 

–!if Tgrain < Tfreezeout, most molecules on grains  

•!  At low temperatures: molecules stick on grains 

and do not evaporate back to gas phase: freeze-out 
At low temperatures: molecules stick on grains and 
do not evaporate back to gas phase: freeze-out 

Wednesday, September 16, 2009



Most species disappear from gas phase at !"5x104 cm-3 
–! CO, CS, HCN, HCO+, H2CO, C2S, CH3OH, SO, HC3N, C3H2, … 
–! poor tracers of core interior 

!Only survivers 
–! (H2), NH3, N2H+, H3

+ and D-isotopologues (i.e., H2D+) 
–! only line tracers of internal core (dust in continuum) 

Depletion-Molecular freeze out

Wednesday, September 16, 2009



About Prestellar cores

NH3
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?

Francesco et al. 2006 

without the internal 
heating source
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About Prestellar cores
Barnard 1-b
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About Prestellar cores
Barnard 1-b

VI.Figures

Figure 1: The whole B1 region. Grey scale shows Spitzer IRAC 4.5 !m continuum map and 

contour scale shows integrated intensity map of the H13CO+ emission taken with the NRO 

45m telescope. Red crosses indicate the peak positions inside the B1-b in the 1.3 mm. The 

contour levels start from 4 ".

Figure 2: 3 mm (black contour), 850 !m (red contour), and 24 !m  (grey scale) 

continuum maps of B1-b region. 
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About Prestellar cores
Barnard 1-b

D
E

C
 (

J
2

0
0

0
)

30"

08'00"

30"

07'00"

31°06'00"

16s18s20s22s24s3h33m26s

RA (J2000)

!"#$%

16s18s20s22s24s3h33m26s

!"!$%

16s18s20s22s24s3h33m26s

&"#$%

16s18s20s22s24s3h33m26s

&"!$%

H13CO+

Wednesday, September 16, 2009



About Prestellar cores
Barnard 1-b
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without the internal 
heating source

About Deeply Embedded Young Stellar 
Objects
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About Deeply Embedded Young Stellar 
Objects

with the internal 
heating source

CO + N2H+ -> HCO+ + N2
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About Deeply Embedded Young Stellar 
Objects

Matthews et al. 2006

Barnard 1-c

class 0 source

N2H+

C18O
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About Deeply Embedded Young Stellar 
Objects

Matthews et al. 2006

Barnard 1-c

class 0 source
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About Deeply Embedded Young Stellar 
Objects

Matthews et al. 2006
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About Deeply Embedded Young Stellar 
Objects

Matthews et al. 2006
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About Deeply Embedded Young Stellar 
Objects

Matthews et al. 2006
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About Deeply Embedded Young Stellar 
Objects
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About Deeply Embedded Young Stellar 
Objects

1.The gas is heated by the collisions with the warm 
dust. This implies that within r < 60 AU of the 
young star, the infall gas is heated to 100 K, 
resulting in the sublimation of H2O-rich ices into 
the gas.
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About Deeply Embedded Young Stellar 
Objects

1.The gas is heated by the collisions with the warm 
dust. This implies that within r < 60 AU of the 
young star, the infall gas is heated to 100 K, 
resulting in the sublimation of H2O-rich ices into 
the gas.

2.In addition, once the gas is heated to 200-300 K, 
the gas-phase chemical reaction convert O and 
H2, resulting in high abundances of H2O in the 
inner 10-100 AU.
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Between prestellar and early protostar stage
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Between prestellar and early protostar stage

evolution track

prestellar cores Class 0 sources
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Between prestellar and early protostar stage

evolution track

prestellar cores Class 0 sources

Therefore, the understanding of chemistry lets us to study :

1. the initial condition of the star formation 

2. the physical condition and kinematics of different sources with 
different evolutionary stages.
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Higher angular resolution observations (lower beam 
dilution and good resolution) can not only help us to 
understand the chemistry properties itself more, but 
also help us to understand the physical condition 
around the star formation in detail.

Future
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Thank you very much for your attention!
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Why Chemistry?
-as a diagnostic (example)

Another possible test is to check for a correlation between
the CO depletion factor and the deuterium fractionation within
a given core. This test was performed in Crapsi et al. (2004),
showing again an affirmative answer.

Here we searched for a correlation between the integrated CO
depletion factor and the deuterium fractionation in a subsam-
ple of 14 cores using the high-density gas tracers N2H

+ and N2D
+

to derive the deuterium fractionation. The result is shown in
Figure 5, where we denote by enclosed data points our ‘‘can-
didate prestellar cores,’’ defined for the purpose of this paper as
having N (N2D

þ)=N (N2H
þ) " 0:1.

The correlation is not extremely tight (correlation coefficient
69%; 74% if only Taurus cores are considered), but indeed we
can say that the cores that show higher CO depletions do also
show higher deuterium fractionation. As in Bacmann et al.
(2003), Oph D seems to have ‘‘too much’’ deuterium fraction-
ation compared to the CO depletion.

In Figure 5 we also show theoretical curves from sim-
ple chemical models based on that described by Caselli et al.
(2002c). These models all assume that the gas and dust tem-
peratures are constant across the core and equal to 10 K. The
chemical network and chemical parameters are also the same in
all the models: apart fromH2, the chemical network contains the
three neutral species CO, N2, and O, which can freeze out onto
dust grains and return to the gas phase via thermal desorption
or cosmic-ray impulsive heating (following the formulation of
Hasegawa & Herbst 1993). On the other hand, the abundances
of the molecular ions (N2H

+, HCO+, H3O
+, Hþ

3 , and their
[multiply] deuterated counterparts) are calculated in terms
of the instantaneous abundances of the neutral species. This

simplification is based on the fact that the ‘‘ion chemistry’’
timescale is much shorter than the depletion timescale (for
details see Caselli et al. 2002c; Crapsi et al. 2004). Here we in-
cluded the multiply deuterated forms of Hþ

3 , without any distinc-
tion between the ortho and para forms of molecular hydrogen
and H2D

+ and without taking into account the so-called back-
reactions between, e.g., ortho-H2 and ortho-H2D

+ (Gerlich et al.
2002), which limit the deuterium fractionation, as discussed in
Walmsley et al. (2004). However, we adopted the new value of
the rate coefficient for the proton-deuteron exchange reaction
Hþ

3 þ HD ! H2D
þ þ H2 (3:5 ;10#10 cm3 s#1; Gerlich et al.

2002). The other parameters used are the cosmic-ray ionization
rate ! ¼ 1:3 ; 10#17 s#1; the CO, N2, and O binding energies
E(CO) ¼ 1210 K, E(N2) ¼ 800 K, and E(O) ¼ 650 K,9 re-
spectively; and the lower cutoff radius of the MRN (Mathis
et al. 1977) distribution amin ¼ 5 ;10#6 cm.

The different model predictions, denoted as n1, n2, n3, n4, and
n5 in Figure 5, refer to model spherical clouds with different
density structures, in (rough) analogy with the density structure
of the model cloud undergoing infall, described by Ciolek &
Basu (2000, hereafter CB00), at successive evolutionary stages
(from t1 ¼ 2:27 Myr to t5 ¼ 2:684 Myr; see CB00). We remark
that our calculations assume steady state and thus our model
makes use of the density profile only, and not of the timescale.
We also note that the CB00 model has cylindrical (rather than
spherical) symmetry, and we have neglected this fact assuming
the same dependence on spherical radius as that on cylindrical
radius in CB00. We assume that the density profiles are given
by the analytical formula of Tafalla et al. (2002), with differ-
ent values of the parameters (namely, the central density, the
radius of the inner flat region, and the asymptotic power index)
to approximately reproduce the density profiles of Figure 1a of
CB00. In particular, the central densities of the cores at each
time are given by 10 j ; 4:37 ;103 cm#3 (for j ¼ 1 ; : : : ; 5) as
in CB00. The abundance profiles obtained in this way have then
been converted into column densities via integration along the
line of sight and successive convolution with a two-dimensional
Gaussian, simulating observations with an HPBWof 2200. From
Figure 5 we note that the deuterium fractionation in N2H

+ and
the observed CO depletion factor ( fD) are predicted to increase
with core evolution and actually explain the observed trend,
although some scatter is expected in the data, given the differ-
ent environments where they are immersed and their different
formation histories. We also note that magnetic field strength,
amount of turbulence, external radiation field, and external pres-
sure influence the evolution of a core. Hence, two cores with
the same mass and same age could have different degrees of
evolution depending on the characteristics of the surrounding
star-forming region. We note that most of the ‘‘prestellar’’ cores
are found close to the n3 result, which, in the CB00 model, is the
model of best agreement with the measured density profile of
L1544. Therefore, we can conclude that the ‘‘prestellar core’’
condition, N (N2D

þ)=N (N2H
þ) " 0:1, is consistent with val-

ues of central densities n(H2) " 106 cm#3, in agreement with
H2 central densities measured from the dust in x 4.3 for these
cores.

Fig. 5.—Deuterium fractionation vs. integrated CO depletion factor at the
N2D

+ peak position. Depletion factor values were taken from the literature and
from present data (see x 4.2 for references). The solid line connects the pre-
dictions of chemical models of spherically symmetric dense cores with various
degrees of central concentrations (from central densities of 4:4 ; 104 cm#3 in
model n1 to 4:4 ; 108 cm#3 in model n5), roughly simulating (in spherical
symmetry) the evolutionary sequence of contracting disklike clouds in the
CB00 model (see text). Dotted lines are the arithmetic means of the dis-
tributions. Cores belonging to the Taurus Molecular Cloud are marked by a
square; prestellar core candidates are circled. [See the electronic edition of the
Journal for a color version of this figure.]

9 All the adopted parameters are the same as in Crapsi et al. (2004), with
the exception of E(O), which is now 100 K lower than before. The decrease in
this parameter is necessary to keep the deuterium fractionation at a similar
level as in Crapsi et al. (2004), for the particular case of L1521F, after the
inclusion of all the multiply deuterated forms of Hþ

3 . See also Caselli et al.
(2002c) for the importance of atomic oxygen in this simple chemical network.

SURVEY OF N2H
+ AND N2D

+ IN STARLESS CORES 389No. 1, 2005 96 M. Emprechtinger et al.: The N2D+/N2H+ ratio as an evolutionary tracer of Class 0 protostars
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Fig. 3. Deuterium fractionation (N2D+/N2H+ column density ratio) ver-
sus dust temperature. The highest N2D+/N2H+ ratios are seen at the
lowest temperatures. As TDust increases, the deuterium fractionation de-
clines. The objects marked with triangles are located in the Perseus
cloud.

4.3. CO freeze-out

Because CO is one of the main destroyers of H+3 and its deuter-
ated isotopologues, the progenitors of N2D+, the N2D+/N2H+
ratio should be sensitive to CO depletion (e.g. Dalgarno &
Lepp 1984; Roberts & Millar 2000). The CO depletion factor,
fD, is defined as

fD = xcan/xobs

where xcan is the canonical ISM abundance ratio of CO. In this
work, C18O has been observed, so that xcan = [C18O]/[H2] =
1.7 × 10−7 (Frerking et al. 1982). The total number of hydrogen
molecules within the beam is determined by the ∼1 mm contin-
uum emission (1.3 mm, 1.1 mm, or 850 µm), using the equation

NH2 =
Fν · d2

κν · Bν(TDust)
· 1
µ

(Terebey et al. 1993), where Fν is the continuum flux, d the dis-
tance to the object, Bν(TDust) the Planck function, TDust the dust
temperature determined in the previous subsection, and µ the
mass of an H2 molecule. For the opacity per unit mass, κν, we
used a value of 0.005 cm2/g at a wavelength of 1.2 mm (André
et al. 1996). To calculate κν at other wavelengths, we express the
relation between opacity and wavelength as a power law

κλ = κ0

(λ0

λ

)β
·

We used β = 1 (zero for Barnard 5 IRS1), as suggested by the
fits to the continuum data (see Sect. 4.2). The values for κ make
the strongest contributions to the uncertainties in the H2 column
densities. Some authors use values for κ twice as high as ours
(e.g. Froebrich 2005).

To compare the ∼ 1 mm continuum data with our C18O 1−0
observations, we have to estimate the continuum flux density
within a 22′′ beam. That the angular diameters of the protostel-
lar envelopes are always greater than the beam is an important
issue in this conversion. To compare data taken with different
beam sizes, we follow the method of Terebey et al. (1993). They
showed that the flux of a dark cloud with a density distribu-
tion ρ = r−p and a temperature distribution T = r−q can be
described by

Fν ∝ d1−(p+q) · θ3−(p+q)

where d is the distance and θ the beam size. In their sample of
mostly Class 0 protostars, they determined 1.7 to be an appro-
priate value for (p+ q). We used this value to scale the flux from
the continuum observations to the C18O beam size.

We determined the C18O column density by using the
CTEX-method and by assuming that C18O emission is optically
thin. Since the critical density of C18O is 60 times lower than
that for N2H+, we expect that Tex(C18O) will be higher than
Tex(N2H+) and comparable to the kinetic gas temperature or
even slightly higher, due to freeze-out of CO in the cold parts
of the cloud. Since the beam sizes of the NH3 observations that
were used to derive Tkin vary between 40′′ and 88′′, we adopted
a constant excitation temperature of 15 K for all sources. This
assumption introduces some error (<15%) in the estimation of
the depletion factor. The total number of C18O molecules is then
calculated from

NC18O = NC18O · d2 ·Ω

where NC18O is the total number of C18O molecules within the
beam, NC18O is the C18O column density, d the distance to the
protostar, andΩ the beam solid angle.

The derived depletion factors lie between 1 and 4 (Table 6).
A value below 1 is found toward Barnard 5 IRS 1, and this may
be an indication that the C18O canonical abundance is larger
in this source. Indeed, the 13CO abundances measured toward
Barnard 5 by Pineda et al. (2008) are a factor of two larger than
those measured by Frerking et al. (1982) toward Taurus. (The
CO abundance variations of about a factor of 2 are well known
in star-forming regions, e.g. Lacy et al. 1994.) However, given
that CO abundance measurements are not individually available
for all the sources, the C18O canonical abundance has been kept
the same for the whole sample.

In the central panel of Fig. 4, we show the correlation be-
tween CO freeze-out and deuterium fractionation in our sam-
ple of protostars. In the top panel, we show the same correla-
tion but for low-mass prestellar cores (Crapsi et al. 2005), and
the correlation for massive prestellar cores in the bottom panel
(Fontani et al. 2006). The correlation determined from our sam-
ple looks very similar to the correlation found for low-mass
prestellar cores. For small depletion factors ( fD(CO) < 3), the
deuterium fractionation is low as well (<0.1). For depletion fac-
tors greater than three, the N2D+/N2H+ ratio rises quickly un-
til it reaches 0.25. The only difference between the protostellar
and prestellar cores is that, in the prestellar cores, the deuterium
fractionation stays low until the depletion factor is ∼10. This be-
haviour reflects the fact that CO is highly depleted in the centre
of prestellar cores, whereas it is not depleted in the centres of
Class 0 sources. In high-mass prestellar cores, there is no de-
pendence of the deuterium fractionation on fD(CO). Since the
high-mass prestellar cores in the Fontani et al. (2006) sample
are at greater distances (a few kpc), these observations might be
affected by non-depleted, non-deuterated gas along the line of
sight.

The sources that are not located in the Perseus cloud show
lower deuterium fractionation than Perseus sources with the
same CO depletion factor. One explanation for this difference
is that the Perseus sources are embedded in a dense environ-
ment (nH2 ∼ 104 cm−3, Kwon et al. 2006), whereas many of the
other cores are isolated. Since CO is not expected to be frozen
out in the embedding material, the CO depletion factors of the
Perseus cores could be underestimated. However, systematic er-
rors arising from the different spatial resolutions and different
wavelengths of the continuum observations cannot be ruled out.

Emprechtinger et al. 2009Crapsi et al. 2005

evolution track

prestellar cores Class 0 sources
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Why Chemistry?
-as a diagnostic
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Increased deuteration due to CO 
depletion 

• CO depletion has profound consequences in core chemistry 

–! triggers a number of second-order effects 

• Deuterium fractionation of molecules is driven by  
H3

+ + HD   !  H2D+ + H2 + 230 K   

• At low temperature (e.g., 10 K), H2D+ is enhanced –! 
Deuterium is passed down to other species such DCO+, DCN 

• If no CO depletion 

–! H2D+ abundance is limited by CO destruction (+e) –! D 
enrichment of order of 1-10 % 

• If CO depletion (and low e) 

–! H2D+ is further enhanced, which further enhances N2D+, 
NH2D, etc. 
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