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Overview

 SOFIA

- Telescope

— Operations

- Instruments

- (up)GREAT
« GREAT results

- First detections

- Velocity-resolved spectra

- The [OIl] ground-state line

- Gas kinematics and composition
e Outlook
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Stratospheric Observatory for Infrared Astronomy

» Boeing 747SP (Special Performance)
e Operating altitude: 11-14km

- above 99.8 percent of the Earth’s atmospheric water vapor
- mainly from Palmdale/CA

4 km {Mauna Kea)

-t

« US/German project
- 80/20 in cost & time

Transmission
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14 km (Aircraft)
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Transmission
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http://www.sofia.usra.edu 2 v o w0 1000
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SOFIA Interior Layout

Science crew
stations

Telescope
Main cabin

R

Education
stations Science
instrument




Telescope |,| .’qﬂl'

 Telescope:

- Primary Mirror: Bulk head

Guide cameras

e 2.7 meters
e A>0.3um

 Diffraction
limited for

A>20 um

Science
instruments

- Pointing
accuracy ~1"
Nasmyth tube

- Chopper: 10" at 2Hz

— optics temperature 240 K
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Operations

 Flexible world wide deployment (southern sky from New Zealand)
 Typical observing flight duration: 10 hours (8-9 hours at observing altitude)
100 flights per year in routine operation

* Planned lifetime 20 years plus

« SOFIA Flight
Operations Center

* Armstrong Flight
Research Center
Dryden,
Palmdale, CA

* Bakersfield" .

- My
santa L ipaimdale
Llarita

Simi Valley
-

LIXNAICIS Los Angeles o e

I . ng Beact =
long: Beach
i Riverside

1ancho SantaAna |Hemet
2 R j aq - -

San
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SOFIA Operations:

Armstrong Flight
Research Center:
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Flight planning
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Flight Plan Mame: File: 552_01_RVSM110325.fp
Flight ID: 2011/04/06

Est. Takeoff Time: 2011-Apr-06 03:35 UTC
Est. Landing Time: 2011-Apr-06 13:15 UTC

Flight Duration: 09:40
Weather Forecast : 0000 Wed Mar 09 2011 - 1200 Fri Mar 11 2011 UTC

Saved: 2011-Mar-25 18:41 UTC User: rklein
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» Spectrum of a star-burst galaxy
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Wavelength coverage
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Instruments
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Selected Science Highlights

e FORCAST (Faint Object IR Camera for the SOFIA telescope)

— Simultaneous Dual Channel Imaging and Grism Spectroscopy (5—25 uym and 25—40 um)
« Dusty circumnuclear ring in the Galactic Center (3 pc diameter)

« Large dust production in Sgr A East supernova remnant (dust surviving shock)

Sagittarius A East
Supernova Remnant

— Warm dust
[ Cold dust

g 1

5 Light Yﬁars

Lau et al. (2013), 19 31 37 micron Lau et al. (2015)
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Selected Science Highlights

 HIPO (High Speed Imaging Photometer for Occultations)
- Visible Light High-Speed Camera (0.3—1.1 um)
— used in combination with FLITECAM

— Main purpose: stellar occultations: Surface structure of a solar system object
(planetary atmospheres and rings, comets)

2 Pluto occultations (2011, 2015):

- Density profile and spectroscopy of Pluto
atmosphere




Selected Science Highlights

e FIFI-LS (Far Infrared Field-Imaging Line Spectrometer)

— Dual Channel Integral Field Grating Spectrometer (50-110 ym; 100-200 pm)
— Spectral line mapping of [CII] 158 ym, [Ol] 63, 145 um, [OIIl] 52, 88 um

— Absolute atmospheric calibration still being worked on

NGC6543 in [Olll] at 51.8um

Orion A spectral imaging in [CII]
and [Ol]:

Orion Nebula SOFIA / FIFI-LS [O1] 145 pm
. FIFI-LS Team | .
) 5 v - Becklin- [01] 63
' m
k . /& ' 4 ; Ne.ugebauer H
- . .‘ } object -
“ - s 8 . . L‘-

L
: . \_",._\ o y | ]
/ '[’_ :'- - . -,
‘Trapezium stars— A - :
; ) ; - "r
S
-

Orioh Bar

NASA/Spitzer/Harvard-Smithsonian CfA, Thomas Megeath

- .
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Selected Science Highlights

 FLITECAM (First Light Infrared TEst CAMera)

- Near Infrared Imaging and Grism Spectroscopy (1-5.5 um)

— can be used in combination with HIPO

* SN 2014J (M82): near-IR spectrum, evolving with time (ionized Cobalt lines)
* Pluto occultation (June 29, 2015) 3.0 | | |

2.5
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Selected Science Highlights

« EXES (Echelon-Cross-Echelle Spectrograph)
- High Resolution (R=10°) Echelle Spectrometer (5-28 um)

S(1) S(1) continuum

40 40

« 28/17pm para/ortho H, mapping for Jupiter
and several star-forming regions 30

» Water in protoplanetary disks (AFGL 2591)

30

20 20

Arcsec
Arcsec

10

0

1.0 area i B MWW E 000 g 0 5 10 15 20
Arcsec Arcsec
_.g‘ 0.8 S(0) S(0) continuum
—
2
= 0.6
g 0.4 AFGL 2591 & . ) :
2 0.2
0.0} ‘ .
6.09 6.10 6.11 6.12 6.13 0 10 20 30 40 0 10 20 30 40
WﬂVG'Qﬂgth [l‘-m] Arcsec Arcsec
Indriolo et al. 17 and 28um maps of Jupiter (de Witt et al.)
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Selected Science Highlights

« HAWC+ (High-Angular resolution Wideband Camera)

- High-Angular Resolution Wide-Band Camera
- Polarimeter with 5 Channels (53, 62, 88, 155, 215 ym)

_ Currently being commissioned Qrion Molecular Cloud, Kuiper Airborne Obs.
Q 2% ' E ‘
o £
* No results yet O pol. E vec.
o

- Expectations based on KAO results

61950
—-5°25'00"

Linear polarization of the Orion Nebula at 100 um
measured with the KAO by Schleuning (1998).
Beam sizes of the KAO polarimeter and HAWC
upgrade. (Dowell et al. 2007)

100um Flux Density (Jy/10" beam)

L

O

5" HAWC—Pol 89 um =
° HAWC-=Pol 53 um

5"33™00% 1950 40°
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» Heterodyne receiver
- Single pixel
- Dual channel
« Two frequencies simultaneously]
-1.2-4.7 THz
 in 5 frequency-bands

» 64000 channels
 Bandwidth: 2.4GHz
« Resolution: 44kHz (R = 108)
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Frequencies:

e System temperature (DSB):

- 700 - 800K in L1 and L2 channels
- 2000 - 2500K in M and H channels

« Beam:

- 22" (1.26 THz)
- 6.6" (4.74 THz)
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UpGREAT: GREAT multiplexed

« 2 hexagonal arrays, operating in parallel

- 2 x 7 low freq. Pixels (LFA)
- 1 x 7 high freq. Pixels (HFA)

- Or combinations with GREAT single pixel detectors :_,

o L

Atmospheric transmission

].ﬁ‘ _'I In—ll T '| TTTT 'I TTTT | TTTT TTTT |. TTTT TTTT I TTTT I TTT I_ Ilﬁ B
].’4 — ﬁ :': o ?I"- ] o [=] E — iy E— I4 = —
L3 12 & & & i 8 4] [ p
12 8.5@' : o g g o g g 8 1 12E g
C "'";; EEE L = E :
lof-3= & Z B 1 o[ 4
C | ] : £
08 ; 1 osk =]
- i . ! | : F | By, .
06k - o6 I y |
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GREAT science

* Focused on main cooling lines:

- [Ol], [CII - | S ' oH
O[ 1, [Cll] o2l oNH, . PHO Sl—l‘ an
- OH, HD
- High-J CO all
transitions
1010_
e Hydrides
» Covers y 10T N\~ HH oS
B o-H,D*
HIFI-gap {w\ -
p-H;0"
11
-
4 f\ é
Bergin (2008) 10°——; e 3!\ mﬂ‘ g0
1000 100
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First detections

08

para-H,D* detection:

* IRAS16293-2422 06

- Measure o/p ratio in H, through
o/p of H,D* ~
= } } } } }
-Atlow T = 11
p-H2D+ + O-H2 — O-H2D+ + p'H2 08 T ©o
dominates over back reaction :

04

- Chemical clock . ﬂ

— Cold gas in i L i pHD'
dense envolope - .
for 5105-5 106 a sl \4 _ I 5

0.0

Brinken et al. (2014) 0 2 4 6 8
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First detections

SH detection:
 In absorption towards W49N, W31C, W51, G29.96-0.02, G34.3+0.1

50T soFia A doubling LREIC -

l f

~J
n
|
P I—

‘O.) -
n
T | T | T |
|

WA49N [ |
Neufeld et al. (2014) 6.0~ [ A

1:382.6 1382.8 13683.0 1383.2
Frequency (GHz)

DSB antenna temperature, T," (K)
~J
o
|

» Several foreground clouds — spiral structure

V. Ossenkopf Special colloquium Ekaterinburg 2/25/16



First detections

SH detection:

W31C SH G34.3+0.1 SH

n

L7 I N

T, (SSB) in K
%]

—

]

=20 o 20 40 60 80 100 -20 0 20 40 60 80 100
LSR velocity (km/s) LSR velocity (km/s)

« SH is only produced at elevated temperatures
- Key tracer for warm diffuse chemistry

- Requires shock or turbulence-dissipation models

 But so far they fail to explain H,S/SH ratio
Neufeld et al. (2014)
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High-resolution spectra

OH absorption:
H. Wiesemeyer -A&A 542 L7 (2012)

e 119um ground state

! 15 OH, Majar d = °f2 + *f5 vg = 2514 THz -
transitions - -
- First >2THz - Tl PR -

JQITLATIUE SpIral Jarrm
spectroscopy . | -
— Absorption l l :
towards \W49N =
- Spectral features al ]

of Sagittarius arm
- Discovery of 180OH

— OH saturated towards °r -
W49N

- X(OH)=10-7 = 108 N

Wiesemeyer et al. (2012)
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OH absorption ;|.=1?l'

Systematics (G10.47, G34.26, W31C, W49N, G327.29, G351.58);

o 100 200 —50 0 50 100
e [:kn]..f'-] i [tmf.]

» OH* traces atomic, OH rather molecular diffuse gas:

— OH™* has lower arm/interarm contrast than OH
- [OH]/[OH*] correlated with H,: bottleneck OH+ H, — H,O+H

- H,O/OH ratio to be explained by TDR model Wiesemeyer et al. (2015)
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[OI] (3P4 -3P, = 63um)

[Ol] absorption: Wiesemeyer et al. (2015)

] » Complex profiles in many
: sources

T/T¢

05 ' =

(=1
o
—

G34.26

1:_ -; —IIOOIIII(I)II!I1(;OIIII2(I)OIII
ﬁ" an: . Vier [kkm/s]
= Lar .
ra W * PACS washes out all relevant
e . P T information
-850 Qo a0 100
Vir [tmfl]

o [Ol] traces both atomic & molecular diffuse gas, up to Ay, ~ 1 mag
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[O1] 3P, -3P,,

S140:

e First [Ol] 63um
observations with
H-channel

« [Ol] strongly peaked,
but at IRS2, not IRS1 19

- Resolved in [Ol]:
FWHM = 8.3" = 0.03pc,
L([OI])=0.05 Lo,
L([CII])=0.28 Lo,
L(dust)=2000 Lg

- IRS1, the main 63° 17"
energy source of
the region produces e . , ’
almost no [Cll]and [OI] 22" 197 35 25 15 05
Ossenkopf et al. (2015)




Line profiles

- [01] ot IRS2
R [01] at IRS1
r --_ [O1] at interface

T [K]

[ — CO 16—-15 at IRS2
I CO 16-15 at IRS1

T [K]

V. Ossenkopf

Special colloquium

E __ [ci] ot RS2
- [C] ot IRS1
__ [cu] ot interface

e 1.5km/s velocity
difference between
IRS2 and bulk of
cloud

* PDR model fits:

[CII] intensity
requires 10° cm?,

T CO 1-0 at IRS2

CO 1-0 at IRS1
_ "CO 1-0 at interface

|

dust 10° cm?3,
[OI]1 300 cm*®

* Nature of the
source:

Ekaterinburg

Big puzzle!
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[O1] 3P, -3P,

G5.89-0.39:
10 _I RO | N s e W |
:Mwwﬂ-—m
< - Gusten & Gusdorf in prep.
:Mpﬂp—%%%mw-
-5 o -+ Massive star-forming region
T B v SHUVN W * hosts O8 star with UCHII
L and massive outflow
T on Sl ool IR L IR SR O e Complex [Ol] with very
-10 - — :
[ T ) T S O A P R T broad wings
e 2 A R_A_O(..) i D Leurini et al. (2015)
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G5.89-0.39:

 [Ol] is main coolant:

- 75% of total line
luminosity

- Dominates cooling
budget

- Strongly self-absorbed
- High-velocity emission!

 The large scale
molecular outflow is
driven by atomic jets!

-104 M,/a

Leurini et al. (2015)

40

-5

30 F

20 |

5

2 |
0

20

=l

[ Cco(16—15) |

—50 0 50

100 —30 0 o0 100

Velocity (km/s) Velocity (km/s)
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(up)GREAT mapping

* The first [Cl]] map observed with upGREAT: S106
- 7 pixels, 1 hour flight leg, commissioning flight in May 2015
- 3 x bigger map, 4 — 7 x better noise, 2 x faster (than GREAT)

upGREAT IRAC 8 ym

200

200 -

=200

—200

100 0 —100 —-200

R.A. offset [aresec]
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Gas composition and kinematics 5‘|.’|?l'y

M17SW (Clumpy PDR):
« GREAT mapping of the cloud in [CII], CO 13-12 and 16-15

 Many complementary observations with APEX

5
.l.‘i

CO J=13-12

P T T T S A T T TSN N T T T T NS TR N T NN T T R
—50 —100 —150 —200 —250 —300

Clear PDR stratification with layering structure between Hl|
(radio continuum), [CII], hot CO and [CI] Perez-Beaupuits et al. (2015)
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* 64% of the mass traced by [C Il]
IS not associated with star-forming
material traced by [Cl] and C180

350

3001

N

(94}

(=]
T

N
o
[=]

150

Gas Mass [M,]

100F

501

T T
B Gas Mass

@—@ Non-Associated Gas Mass

» Assignment to phases:
- 36% - HII
-17% - HI
_47% - H,
=0 S ) L L
[Cc 1] 158 um —— (-30,
c®o'j=2-1 ———
c'®o J=2-1 (¥) -——--
40 L [C 1I] residual -----
20 | :r
N EER = S h__r_:*”ffé_'——li

10 20 30
Velocity [km/s]
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10 15 20
Velocity [

* Most [CII] at

2|5 3IO 3|5 40
km/s]

velocities far

from the cloud velocity has
no high-density counterpart

 Large-scale flows and

photo-evapo
Perez-Beau

2/25/16
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puits et al. (2015)




Cooling balance

« [Ol] and [CII] are main cooling lines of the dense ISM
e CO ladder also traced by GREAT observations

* Line to continuum ratio should measure gas heating efficiency
S140:

 Factor 100 lower than in PDRs
» Similar to line deficit in ULIRGS

log, ([OI]+[CII])/TIR)

1078 0.06
& IRS2 L X ¥ % R
x IRS1 X © x
L+]
A interface " > = —
1077 x ° x | TL
: x e g
x g & g e 0.04«
T X a & 5 €
n A —_
v 107 x4 49 =
£ E ° 3 o
= A " =
s
0.02
107°F s A -
X
<
A
10_10 " M M " 1 M M : " 1 M M " " Al " " OOO
0 500 1000 1500 2000
v [GHz]

Ao [arcsec]
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Conclusions |,| .’qﬁl'

We are still at the very beginning!

« More new detections with (up)GREAT are to be expected! (e.g. C5*...)

 [Ol] and [CII] spectra are complex

> traces velocity structure and foreground in a complex way
> Emitted from CO-dark molecular gas

> Gas distribution towards many sources poorly known

> Large fraction of gas only seen in [Cll] and cold OH

» Assessment of the full gas reservoir only from velocity-resolved
observations of many species: atleast CO, ClI, CIl, Ol, OH, and OH*

* Energy balance of the interstellar gas still not understood
> [CII] + [Ol] to FIR continuum cooling between 10-4-°> and 10-2

> No clear correlation between line deficit and self-absorption

* \We need more observations!
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Cycle 5 call

e Observing period: Feb 2017 - Jan 2018
« Call to be expected in March

* Proposal deadline:

- Probably July 8
* 7 instruments will be offered:

- EXES, FIFI-LS, FLITECAM, FORCAST, upGREAT, HAWC+, HIPO, and
the FLITECAM/HIPO combination

- Instruments for Southern deployment to be selected based on requests
« SOFIA Impact Programs solicited

- Multi-year programs
- Joint US — German Impact Programs

* Follow: http://www.sofia.usra.edu/Science/announcements.html
(open time)
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