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1.	  High	  Resolu,on	  Far-‐Infrared/
Sub-‐millimeter-‐wave	  Spectroscopy	  

High	  resolu,on	  spectroscopy	  powerful	  tool:	  
	  
•  Resolved	  line	  profiles	  yield	  	  kinema,c	  origin	  of	  line	  emission/absorp,on	  at	  scales	  

not	  always	  spa,ally	  resolvable,	  even	  with	  the	  largest	  telescopes,	  e.g.,	  	  
•  Infall	  
•  Ou_low	  
•  Rota,on	  

•  Separa,on	  of	  spectroscopically	  crowded	  line	  regions	  
•  Emission	  line	  with	  foreground	  absorp,on	  
•  Closely	  spaced	  rota,onal	  transi,ons	  

•  Higher	  contrast	  peak	  emission/absorp,on	  line	  increases	  detectability	  

•  Separa,on	  telluric	  and	  astronomical	  line	  improves	  sky	  correc,on	  	  
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1.	  High	  Resolu,on	  Far-‐Infrared/
Sub-‐millimeter-‐wave	  Spectroscopy	  



GREAT	  (German	  REceiver	  for	  Astronomy	  at	  Terahertz	  Frequencies):	  
	  
•  Heterodyne	  receiver	  
•  R=10-‐50	  million,	  i.e.,	  	  <0.1	  km/s	  
•  63	  um	  (4.74	  THz),	  197-‐240	  um	  (1.25-‐1.52	  THz),	  157-‐165	  um	  (1.81-‐1.91	  THz)	  
•  spa,al	  resolu,on:	  6-‐24”	  (14.1”	  at	  C+)	  
•  single	  pixel	  on	  sky	  
•  simultaneous	  observa,ons	  of	  lines	  in	  different	  detector	  bands	  (e.g.,	  C+	  and	  N+)	  

	  
upGREAT	  is	  like	  GREAT,	  but:	  
	  
•  7	  pixels	  on	  the	  sky,	  in	  2	  polariza,ons	  
•  Only	  small	  frequency	  ranges	  around	  CII	  line	  at	  1.91	  THz	  (in	  near	  future	  +/-‐0.1	  THz)	  or	  

(being	  commissioned)	  OI	  line	  at	  4.7	  THz.	  
•  CII	  array	  can	  be	  combined	  with	  single	  pixel	  197-‐240	  um	  (1.25-‐1.52	  THz),	  OI	  array	  with	  

single	  pixel	  1.81	  –	  1.91	  THz	  
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1.	  High	  Resolu,on	  Far-‐Infrared/
Sub-‐millimeter-‐wave	  Spectroscopy	  



2.	  Preparing	  GREAT	  Single	  Point	  
Observa,on	  

	  

GREAT	  posi,on	  switch	  (“total	  
power”)	  observa,on	  C+	  and	  N+	  
toward	  the	  edges	  of	  the	  Central	  
Molecular	  Zone	  around	  the	  
Galac,c	  Center	  (Langer	  et	  al.	  
2015A&A...576A...1L	  
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2.	  Preparing	  GREAT	  Single	  Point	  
Observa,on:	  Atmosphere	  

	   Atmosphere	  around	  C+	  
line	  good,	  but	  not	  for	  
strongly	  blue	  shimed	  lines	  
of	  CMZ	  targets:	  
	  
VLSR=-‐150-‐	  -‐250	  km/s	  
	  

VHELIO=-‐159-‐	  -‐259	  km/s	  
	  

VDOP=VHELIO+/-‐17	  km/s	  
(extremes	  in	  october	  +17	  
and	  march	  -‐16	  km/s).	  
October	  a	  bit	  beper.	  
	  
Difficult	  project,	  but	  
feasible	  (see	  sec,on	  2.1	  in	  
Langer	  et	  al.)	  
	  
(for	  calcula,on	  details,	  
see	  EXES	  slides)	  

Use	  GREAT	  ,me	  es,mator	  tool	  to	  determine	  the	  
atmospheric	  transmission:	  	  
hpps://great.sofia.usra.edu/cgi-‐bin/great/great.cgi	  
	  

Expected	  C+	  lines	  CMZ	  

C+	  rest	  
frequency	  
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2.	  Preparing	  GREAT	  Single	  Point	  
Observa,on:	  Atmosphere	  

	   Use	  GREAT	  ,me	  es,mator	  tool	  to	  
determine	  the	  atmospheric	  
transmission:	  	  
hpps://great.sofia.usra.edu/cgi-‐
bin/great/great.cgi	  
	  C+	  CMZ	  

frequency	  

N+	  CMZ	  
frequency	  

C+	  difficult	  at	  CMZ	  
velocity	  shim	  

N+	  much	  easier	  
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2.	  GREAT	  Instrument	  Status	  and	  
Configura,ons	  Offered	  for	  Cycle	  5	  

	  GREAT	  mixer	  bands:	  
	  

•  L1	  1.25	  –	  1.52	  THz	  (240-‐197	  μm):	  not	  all	  frequencies	  available!	  Contact	  team	  or	  
helpdesk.	  
•  E.g.:	  CO	  12-‐11,	  OD,	  SH,	  H2D+,	  CO	  13-‐12,	  [NII]	  

•  L2	  1.81	  –	  1.91	  THz	  (166-‐157	  μm):	  not	  all	  freq	  available!	  Contact	  team	  or	  
helpdesk.	  
•  E.g.,	  CO	  16-‐15,	  [CII],	  NH3	  3-‐2,	  OH	  2Π1/2	  

•  H	  4.7448	  	  THz	  (63.1837	  μm):	  -‐25	  to	  +90	  km/s	  or	  -‐30	  to	  -‐140	  km/s	  
•  [OI]	  

•  M	  channel:	  not	  offered	  in	  cycle	  5	  
•  HD	  1-‐0,	  18OH	  2Π3/2	  

	  
Simultaneous	  observa,on	  L2+H	  or	  L2+HFA	  (e.g.,	  C+	  and	  OI)	  and	  LFA+L1	  (e.g.,	  C+	  and	  N
+)	  ,	  depends	  on	  results	  of	  call.	  Also,	  check	  back	  in	  June	  CfP	  update!	  
	  
Instantaneous	  usable	  band	  width	  ~1.8-‐2	  GHz,	  but	  0.9	  GHz	  for	  H	  channel.	  
	  
Contact	  SOFIA	  helpdesk	  (sofia_help@sofia.usra.edu)	  regarding	  non-‐standard	  tunings.	  
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2.	  upGREAT	  Instrument	  Status	  and	  
Configura,ons	  Offered	  for	  Cycle	  5	  

	  upGREAT	  mixer	  bands	  offer	  10	  ,mes	  faster	  On	  The	  Fly	  mapping	  than	  GREAT:	  
	  

•  Low	  Frequency	  Array	  (LFA):	  1.9005	  +/-‐	  0.003	  THz	  in	  2	  polariza,ons.	  An,cipa,on	  
that	  at	  least	  one	  polariza,on	  will	  cover	  1.81-‐1.91	  THz	  (contact	  team	  or	  
helpdesk!).	  Can	  observe	  together	  with	  L1.	  

•  High	  Frequency	  Array	  (HFA;	  4.7	  THz):	  possibly	  commissioned	  amer	  proposal	  
deadline	  (shared	  risk).	  Can	  observe	  together	  with	  L2.	  
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2.	  GREAT	  Frequency	  Tuning	  
GREAT	  is	  a	  Dual	  Sideband	  (DSB)	  receiver.	  The	  local	  oscillator	  signal	  is	  mixed	  with	  the	  sky	  
signal.	  The	  difference	  |νLO-‐νSKY|	  (IF,	  Intermediate	  Frequency)	  is	  detected:	  

Sky	  Sky	  

Intermediate	  Frequency	  [GHz]	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  |νLO-‐νSKY|	  

3	  	  	  	  	  	  	  	  	  4	  	  	  	  	  	  	  	  	  5	  	  	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure:	  Colin	  Borys/NHSC-‐IPAC/Caltech	  
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C+	  rest	  
frequency	  

2.	  GREAT	  Frequency	  Tuning	  
At	  low	  Doppler	  shims,	  the	  C+	  line	  is	  best	  observed	  in	  the	  upper	  sideband	  (USB)	  

LSB	   USB	  Preferred	  op,on:	  C+	  
in	  USB,	  rather	  clean	  
LSB	  

Poor	  choice:	  C+	  in	  LSB,	  
poor	  atmosphere	  USB	  

LSB	   USB	  
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2.	  GREAT	  Frequency	  Tuning	  
At	  large,	  nega,ve	  Doppler	  shims,	  the	  sideband	  choice	  for	  C+	  is	  less	  relevant,	  though	  USB	  
slightly	  preferred,	  similar	  to	  N+	  (beper	  transmission	  in	  image	  sideband)	  

C+	  CMZ	  	  
N+	  CMZ	  	  

LSB	   USB	   LSB	   USB	  
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2.	  GREAT	  Observing	  Modes	  
	  

•  	  Single	  poin,ng:	  
•  dual	  beam	  switching	  (DBS)	  (chopping	  with	  the	  secondary	  <10	  arcmin)	  
•  posi,on	  switching	  (“Total	  Power”)	  

•  	  On-‐the-‐fly	  mapping:	  
•  posi,on	  switch	  	  (“Total	  Power”)	  
•  [single	  beam	  switch	  (SBS)]	  

•  	  Raster	  mapping:	  
•  dual	  beam	  switching	  (DBS)	  
•  posi,on	  switching	  (“Total	  Power”)	  
	  

CMZ:	  expected	  lines	  are	  weak	  (esp.	  N+),	  and	  the	  emission	  is	  expected	  to	  be	  
very	  extended	  (more	  than	  10	  arcmin):	  Use	  single	  point,	  posi,on	  switch	  mode.	  
	  
Which	  posi,on	  to	  switch	  to?	  
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2.	  GREAT:	  Off	  Posi,on	  
	  	  

It	  is	  important	  to	  find	  a	  sky	  ‘off’	  posi,on	  that	  is	  clean	  (or	  as	  clean	  as	  possible).	  
Requires	  literature	  search	  (and	  some,mes	  trial	  and	  error	  at	  the	  telescope):	  
	  
	  

Off	  posi,on	  

NANTEN	  CO(1-‐0)	  map	  (Fukui	  et	  al.	  2006)	  
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2.	  GREAT:	  Off	  Posi,on	  
	  	  

	  	  	  	  It	  is	  important	  to	  find	  a	  sky	  ‘off’	  posi,on	  that	  is	  clean	  (or	  as	  clean	  as	  possible):	  
	  
	  

Not	  so	  clean	  amer	  all,	  but	  
ok,	  and	  in	  fact	  correctable	  
in	  data	  reduc,on.	  
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2.	  GREAT	  Sensi,vi,es,	  Exposure	  
Time	  Calcula,ons	  

	  GREAT	  observing	  ,me	  es,mator	  is	  linked	  on	  SOFIA	  “SITE”	  page:	  
	  	  
	  	  	  hpps://dcs.sofia.usra.edu/proposalDevelopment/SITE/index.jsp	  
	  	  	  hpps://great.sofia.usra.edu/cgi-‐bin/great/great.cgi	  
	  
N+	  input:	  	  

•  Rest	  frequency=1461.1319	  GHz	  	  
•  Velocity	  correc,on=-‐210	  km/s	  
•  Expected	  peak	  intensity	  TR*=0.1	  K	  	  (TR*=TMB*ηMB=0.15*0.67;	  Langer	  et	  al.)	  
•  Desired	  S/N	  in	  line	  peak=3	  
•  Resolu,on	  amer	  smoothing:	  2	  km/s	  (na,ve	  88	  KHz=	  0.015	  km/s)	  

	  
	  à1350	  seconds	  ON+OFF	  ,me.	  Add	  100%	  overhead	  for	  nodding	  and	  chopping	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  overhead,	  and	  add	  2	  minutes	  for	  tuning,	  and	  other	  setup	  overhead.	  
	  
For	  C+	  line,	  observed	  simultaneously,	  1350	  sec	  ON+OFF:	  S/N=20	  in	  1	  K	  line	  peak.	  
	  

	  	  	  	  	  	  	  	  	  	  Note:	  smoothing	  parameter	  yields	  noise	  on	  all	  frequency	  scales	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (channel	  -‐channel,	  baseline	  fluctua,ons)	  
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2.	  SOFIA/GREAT	  versus	  	  
Herschel/HIFI	  

	  GREAT	  mixers	  	  significantly	  improved	  over	  those	  at	  HIFI,	  in	  system	  temperature	  and	  
baseline	  quality	  (standing	  waves).	  Despite	  presence	  of	  atmosphere,	  GREAT	  (nearly)	  as	  
sensi,ve	  as	  HIFI:	  

•  	  C+	  line	  at	  1900.5369	  GHz,	  at	  rest	  velocity,	  41,000	  m,	  smoothed	  over	  2	  km/s,	  1000	  
seconds	  ON+OFF	  on	  TR*	  scale,	  fully	  extended	  emission:	  

–  GREAT:	  RMS=53	  mK,	  Tsys=2840	  K	  (Tsys	  incudes	  atmosphere!)	  
–  HIFI:	  RMS=45	  mK,	  Tsys=2760	  K	  
	  
	  

•  Same	  amer	  smoothing	  to	  50	  km/s	  (stability	  for	  broad	  lines):	  

–  GREAT:	  RMS=11	  mK	  
–  HIFI:	  RMS=12	  mK	  

•  Also,	  HIFI	  had	  no	  mixers	  for	  N+	  and	  OI,	  and	  Herschel	  out	  of	  Helium	  

•  However,	  HIFI	  more	  sensi,ve	  for	  point	  source	  emission	  (3.5	  vs	  2.5	  meter	  mirror!).	  
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3.	  Mapping	  with	  GREAT	  (single	  pixel)	  
•  Example:	  3’x4’	  on-‐the-‐fly	  map	  of	  M17-‐

SW	  
•  [C	  II]	  at	  1900.5369	  GHz	  (157.7	  μm)	  

[NOTE:	  best	  use	  upGREAT	  array	  for	  
making	  this	  CII	  map]	  

•  12CO	  J=13–12	  at	  1496.9229	  GHz	  (200.3	  
μm)	  [NOTE:	  not	  possible	  in	  array	  mode]	  

•  Con2nuously	  taking	  data	  while	  moving	  
over	  the	  source	  

•  Beam	  size	  at	  1.9	  THz	  is	  ~16”,	  so	  want	  8”	  
point	  separa,on	  for	  Nyquist	  sampling	  	  

•  6	  strips,	  each	  	  
–  224”	  long	  (=28	  poin,ngs)	  
–  32”	  high	  (=4	  poin,ngs)	  

19	  

J.P. Pérez-Beaupuits et al.: [C II] and 12CO J=13–12 in M17 SW

(a) (b)

Fig. 1: Left panels - Intensity maps of [C II] 158 µm (top) and 12CO J=13–12 (bottom)
in M17 SW, integrated in the velocity ranges 0–40 km s−1 and 14–28 km s−1, respec-
tively. The contour levels are the 10%, 25%, 50% (thick line), 75% and 90% of the peak
emission. Dashed lines are the strip lines shown in Fig. 2. The central position (0′′,0′′)
is marked with a cross. The ultracompact H II region M17-UC1 and four H2O masers
(Johnson et al. 1998) are marked by the black circle and plus symbols, respectively.
Right panel - 21 cm continuum emission by Brogan & Troland (2001) with the over-
laid contours of the velocity integrated (same as above) emission of 12CO J=13–12
(green), [C II] (red), and the [C I] 3P2 − 3P1 370 µm (blue, integrated in 9–30 km s−1)
from Pérez-Beaupuits et al. (2010). The contour levels (from thin to thick) are the 50%,
75% and 90% of the peak emission. The stars indicate the O and B ionizing stars
(Beetz et al. 1976; Hanson et al. 1997). Dashed frames depict the beam center for the
edges of the 6 OTF strips. Contour maps are smoothed to 20′′ resolution.

Fig. 2: Left - Strip lines of the molecular (12CO) and atomic ([C I],
[C II]) gas at ∆δ = 30′′ (P.A. 90◦) across the ionization front of
M17 SW. Right - Strip lines at P.A. 63◦ (∆δ = ∆α/2). The lower-
J lines of 12CO, and [C I] are from Pérez-Beaupuits et al. (2010,
their Fig. 3). All these profiles are in units of K km s−1. The VLA
21 cm continuum and H I optical depth (integrated between 0 and
30 km s−1) by Brogan & Troland (2001) are in units of 500×Jy
beam−1 and 8×τ(HI) km s−1, respectively. The offset, ∆α = 0′′ in
R.A., is the same as in Fig. 1.

at 1496.922909 GHz (200.3 µm) toward M17 SW. The obser-
vations were performed in on-the-fly (OTF) total power mode.
The area mapped consists of six strips, each covering 224′′×32′′
(∆α×∆δ with a sampling of 8′′ (half the beamwidth at 1.9 THz).
Hence, each strip consists of four OTF lines containing 28 points
each. We integrated 1s per dump and 5s for the off-source refer-
ence.

All our maps are centered on R.A(J2000)=18:20:27.6 and
Dec(J2000)=-16:12:00.9, which corresponds to the SAO star
161357. For better system stability we used a nearby refer-
ence position at offset (345′′,−230′′). A pointed observation of
this reference position against the known better reference (off-
set (1040′′,−535′′) Matsuhara et al. 1989) showed that the ref-
erence is clean of 12CO emission, but contains weak (<20% of
the peak emission) and relatively narrow (FWHM∼15 km s−1)
[C II] emission. All [C II] spectra presented here were corrected
for this missing flux.

Pointing was established with the SOFIA optical guide cam-
eras, and was accurate to better than 10′′. Because the acousto-
optical and fast Fourier transform spectrometers (Klein et al.
2012) operated in parallel give redundant information, we base
the following analysis on the data from the latter, which pro-
vided 1.5 GHz bandwidth with about 212 kHz (∼0.03 km s−1) of
spectral resolution. Because during this commissioning flight the
instrument showed some random gain variations, we discarded

15-20% of the spectra by filtering the spectra for outliers in the
total-power IF level and for outliers in the noise rms (obtained
after subtracting a third-order polynomial), retaining only reli-
able data. The calibration of these data to antenna temperature
was performed with the kalibrate task from the kosma software
package (Guan et al. 2012). We then reduced and imaged the
data further with the CLASS90 packages, which is part of the
GILDAS2 software. Using the beam efficiencies (ηc) 0.51 for
[C II] and 0.54 for 12CO J=13–12, and the forward efficiency
(η f ) of 0.95 (Heyminck et al. 2012), we converted all data to
main beam brightness temperature scale, TB = η f × T ∗A/ηc.

3. Results
The velocity-resolved spectra of the new GREAT/SOFIA ob-
servations reveal a much more complex structure than expected
based on our understanding of M17 SW as a highly clumped
PDR, with a significant fraction of the [C II] emission not at all
associated with the molecular PDR material.

Figures 1–4 display the GREAT data compared with supple-
mentary data of typical PDR tracers from the literature. Figure 1
shows the velocity-integrated emission of [C II] between 0 and
40 km s−1 (peak ∼1070 K km s−1) and 12CO J=13–12 [14 –
2 http://www.iram.fr/IRAMFR/GILDAS
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3.	  Mapping	  with	  GREAT	  (single	  pixel)	  
•  Scan	  speed:	  

–  Time	  es,mator:	  1s	  x	  1km/s	  -‐>	  ~3	  K	  rms	  
noise	  (enter	  2	  sec	  in	  online	  tool,	  as	  it	  
assumes	  ON+OFF	  ,me).	  OK	  for	  this	  
purpose,	  so	  1	  map	  sufficient.	  

•  Time	  per	  line:	  
–  One	  line:	  224/8=28	  sec	  
–  Note:	  line	  should	  not	  exceed	  30	  sec	  
–  Reference	  posi,on	  √28	  ≈	  5	  sec	  
–  Time	  per	  line:	  28s+5s=33	  sec	  

•  Total	  ,me	  on	  sky:	  
–  Total	  lines:	  4x6=24	  	  
–  Total	  integra,on	  ,me:	  24x33	  sec=792	  

sec	  
•  Total	  ,me:	  

–  Overhead	  is	  100%	  of	  sky	  ,me+	  2	  
minutes	  (SPT),	  i.e.,	  2*792+120=1704	  
sec	  (28	  min)	  
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Fig. 1: Left panels - Intensity maps of [C II] 158 µm (top) and 12CO J=13–12 (bottom)
in M17 SW, integrated in the velocity ranges 0–40 km s−1 and 14–28 km s−1, respec-
tively. The contour levels are the 10%, 25%, 50% (thick line), 75% and 90% of the peak
emission. Dashed lines are the strip lines shown in Fig. 2. The central position (0′′,0′′)
is marked with a cross. The ultracompact H II region M17-UC1 and four H2O masers
(Johnson et al. 1998) are marked by the black circle and plus symbols, respectively.
Right panel - 21 cm continuum emission by Brogan & Troland (2001) with the over-
laid contours of the velocity integrated (same as above) emission of 12CO J=13–12
(green), [C II] (red), and the [C I] 3P2 − 3P1 370 µm (blue, integrated in 9–30 km s−1)
from Pérez-Beaupuits et al. (2010). The contour levels (from thin to thick) are the 50%,
75% and 90% of the peak emission. The stars indicate the O and B ionizing stars
(Beetz et al. 1976; Hanson et al. 1997). Dashed frames depict the beam center for the
edges of the 6 OTF strips. Contour maps are smoothed to 20′′ resolution.

Fig. 2: Left - Strip lines of the molecular (12CO) and atomic ([C I],
[C II]) gas at ∆δ = 30′′ (P.A. 90◦) across the ionization front of
M17 SW. Right - Strip lines at P.A. 63◦ (∆δ = ∆α/2). The lower-
J lines of 12CO, and [C I] are from Pérez-Beaupuits et al. (2010,
their Fig. 3). All these profiles are in units of K km s−1. The VLA
21 cm continuum and H I optical depth (integrated between 0 and
30 km s−1) by Brogan & Troland (2001) are in units of 500×Jy
beam−1 and 8×τ(HI) km s−1, respectively. The offset, ∆α = 0′′ in
R.A., is the same as in Fig. 1.

at 1496.922909 GHz (200.3 µm) toward M17 SW. The obser-
vations were performed in on-the-fly (OTF) total power mode.
The area mapped consists of six strips, each covering 224′′×32′′
(∆α×∆δ with a sampling of 8′′ (half the beamwidth at 1.9 THz).
Hence, each strip consists of four OTF lines containing 28 points
each. We integrated 1s per dump and 5s for the off-source refer-
ence.

All our maps are centered on R.A(J2000)=18:20:27.6 and
Dec(J2000)=-16:12:00.9, which corresponds to the SAO star
161357. For better system stability we used a nearby refer-
ence position at offset (345′′,−230′′). A pointed observation of
this reference position against the known better reference (off-
set (1040′′,−535′′) Matsuhara et al. 1989) showed that the ref-
erence is clean of 12CO emission, but contains weak (<20% of
the peak emission) and relatively narrow (FWHM∼15 km s−1)
[C II] emission. All [C II] spectra presented here were corrected
for this missing flux.

Pointing was established with the SOFIA optical guide cam-
eras, and was accurate to better than 10′′. Because the acousto-
optical and fast Fourier transform spectrometers (Klein et al.
2012) operated in parallel give redundant information, we base
the following analysis on the data from the latter, which pro-
vided 1.5 GHz bandwidth with about 212 kHz (∼0.03 km s−1) of
spectral resolution. Because during this commissioning flight the
instrument showed some random gain variations, we discarded

15-20% of the spectra by filtering the spectra for outliers in the
total-power IF level and for outliers in the noise rms (obtained
after subtracting a third-order polynomial), retaining only reli-
able data. The calibration of these data to antenna temperature
was performed with the kalibrate task from the kosma software
package (Guan et al. 2012). We then reduced and imaged the
data further with the CLASS90 packages, which is part of the
GILDAS2 software. Using the beam efficiencies (ηc) 0.51 for
[C II] and 0.54 for 12CO J=13–12, and the forward efficiency
(η f ) of 0.95 (Heyminck et al. 2012), we converted all data to
main beam brightness temperature scale, TB = η f × T ∗A/ηc.

3. Results
The velocity-resolved spectra of the new GREAT/SOFIA ob-
servations reveal a much more complex structure than expected
based on our understanding of M17 SW as a highly clumped
PDR, with a significant fraction of the [C II] emission not at all
associated with the molecular PDR material.

Figures 1–4 display the GREAT data compared with supple-
mentary data of typical PDR tracers from the literature. Figure 1
shows the velocity-integrated emission of [C II] between 0 and
40 km s−1 (peak ∼1070 K km s−1) and 12CO J=13–12 [14 –
2 http://www.iram.fr/IRAMFR/GILDAS
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3.	  Mapping	  with	  GREAT:	  SPT	  
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4.	  Mapping	  with	  upGREAT	  (array)	  
•  Low	  frequency	  array	  (LFA;	  CII)	  and	  (shared	  risk)	  high	  

frequency	  array	  (HFA;	  OI)	  
•  Array	  of	  14	  pixels	  on	  7	  sky	  posi,ons	  in	  2	  polariza,ons	  

observed	  at	  the	  same	  ,me	  
•  Current	  tuning	  range:	  	  

–  LFA	  CII:	  1.9005	  ±	  0.003	  THz	  (±	  500	  km/s)	  
–  HFA	  OI:	  4.74477749	  THz	  (-‐25	  to	  +90	  km/s	  or	  -‐30	  to	  -‐140	  km/s)	  

•  Each	  pixel	  upGREAT	  LFA	  more	  sensi,ve	  than	  GREAT	  L2	  à	  
order	  of	  magnitude	  more	  efficient	  mapping	  than	  GREAT	  L2	  

•  Cycle	  5	  combina,on:	  L2+H	  or	  L2+HFA	  (e.g.,	  C+	  and	  OI)	  and	  
LFA+L1	  (e.g.,	  C+	  and	  N+);	  Stay	  tuned	  for	  updates	  in	  June!	  

•  Array	  ,lted	  by	  19	  degrees	  for	  maximum	  efficiency	  
•  Pixels	  2	  beams	  separated	  (~34”)	  
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4.	  Mapping	  with	  upGREAT	  (array)	  
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Mapping	  in	  CII	  line.	  For	  worked	  out	  examples,	  see	  
hpps://www.sofia.usra.edu/sites/default/files/Guide_To_GREAT.pdf	  
hpps://www.sofia.usra.edu/sites/default/files/upGREAT_Mapping_AOT.pdf	  

Off	  posi,on	  

2	  scans	  
in	  RA	  

2	  scans	  
in	  Dec.	  

This	  mapping	  papern	  avoids	  striping	  (scans	  in	  RA	  and	  Dec)	  and	  is	  ,me	  efficient.	  
However,	  it	  gives	  an	  incomplete	  map	  (cross	  over	  center)	  in	  the	  simultaneous	  single	  
pixel	  L1	  line.	  



4.	  Mapping	  with	  upGREAT	  (array)	  
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77x77”	  map	  of	  NGC	  7027:	  
	  
•  Projected	  beam	  separa,on	  11”	  at	  CII	  beam	  size	  of	  14”:	  need	  2	  scans	  in	  each	  

direc,on,	  separated	  by	  5.5”,	  for	  fully	  sampled	  (actually	  slightly	  oversampled)	  
map.	  	  

•  For	  all	  pixels	  to	  see	  77x77”	  box,	  start/end	  half	  array	  width	  before/amer	  map	  
center:	  total	  scan	  length	  144”,	  which	  is	  144/5.5=27	  steps.	  

•  Select	  integra,on	  ,me	  of	  1	  sec	  per	  spa,al	  point	  (note,	  minimum	  is	  0.3	  sec):	  
each	  scan	  takes	  27	  sec	  (should	  always	  be	  <30	  sec)	  

•  Off	  posi,on:	  SQRT(27)~5	  secà	  one	  scan	  takes	  32	  sec	  
•  2	  scans	  in	  RA,	  2	  scans	  in	  Dec:	  4*32=128	  sec	  
•  Overhead	  is	  100%	  
•  Total	  ,me:	  2*128	  sec,	  i.e.,	  	  a	  bit	  more	  than	  4	  minutes.	  
•  Time	  per	  spa,al	  point:	  (2	  sec	  in	  RA+2	  sec	  in	  Dec)x2	  polariza,ons=8	  seconds	  
•  Get	  RMS	  noise	  from	  ,me	  es,mator	  (enter	  16	  seconds;	  ,me	  es,mator	  ‘feature’:	  

assumes	  ON+OFF	  ,me,	  but	  for	  OTF	  only	  ON	  ,me:	  N	  sec	  is	  N/2	  sec	  on	  source)	  



4.	  Mapping	  with	  upGREAT	  (array)	  
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77x77”	  map	  of	  NGC	  7027:	  
	  
In	  previous	  case	  each	  LFA	  pixel	  will	  only	  see	  part	  of	  the	  map	  and	  the	  simultaneously	  used	  
single	  pixel	  L1	  will	  only	  cover	  a	  cross	  over	  the	  center.	  For	  mapping	  papern	  to	  get	  fully	  
sampled	  maps	  of	  L1	  and	  each	  pixel	  LFA,	  see	  example	  2	  in	  
hpps://www.sofia.usra.edu/sites/default/files/Guide_To_GREAT.pdf.	  	  20	  scans	  with	  7	  
fully	  sampled	  maps	  in	  center	  (blue	  box)	  takes	  4	  ,mes	  longer.	  



4.	  Mapping	  with	  upGREAT	  (array)	  
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Mapping	  very	  large	  area:	  use	  blocks.	  See	  
hpps://www.sofia.usra.edu/sites/default/files/upGREAT_Mapping_AOT.pdf	  

Sparsely	  sampled	  block	   Fully	  sampled	  block	  

Mosaic	  of	  blocks	  to	  map	  large	  region	  



5.	  For	  Further	  Reading	  
	  

	  
	  
•  Guide	  to	  Planning	  Observa,ons	  with	  SOFIA/GREAT	  
	  	  	  	  	  	  hpps://www.sofia.usra.edu/sites/default/files/Guide_To_GREAT.pdf	  
	  	  	  	  	  	  hpps://www.sofia.usra.edu/sites/default/files/upGREAT_Mapping_AOT.pdf	  
	  
	  
•  MPIfR	  sub-‐millimeter	  group	  (GREAT	  instrument	  team):	  

hpp://www3.mpifr-‐bonn.mpg.de/div/submmtech/	  	  	  
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6.	  GREAT	  as	  PSI	  Instrument	  
GREAT	  is	  Principal	  Inves,gator-‐class	  Science	  Instrument	  (PSI).	  
	  
Call	  for	  proposals:	  	  
	  
	  	  	  "Guest	  Inves,gators	  will	  receive	  calibrated	  data	  from	  the	  
	  	  	  	  	  	  	  	  	  	  	  GREAT	  team."	  
	  
	  	  	  	  
	  	  	  "The	  GREAT	  PI	  may	  designate	  up	  to	  3	  coauthors.”	  
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1.	  High	  Resolu,on	  Spectroscopy	  
with	  SOFIA:	  Science	  Applica,ons	  

	  
Unique	  science	  applica,ons	  with	  SOFIA:	  
	  
•  EXES:	  	  

•  ro-‐vibra,onal	  transi,ons	  molecules	  (H2O,	  CH4,	  CH3,	  etc.)	  
•  rota,onal	  transi,ons	  H2	  	  (S(0),	  S(5)-‐S(8)).	  Note:	  S(1),	  S(2),	  and	  S(4)	  can	  

be	  done	  from	  the	  ground	  (TEXES)	  
•  electronic	  transi,ons	  atoms	  (Fe,	  Ar)	  

•  GREAT:	  	  

•  rota,onal	  transi,ons	  molecules	  (e.g.,	  hydrides)	  
•  important	  fine	  structure	  (cooling)	  lines	  (OI,	  CII,	  NII)	  
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