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Spectral Mapping!

Spectral Mapping results 
in a 3D-data cube!
•  P-V-diagrams!
•  Line intensity maps!
•  Velocity maps!
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Instruments!

•  FIFI-LS – Direct detection, 51 - 203 μm  
Grating spectrometer offering medium spectral 
resolution: R=500…2000  
Integral Field Unit!

•  GREAT – Heterodyne Receivers,  
High spectral resolution, R<107  
On-the-fly mapping  
Cycle 4 configurations: L1/L2, L2/H!
–  L1: 1.25-1.52 THz / 240-197μm!
–  L2: 1.81-1.91 THz / 166-157μm, incl. [CII]!
–  H: 4.7448 THz / 63.1837 μm [OI]!
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FIFI-LS!
•  Far-infrared spectrometer employing two 

parallel channels operating simultaneously:  !
•  Blue 51-120 μm  

!5x5 pixel field of view: 6” per spatial pixel!
•  Red 115-203 μm  

!5x5 pixel field of view: 12” per spatial 
pixel!

•  Imaging spectrometer concept!
•  Each channel: 5x5 spatial pixels!
•  16 spectral pixels per spatial pixels!
•  Spectral resolution: R=500-2000!

SOFIA Workshop 2015-05-21 4 



Integral Field Concept!
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2D field of view 
becomes 1D slit!

Footprint of Red and 
Blue channels are 
concentric!

2D detector contains 3D data cube!2015-05-21 SOFIA Workshop 5 



these observations is of order 18, which corresponds to
1.4 kpc at a distance of 5 Mpc.17

Figure 36 shows the infrared spectrum from the cen-
tral 700 pc of M82, with the emission lines from HII
regions removed. The derived average gas densities in
the PDR clouds for these bright starburst regions (Table
II for M82) are ;104 cm23, and the incident far-
ultraviolet flux G0;1032104. Büttgenbach et al. (1992)
observed [CI] 609-mm emission in IC342 and Stutzki
et al. (1997) observed both [CI] lines in M82 and found
similar cloud densities and far-ultraviolet fluxes in these
starburst galaxies. The atomic (C1) temperatures are
;200–300 K, and the mass in the C1 component is very
significant, ranging from 2 to 10% of the total gas mass.
The gas-phase silicon abundances are high, xSi;2
31025 (;0.5 solar), in M82 and NGC 253. This may
result from starburst activity that produces shock waves,
which partially vaporize interstellar grains and raise the
gas-phase abundances of refractories like silicon. A sig-
nificant amount of [SiII] emission, and to a lesser extent
[CII], may originate from relatively diffuse (ne
;100 cm23) HII regions in these nuclei (Carral et al.,
1994, Lord et al., 1996). Figure 37 shows the relative
contribution of HII regions and PDRs to the [CII] as a
function of the electron density in the HII region; pres-
sure equilibrium between the HII region and the sur-
rounding PDR is assumed. The Wolfire et al. (1990)
models compared to the IR observations derive a sur-
prising number of clouds and cloud sizes; there are nu-

merous (N;105) small (R&1 pc) clouds present. These
‘‘clouds’’ are individual entities in the sense that they
cannot shadow each other from the far-ultraviolet flux.
Nevertheless, they may be clustered together in sheets
or filaments. Aalto et al. (1991a, 1991b, 1995, 1997) also
derive small, dense, warm clouds from observations of
CO isotopes and HCN in the nuclei of merging and
infrared-bright galaxies. Figure 38 schematically illus-
trates the derived interstellar medium conditions in the
central 500 pc (diameter) of the representative starburst
galaxy NGC 253. The average conditions in the central
regions of these starburst galaxies are far different from

17Results have been obtained for M82 by Watson et al.
(1984), Crawford et al. (1985), Lugten et al. (1986), Wolfire
et al. (1990), Harris et al. (1991), Schilke et al. (1993), White
et al. (1994), Lord et al. (1996), and Stutzki et al. (1997) and for
NGC 253 and NGC 3256 by Aalto et al. (1991a), Stacey et al.
(1991), Carral et al. (1994), Harrison et al. (1995), and Israel
et al. (1995).

FIG. 36. The infrared spectrum from the central 700 pc of the
starburst galaxy M82. The spectrum of M82 is taken from Gen-
zel (1992) with the [CI] emission from Schilke et al. (1993)
added. The line emission from HII regions has been excluded.

FIG. 37. Ratio of [CII] 158 mm PDR luminosity to [CII]
158 mm HII region luminosity as a function of the electron
density in the HII region (Carral et al., 1994). Thermal pres-
sure equilibrium between the PDR and HII region is assumed,
and the HII region is ionization bounded. The effective tem-
perature of the central star Teff and its Lyman continuum pho-
ton luminosity NLyc are indicated. The values at 10 cm23 are
upper limits. The horizontal dotted line indicates where
LCII(PDR)5LCII(HII); PDRs dominate [CII] emission except
in very diffuse regions.

207D. J. Hollenbach and A. G. G. M. Tielens: Photodissociation regions in galaxies

Rev. Mod. Phys., Vol. 71, No. 1, January 1999

Science Case!

•  Mapping of FIR fine structure lines in galactic 
and extra galactic sources.!
•  Main cooling lines of the  
interstellar gas in the  
FIFI-LS range:!
•  [CII] 158μm!
•  [OI] 63.18μm, 145.4μm!
•  In ionized regions:!
•  [OIII] 51.81μm, 88.36μm!
•  But also high-J CO lines, OH-lines etc.!

Hollenbach & Tielens (1999) 
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Location of SN, but a detection 
was not to be expected. 

M82 – [CII] 158μm!
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 Velocity of ionized Carbon @ 158 µm  
from -130 km/s to +130 km/s!



A. Contursi et al.: Spectroscopic FIR mapping of the disk and galactic wind of M82 with Herschel–PACS.

[O III] 88µm

[C II] 158µm[O I] 145µm

[O I] 63µm

460pc

Fig. 2. Integrated line emission of the 4 observed lines at their original spatial resolution. Typical PSF widths are shown for
the shortest and longest wavelengths. Units are in W m�2. The black cross corresponds to the adopted center of M82, i.e.
9h55m52.2s 69d40m46.6s (J2000) (Dietz et al 1986). North is up and East is towards the left.

fitted continuum plus Gaussian profile. These errors contain the
noise of the spectrum as well as systematic deviations from a
perfect fit. These errors were quoted in the same units as the
fitted line fluxes, i.e., W m�2 per each spaxel. The line flux er-
ror maps were generated with exactly the same drizzle scheme
as for the line map. In order to create the error maps by the
same method as for the flux, we used the intermediate quan-
tity 1/errors2 which can be drizzled as an extensive variable.
However, caution must be taken when interpreting the resulting
errors for the following reasons. In principle, if we were deal-
ing with statistical noise only, by observing the same spot in the
sky several times, as we e↵ectively do when we combine dif-
ferent rasters in the drizzle, the error of the combined measure-
ments would go down. If there is a systematic error it will al-
ways be the same in sign and magnitude and will not cancel with
repeated measurements. Furthermore, the errors in the regions
where the error/signal ratio is better than the calibration accu-
racy (explained in detailed in Section 3.4) should not be quoted
as absolute measurement errors. This explains why we have an
increase of the estimated ”errors” where the signal is stronger.
Therefore, these maps are meaningful only in the ”outskirts” of
the galaxy but not in the starburst region and for this reason we
masked the starburst regions in the ”error” maps shown in the
right column of Figure 1. In order to give a complete picture of

the final ”noise” levels we reach in each map, we show in Figure
1 also the S/N maps.

3. Results

3.1. FIR line intensity and continuum maps

Figure 2 shows the line intensity maps of the 4 lines in their
original spatial resolution. All maps are North-South oriented.
The crosses represent the center of M82. The brightest integrated
line emissions are very similar at all wavelengths but at the faint
emission level, some important di↵erences are noticeable. The
two lines tracing exclusively the neutral atomic gas, namely [OI]
63 µm and [OI 145] µm, show a spherical morphology, while the
[CII] emission, that arises mainly in the neutral atomic medium
but also from the ionized medium, shows a weak elongation to-
wards the minor axis. This elongation becomes more evident in
the [OIII] 88 µm line intensity maps, that traces purely ionized
gas. In all maps, emission up to 1 kpc on both sides of the disk
along the minor axis is detected. From these maps it is evident
that the ionized medium has an emission elongated along the mi-
nor axis of the galaxy while the emission arising from the neutral
medium is more spherically distributed, although still detected
along the minor axis of the galaxy.
Figure 3 shows the continuum map derived from the observation
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Time Estimate: M82!
•  Expected flux eg. from KOA, ISO, or Herschel observations !

•  Here from Herschel PACS-S: Central 2’x2’ with PACS-S 
Contursi et al. A&A 549, A118 (2013)!

•  Expected integrated line flux for [CII]: 
~2x10-17 W/m2 per PACS-S  
spaxel in outer regions"

•  PACS-S spaxel is 9.7”x9.7”!

•  FIFI-LS red spaxel: 
12”x12” -> 1.5 times larger!

•  Expected flux per FIFI-LS 
spaxel: 3x10-17 W/m2 !
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FIFI-LS Time Estimator!
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https://atran.sofia.usra.edu/cgi-bin/fifi-ls/fifi.cgi 

Required user input 

Conservative default  
values 



FIFI-LS Time Estimator!
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FIFI-LS Time Estimator!
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MDL/CF: minimum detectable line/continuum flux (4σ in 15 ton) !

Result 

Inter- 
mediate 
results 



Mapping!
•  ton=19min!
•  Consider overlap: 3x3 map positions spacing of ½ a red array 

or 30” or 2.5 pixels (super-resolution)-> Map size 2’x2’ in red!
–  Corners covered once -> !SNR: 2.9!
–  Sides covered 3x -> !SNR: 5!
–  Center covered 9x -> !SNR: 8.7!

•  ton=19min coverage, i.e. SNR of 5, in sides. 
Therefore 19/3=6.3min on-source time, per position  
-> 9x6.3=57min or 3420s total on-source time.!

•  Symmetric Chop -> overhead: x1.7 or 97min  
Total time: 154+5 min or 9534s (SPT)!

•  Blue map full coverage, no overlap  
Let’s assume that 6.3min per position is 
sufficient for a blue pointing.!
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3x3 raster map!

Frame shows 
single blue & 
red FOV!



Sofia Proposal Tool (SPT)!
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The [OI] 63μm line!
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FIFI-LS Observing Modes!
•  Symmetric Chop (see example) 

With matched nod -> symmetric off-positions 
Max chop throw θ < 5’ for λ<120μm & θ < 4’ for λ < 63μm 
Overhead: 170% (assumes long integration times)!

•  Asymmetric Chop 
Needs reference position  
Overhead: 430% (assumes long integration times)!

•  Bright Object 
Asymmetric chop with two on-positions per nod-cycle  
Overhead: 500% (assumes ton ≈ 5s)!

•  Spectral Scan (shared risk!) 
Several microns wide spectral features!
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Symmetric!

Asymmetric!



Data Cube of M42!
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Fluxer http://hera.ph1.uni-koeln.de/~ciserlohe/Fluxer/fluxer.html 



GREAT – M17-SW!
•  Example: 3’x4’ on-the-fly 

map of M17-SW!
•  [C II] at 1900.5369 GHz (157.7 

μm) !
•  12CO J=13–12 at 1496.9229 

GHz (200.3 μm) !
•  Continuously taking data 

while moving over the 
source!

•  6 strips, 224” long,   
4× 8”=32” high!

•  8” sampling (half beam at 
1.9 THz). -> 28 points per 
line!

SOFIA Workshop 2015-05-21 18 

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 !! = 30"" (P.A. 90#) across the ionization front of
M17 SW. Right - Strip lines at P.A. 63# (!! = !"/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$Jy
beam!1 and 8$#(HI) km s!1, respectively. The o"set, !" = 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""$32""
(!"$!! 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 o"-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 o"set (345"",!230""). A pointed observation of
this reference position against the known better reference (o"-
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 e#ciencies ($c) 0.51 for
[C II] and 0.54 for 12CO J=13–12, and the forward e#ciency
($ f ) of 0.95 (Heyminck et al. 2012), we converted all data to
main beam brightness temperature scale, TB = $ f $ T &A/$c.

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

2

J.P. Prez-Beaupuits et al.!
A&A 542, L13 (2012)!



GREAT – M17-SW!
!
•  1s integration per point ->  

8”/s scanning speed!
•  Scan should not exceed 60s"
•  Reference position √28s ≈ 5s!
•  One line -> 28s+5s=33s!
•  4x6=24 lines!
•  Total integration time: 

24x33s=792s!
•  100% + 2min overhead (SPT) 

1704s (28min)!
•  Time estimator:  

1s x 1km/s -> ~3K rms!
•  No repeat of map necessary.!

SOFIA Workshop 2015-05-21 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 !! = 30"" (P.A. 90#) across the ionization front of
M17 SW. Right - Strip lines at P.A. 63# (!! = !"/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$Jy
beam!1 and 8$#(HI) km s!1, respectively. The o"set, !" = 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""$32""
(!"$!! 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 o"-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 o"set (345"",!230""). A pointed observation of
this reference position against the known better reference (o"-
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 e#ciencies ($c) 0.51 for
[C II] and 0.54 for 12CO J=13–12, and the forward e#ciency
($ f ) of 0.95 (Heyminck et al. 2012), we converted all data to
main beam brightness temperature scale, TB = $ f $ T &A/$c.

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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J.P. Pérez-Beaupuits et al.!
A&A 542, L13 (2012)!



GREAT SPT!
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upGREAT!

•  Low frequency array (LFA)!
•  7 pixel array both polarizations (currently only 

one polarization at a time)!
•  Current tuning range: 1.9005 ± 0.003 THz 

[CII] line ± 500km/s!
•  7 (maybe both pol.) pixel each more sensitive 

than L2 -> ~ order of magnitude more efficient 
mapping than GREAT L2  
Currently on SOFIA for commissioning!

•  Cycle 4 combination: LFA/L1  
L2/H may be replaced by LFA/H!

•  Stay tuned for updates on June 8!
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Approx.!
beam pattern and  

scanning directions!



upGREAT mapping example!

Document # GP9700052 
 Rev: 05 
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Observing scripts 
 

 Scripts verified: 10.05.15 description Ttarget 
OTF array_otf_totalpower_map_IC1396E_A centered at 110,-25s  

reference position: 0,-200s 
 

 Yoko’s 77x77s building block. 154s length (both axis)  5.5s dump/1 sec, spacing 5.5s 
-19.1 derotation (RA), -10.9 (Dec).  1x slew/ref, 4 ref/load (1 load/map) 

5 min 

 

OTF array_otf_totalpower_map_IC1396E_B centered at -60,-5s  
reference position: 0,-200s 

 

 Yoko’s 77x77s building block. 154s length (both axis)  5.5s dump/1 sec, spacing 5.5s 
-19.1 derotation (RA), -10.9  (Dec).   1x slew/ref, 4 ref/load (1 load/map) 

5 min 

 

OTF array_otf_totalpower_map_IC1396E_C_x(y)scan centered at -10,+70s  
reference position: 0,-200s 

 

 Yoko’s  154x77s building blocks, need to run x & y-scans separately (tracking issue).  
RA: 231s length (RA axis)  5.5s dump/0.7 sec, spacing 5.5s 
Dec: 154s length (RA axis)  5.5s dump/1.0 sec, spacing 5.5s 
-19.1 derotation (RA), -10.9 (Dec).   1x slew/ref, 4 ref/load (1 load/map) 

2+5 min 

 

OTF array_otf_totalpower_map_IC1396E_D_x(y)scan centered at +20,-45s  
reference position: 0,-200s 

 

 Yoko’s 231x154s building block, need to run x & y-scans separately (tracking issue). 
RA: 308s length (RA axis)  5.5s dump/0.5 sec, spacing 5.5s 
Dec: 231s length (RA axis)  5.5s dump/0.7 sec, spacing 5.5s 
-19.1 derotation (RA), -10.9 (Dec).   1x slew/ref, 4 ref/load (1 load/map) 

5+7 min 

 
 

note to TO: FFI tracking on reference will be fine.  
note: due to tracking issues in large field, the scripts for C and D have been split.  

 
Fig.3.2.4. Mapping schemes for IC1396E, for subfields A(top left) to D (bottom right). Red lines are array pixels 
for the first OTF lines. 
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