
FIFI-LS	Data	Reduction	and	Analysis

W.	Vacca

FIFI-LS	Pipeline	Team:
W.	Vacca,	M.	Clarke,	J.	Holt,	D.	Fadda,	

C.	Iserlohe,	C.	Fischer



A	Few	Preliminaries…
• GO’s	do	not	need	to	reduce	FIFI-LS	data

– SOFIA	Data	Pipeline	Team	is	responsible	for	FIFI-LS	data	
reduction	and	calibration

• GO’s	do need	to	be	aware	of	limitations	of	
pipeline	reductions
– The	WVM	on-board	SOFIA	has	only	recently	been	
brought	into	service	and	has	not	yet	been	calibrated

• GO’s	are	responsible	for	all	subsequent	analysis	of	
FIFI-LS	data
– Remember	that	FIFI-LS	data	products	are	cubes!
– There	are	now	tools	available	that	allow	you	to	
examine	and	analyze	your	data

– The	SOFIA	team	is	ready	and	prepared	to	help	you



FIFI-LS	Pipeline	Status	Summary
• Current	version	of	FIFI-LS	pipeline	(v1.5.0)	is	written	in	IDL

– Used	extensively	during	flights	to	produce	‘Quick-look’	reductions
– Incorporates	all	known	FIFI-LS	observing	modes,	including	‘Total	

Power’	and	‘Focus_Loop’
– Previous	version	have	been	used	to	reduce	all	FIFI-LS	data	
– Incorporates	parallel	processing	(huge	increase	in	speed!)
– Generates	L2,	L3,	and	L4	(multi-mission)	data	cubes
– Incorporates	nominal	telluric	corrections	using	pre-computed	ATRAN	

models	at	various	Alt’s	and	ZAs
– Incorporates	flux	calibration/response	curves	derived	from	

observations	of	Mars
• Works	within	existing	DPS	infrastructure	(REDUX)

– Allows	steps	to	be	performed	sequentially	by	hand	or	automatically
– Displays	results	of	each	step	when	run	manually
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2-D	field	of	view	becomes	1D	slit	via	
image	slicer

The	footprints	of	the	red	and	
blue	channel	are	approximately	
concentric
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FIFI-LS	is	an	Integral	Field	Spectrograph:	
output	file	is	a	3-D	cube

Wavelength

2	spatial	dimensions	x	1	wavelength	dimension:	
• Spectrum	at	each	spatial	pixel	(spaxel)
• Image	at	each	wavelength	(spexel)

• Information-rich,	but	a	more	complex,	format



Major	FIFI-LS	Pipeline	Steps:
Read	FITS	

files/headers

Split	file	into	two	chop	
positions	for	each	grating	

position	

Linear	fit	to	readout	values	
(ramps)	and	combine	slopes	at	
each	pixel	to	determine	cnts/sec

Subtract:	chop0	– chop1

Subtract:	Nod	A	– Nod	B

Divide	by	flat-field

Resample	onto	linear	
wavelength	grid

Resample	onto	
rectilinear	spatial	grid

Wavelength/Spatial	
Calibration

Output	L2	data	fileCombine	grating	
scans

Output	L3/L4	data	
cube

Flux	calibrate

Telluric	Correction

Output	L3	data	file



Readouts

The	output	file	contains	
a	table	of	each	of	the	
readout	values	for	each	
pixel.	The	reduction	
code	separates	the	
values	for	the	two	chop	
positions,	separates	the	
values	for	the	grating	
positions,	and	performs	
a	linear	fit	to	each	ramp	
to	determine	the	count	
rate	(slope	=	counts/sec)	
and	uncertainty	at	each	
pixel



Chopping	and	Nodding
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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.
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Field-Imaging Far-Infrared Line Spectrometer 
•  is SOFIA’s FIR (50-200µm) imaging 

spectrometer (R=1000-2000). 
•  allows to efficiently map two spectral lines 

simultaneously. 
•  probes the state of the ISM with FIR lines. 
•  successfully completed its first two 

commissioning/science flight series. 
•  is offered in the Cycle 3 Call for Proposals. 
http://www.sofia.usra.edu 
 

FIFI=LS(

Chopping and nodding are required to 
cancel sky and telescope background. 
Two methods are offered: 
Symmetric Chopping: 
•  With matched nod 
•  Max chop throw <5’ (for λ<63µm <4’) 
•  Symmetric off positions around target 
•  Duration = 2.5 × ton 

Observing(modes(

•  Far-infrared spectrometer employing two parallel 
channels:   

–  Blue 50-125 µm  
30” field of view, 6” spatial pixel 

–  Red 105-200 µm 
60” field of view, 12” spatial pixel 

•  Imaging spectrometer concept 

–  Each channel: 5x5 spatial pixels 

–  16 spectral pixels per spatial pixel 

•  Spectral resolution: R=1000-2000 

INSTRUMENT(DESCRIPTION(

March 4 -13: 
•  1st installation of FIFI-LS in SOFIA 
•  2 nights of Line Ops (testing from 

the ground) 
•  3 flights: commissioning 

COMISSIOINIG(FLIGHTS(&(PRELIMINARY(RESULTS(

INTEGRAL(FIELD(UNIT(

The figure below illustrates how the integral field 
unit of FIFI-LS works using an image slicer. 

SPECIFICATIONS(

Spectral resolution and instantaneous 
bandwidth: 

Sensitivity as minimum detectable (4σ) 
line/continuum flux  in 15min on 
source integration time (ton). 

a!SOFIA/USRA,&NASA&Ames&Research&Center;&b!Ins/tute&of&Space&Systems,&University&of&StuQgart;&&
c!Max&Planck&Ins/tute&for&extraterrestrial&Physics,&Garching;&d!University&of&Illinois&at&UrbanaTChampaign&
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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 
April 14-26: 
•  2nd Installation   ! 1 night of Line Ops 
•  5 flights: commissioning and science 

&

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) 

Diagnostic powers 
unaffected by dust: 

Kaufman et al. 1999 

Asymmetric Chopping: 
•  Nod to off position 
•  Max chop throw <7’ 
•  Less constrained off positions 
•  Duration = 5 × ton 

Both observing modes  
•  include spatial and spectral 

dithering. 
•  allow flexible mapping. 
The FOV can be rotated to any 
position angle. 
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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.
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Field-Imaging Far-Infrared Line Spectrometer 
•  is SOFIA’s FIR (50-200µm) imaging 

spectrometer (R=1000-2000). 
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•  probes the state of the ISM with FIR lines. 
•  successfully completed its first two 

commissioning/science flight series. 
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INSTRUMENT(DESCRIPTION(

March 4 -13: 
•  1st installation of FIFI-LS in SOFIA 
•  2 nights of Line Ops (testing from 

the ground) 
•  3 flights: commissioning 
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INTEGRAL(FIELD(UNIT(

The figure below illustrates how the integral field 
unit of FIFI-LS works using an image slicer. 
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source integration time (ton). 
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and Blue channels 
are concentric 

2D detector contains 3D data cube 
April 14-26: 
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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) 

Diagnostic powers 
unaffected by dust: 

Kaufman et al. 1999 

Asymmetric Chopping: 
•  Nod to off position 
•  Max chop throw <7’ 
•  Less constrained off positions 
•  Duration = 5 × ton 

Both observing modes  
•  include spatial and spectral 

dithering. 
•  allow flexible mapping. 
The FOV can be rotated to any 
position angle. 

N
ASA • USRA     DLR • D

SI

• Readout	every	4	msec;	32	readouts	per	ramp	=	128	msec per	ramp
• Chop	every	~0.25	sec⟺2	ramps	per	chop	position
• Step	the	grating	every	~10	sec	
• Nod	every	~30	sec	(dwell	time);	typically	3-4	grating	positions	at	each	nod	position
• All	the	readouts	(ramp	values)	for	both	chop	positions	and	all	grating	positions	at	a	

single	nod	position	are	written	into	a	single	file
• Each	nod	position	is	a	separate	file	(A	or	B)
• ~8	sec	to	move	the	telescope	between	nod	positions
• Nods	are	usually	ABBA: 3	grating	positions	at	first	AB	nod	pair	(~76	sec)	and	3 more	

during	the	second	nod	pair	(~76	sec)
• This	is	repeated	for	each	dither/sky	position	in	a	spatial	map

Symmetric	Chop/Nod	(NMC) Asymmetric	Chop/Nod	(C2NC2)



Initial	Steps:	Fit	Ramps,	Chop	&	Nod	Subtract
• For	each	pixel,	at	each	chop	position:

• Exclude	readouts	at	ends	of	ramps	(chop	transitions)
• Exclude	saturated	values
• Perform	linear	fit	to	each	ramp	to	derive	slopes	and	errors	(V/s)	
• Exclude	ramps	during	grating	transitions	
• Combine	slopes	with	weighted	mean	to	derive	instrumental	flux	and	error

• For	each	pixel,	subtract	the	values	for	the	two	chop	positions
• For	each	pixel,	combine	the	A	and	B	nod	values	

Chop0
Chop0	– Chop1

Nod	A Nod	A	– Nod	B

25	spaxels

16
	sp

ex
el
s



Wavelength	calibration:
• Each	spexel j	in	spaxel i has	a	wavelength	λi,j given	by:

• Each	of	the	25	spaxels,	i ,	has	its	own	(and	different)	
wavelength	calibration,	λi,j ,	for	the	16	spectral	pixels,	j

• Sebastian	confirms	that	wavelength	calibration	is	good	
to	10-15%	of	a	resolution	element

• Each	pixel	has	its	own	(and	different)	spectral	width

• To	conserve	flux,	when	resampling,	each	point	must	be	
scaled	by	ratio	of	new	spectral (and	spatial)	width	to	
original	spectral	(and	spatial)	width
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Figure 7: The chop-subtracted nod A flux array, with the corresponding nod B added.  

 
3.2.5 Wavelength Calibrate 
The wavelength calibrate step calculates wavelength values in microns for each of the spectral 
pixels in each grating scan, based on the known grating position, a model of the optical geometry 
of the instrument, and measurements of the positions of known spectral lines.  The optics within 
FIFI-LS tend to drift with time and therefore the FIFI-LS team updates the wavelength solution 
every year.  The wavelength equation (below) is stored in a script, while all relevant constants 
are stored in a reference table, with an associated date of applicability. 
 
The wavelength (λ) for the pixel at spatial position i and spectral position j is calculated from the 
equation: 

!! = !2!!!!" !"# + !"#$$!2!"  
!! = ! ! − 8.5 ∗ !" + !"#$ ! − !"## ∗ ! − !"## ! ∗ !" 

!! = !! ∗ cos tan!! !"#$%&'! − !"
!  

!!" = 1000!!! sin !! − ! + sin !! + ! + !!  

where: 
ind: the input inductosyn position 
m: the spectral order of the observation (1 or 2) 

are inputs that depend on the observation settings, and 
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ISF: inductosyn scaling factor 
PS: pixel scale, in radians 
QOFF: offset of quadratic pixel scale part from the “zero” pixel, in pixels 
QS: quadratic pixel scale correcting factor, in radians/pixel2 
g0: grating constant 
NP: slit position offset 
a: slit position scale factor 
γ: offset from Littrow angle 

are constants determined by the FIFI-LS team, and 
ISOFFi: offset of the home position from grating normal in inductosyn units for the ith 

spaxel 
SlitPosi: slit position of the ith spaxel 

are values that depend on the spatial position of the pixel, also determined by the FIFI-LS team.  
The spaxels are ordered from 1 to 25 spatially as follows: 

1 2 3 4 5 
6 7 8 9 10 

11 12 13 14 15 
16 17 18 19 20 
21 22 23 24 25 

with corresponding slit position: 
Slit position Spaxel 

1 21 
2 22 
3 23 
4 24 
5 25 
6  
7 16 
8 17 
9 18 

10 19 
11 20 
12  
13 11 
14 12 
15 13 
16 14 
17 15 
18  
19 6 
20 7 
21 8 
22 9 
23 10 
24  
25 1 
26 2 
27 3 
28 4 
29 5 

 
Note that each spectral pixel has a different associated wavelength, but it also has a different 
effective spectral width.  This width (dλ/dp) is calculated from the following equation: 

!!!"/!" = 1000!!! !" + 2 ∗ !"#$ ! − !"## ∗ ! − !"## ∗ !" cos !! + ! + !!  

where all variables and constants are defined above. 
 



Spatial	Calibration
• Spaxels are	not	on	a	rectilinear,	regular	grid
• The	relative	sky	position	of	each	pixel	is	computed	and	stored	
• WCS	for	each	cube	is	computed	from	dither	offsets	and	

reference	position
• Offsets	between	red	and	blue	arrays	are	accounted	for
• Final	cube	is	rotated	so	N	up	and	E	left

SOF-US-HBK-OP10-2007 
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At this stage, the first and last spectral pixels (the dummy channels, top and bottom rows in 
Figure 7) are removed from the flux and error arrays, so that their sizes become 5 x 5 x 16.  The 
wavelength values and spectral widths calculated by the pipeline for each pixel are stored in a 
new 5 x 5 x 16 table in each grating scan extension (elements LAMBDA and DLAMDPIX). 

3.2.6 Spatial Calibrate 
The locations of the spaxels are not uniform across the detector due to the optics not being 
perfectly aligned.  See Figure 8 for a plot of the average of the center of each spaxel location as 
measured in the lab. This location is slightly different at each wavelength. These spaxel positions 
are determined by the FIFI-LS team and recorded in a look-up table. 
 
 

 
Figure 8: Average fitted spaxel positions in telescope simulator coordinates (red and 

blue channel) in the focal plane of the telescope. In these coordinates, blue spaxels are  
about 1.5 mm along an edge; red spaxels are about 3 mm.  The plate scale is about 4 arc 

seconds per mm. 
 
 
For a particular observation, the recorded dither offsets in arc seconds are used to calculate the x 
and y coordinates for the pixel in the ith spatial position and the jth spectral position using the 
following formulae: 



Combine	grating	scans,	apply	telluric	corrections	
and	flux	calibration

• Combine	grating	scans:
– Scale	each	pixel	value	to	a	common	spectral	width
– Subtract	bias	offsets	between	grating	scans
– Sort	data	by	wavelength
– Data	are	still	irregularly	sampled	in	wavelength

• Apply	telluric	correction
– WVM	is	still	uncalibrated,	so	no	PWV	values	available
– Pipeline	uses	ATRAN	models	for	Alt	and	ZA	of	observation
– Divide	observed	data	by	model	telluric	spectrum,	smoothed	to	

resolution,	binned,	and	resampled	to	the	observed	data
– Corrections	are	reasonable	for	broad	shallow	features,	but	not	for:

• deep	sharp	features	which	are	extremely	sensitive	to	precise	PWV
• narrow	features	(e.g.,	ozone)	because	(F*Tatm)⊗P/(Tatm⊗ P)	≠	F ⊗ P	

unless	Tatm is	smooth
– Exclude	pixels	where	Tatm <	60%
– Retain	uncorrected	fluxes	in	separate	cube

• Apply	flux	calibration
– Divide	by	instrumental	response	curves	(V/s/Jy)	derived	from	

observations	of	Mars	and	Callisto and	theoretical	models
– Applied	to	both	telluric-corrected	and	uncorrected	cubes

80
	sp

ex
el
s(
5	
gr
at
in
g	
sc
an
s)

25	spaxels



FIFI-LS Flux Calibration: Mars spectrum

Theoretical	Spectrum
(TBB =	242.6K)

Observed	SpectrumObserved	Spectrum



Pipeline	Flux	Calibration:

Wavelength	(microns)

Re
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on

se
	(V
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/J
y)



Pipeline	Flux	Calibration:
• Comparisons	with	Uranus	and	Callisto indicate:

– Mean	deviations	<	few%	(where	Tatm >	0.6)
– RMS	deviations	<	20%	(where	Tatm >	0.8)

• Comparisons	with	Herschel/PACS	indicate	
agreement	to	within	<	15%

Residuals:

Model



Generating	a	regularly	sampled	cube

• The	combined	data	set	for	an	observation	
consists	of	a	cloud	of	data	points,	irregularly	
spaced	in	both	space	and	wavelength

• Ideally,	one	would	resample	once,	in	3	
dimensions	(space	and	wavelength)	
simultaneously	– but	this	is	technically	difficult

• The	pipeline	resamples	first	in	wavelength	and	
then	in	space



Wavelength	Resampling
• Determine	absolute	λmin and	λmax of	the	observations,	from	all	

grating	positions	for	all	spaxels
• Determine	sampling	Δλ from	mean	λ and	R	(or	FWHM)	and	

nsamp number	of	points	per	FWHM		(Δλ=FWHM/nsamp;	nsamp ~	8)
• Establish	regular	grid	of	wavelength	points	from	λmin ,		λmax and	

Δλ
• At	each	grid	point,	for	each	spaxel,	determine	all	n flux	points	

within	f x	FWHM	(f	~	0.25)
• Fit	an	Nth	(N	~	2)	order	1-D	polynomial	to	the	n flux	points,	

excluding	local	outliers	(>	s σ; s	~	5),	with	weights	from	errors	
• Exclude	‘bad’	points	as	determined	by	the	fit
• Flux	and	error	at	grid	point	determined	from	fit
• Repeat	for	all	wavelength	points	and	all	spaxels
• Now	all	spaxels have	the	same	wavelength	grid



Wavelength	Resampling
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Figure 12: Wavelength resampled flux array, now 25 x 48 

Figure 11: Example spectral flux from the center spaxel.  Black is the input flux; 
red is the resampled flux.  

Black	=	input	fluxes	on	irregular	λ grid
Red				=	resampled	fluxes	on	regular	λ grid



Spatial	Resampling
• Determine	absolute	spatial	positions	of	the	observations,	from	all	

dither/offset	positions	and	all	spaxels
• Determine	sampling	Δx from	mean	λ and	R	(or	FWHM)	and	nsamp number	

of	points	per	FWHM		(Δx=FWHM/nsamp)
• Set	(re-)sampling	to	1”	for	blue	array	and	2”	for	red	array
• Establish	regular	grid	of	spatial	points	(pixels)
• At	each	spatial	grid	point	on	each	λ plane,	determine	all	n flux	points	

within	f x	FWHM	(f	~	3)
• Scale	fluxes	by	ratio	of	area	of	new	pixels	to	area	of	original	spaxels to	

preserve	flux
• Fit	an	Nth	(N	~	2)	order	2-D	polynomial	to	the	n flux	points,	excluding	

local	outliers	(>	s σ,	s ~	10),	with	weights	derived	from	errors	and	
distance	from	grid	point

• Exclude	‘bad’	points	as	determined	by	the	fit
• Flux	and	error	at	grid	point	determined	from	fit
• Repeat	at	all	spatial	points	on	each	wavelength	plane
• Now	all	data	are	on	a	regular	wavelength	and	spatial	grid



Spatial	Resampling
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3.2.10 Spatial Resample 
Finally, the pipeline resamples each wavelength plane onto a regular spatial grid.  This step 
combines the spatial information from all input nod-combined dither positions into a single 
output map.  Note that these input files are resampled separately in the wavelength resample 
step, but onto the same master wavelength grid, so that they may be compared directly. The 
maximum and minimum x and y offsets in the input data set the range of the spatial grid.  The 
spacing (dx) is set by the average spatial FWHM for the observed channel, divided by the desired 
oversampling.  For example, a BLUE order 2 observation has an expected mean FWHM of 5.5 
arc seconds, so the default oversampling of 5 pixels sets the grid spacing at 1.1 arc seconds.  If 
the range of x offsets is -14.0 to 15.8 arc seconds, and the range of y offsets is -15.9 to 15.7 arc 
seconds, then the output spatial grid will have dimensions 28 x 30.  The pixel width again 
changes after resampling, so the output flux is multiplied by the area of the new pixel (dx2), 
divided by the intrinsic area of the spaxel (approximately 36 arcseconds2 for BLUE, 144 
arcseconds2 for RED). 
 
The spatial resampling algorithm is similar to the wavelength-resampling algorithm.  For each 
wavelength plane, the algorithm loops over the output spatial grid, finding values within a local 
fitting window.  For the spatial grid, a larger fit window is typically necessary than for the 
spectral grid, since the observation setup usually allows more oversampling in wavelength than 
in space.  The default value for the fit window is 2.0 times the average FWHM for the channel 
observed.  Outlier flux values (typically those greater than 10 sigma away from the mean within 
the window) are rejected, and remaining good values are fit with a low order polynomial surface 
fit.  The fits are weighted by the error on the flux and a Gaussian function of the distance from 
the data point to the grid location.  The output flux for each pixel is the value of the surface 
polynomial, evaluated at the grid location, and the associated error value is the error on the fit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Fit surface at a single wavelength plane (51.804 µm), as 
calculated by the spatial resampling algorithm.  Circles indicate the raw 

data points. Circles	=	input	fluxes	on	irregular	spatial	grid
Yellow	=	resampled	fluxes	on	regular	grid



Why	‘Drizzle’	Isn’t	Optimal:
• “The	flux	in	any	given	output	spaxel,	at	each	
wavelength…is	the	sum	of	all	contributions	from	
the	input	spaxels…”	(PACS	manual)

• For	Drizzle	to	work	well,	it	needs	
– a	regular	grid	of	uniform	detectors
– a	PSF	highly	oversampled	in	all	dimensions
– ‘perfect’	data,	since	flux	values	are	being	re-distributed

• None	of	these	apply	to	FIFI-LS	data!
• Our	philosophy:	each	spectral	and	spatial	sample	
point	is	an	independent	measurement	of	the	
physical	flux	distribution.	We	attempt	to	determine	
that	true	flux	distribution	directly	by	fitting	
surfaces	in	all	dimensions



Pipeline	Examples:	W43	at	158	μm

Reduction	steps



Data	Formats	and	Output	files:
• The	pipeline	produces	a	number	of	intermediate	(L2)	and	final	(L3/L4)	products	by	

default,	for	ease	of	re-processing,	although	the	output	at	any	stage	in	the	reductions	can	
be	saved.

• SCM	(L2)	file,	produced	after	combining	scans	into	an	unevenly	spaced	grid,	with	1	
extension

• CAL	(L3)	file,	produced	after	flux	calibration,	with	1	extension
• WGR	(L3)	file,	produced	after	wavelength	re-sampling	onto	a	regular	wavelength	grid,	

with	9	extensions	(same	as	WXY	files	below,	minus	the	exposure	map)
• WXY	 (L3/L4)	file,	produced	after	spatial	resampling	onto	a	regular	spatial	grid,	with	10	

extensions:
– FLUX:	nx x	ny x	nw cube	of	telluric-corrected,	calibrated	fluxes
– ERR:OR	nx x	ny x	nw cube	of	errors	on	the	fluxes
– UNCORRECTED_FLUX:	nx x	ny x	nw cube	of	uncorrected,	calibrated	fluxes
– UNCORRECTED_ERROR:	nx x	ny x	nw cube	of	errors	on	the	uncorrected	fluxes
– WAVELENGTH:	nw array	of	wavelengths	for	each	plane	in	the	cube
– X:	nx array	of	coordinate	offsets	from	the	reference	position
– Y:	ny array	of	coordinate	offsets	from	the	reference	position
– TRANSMISSION:	nw array	of	‘nominal’	atmospheric	transmission	values
– RESPONSE:	nw array	of	response	values
– EXPOSURE_MAP:	nx x	ny x	nw cube	giving	the	number	of	exposures	at	each	position	and	wavelength	

• WXY	Cubes	can	be	viewed	with	DS9,	FLUXER,	or	SOSPEX



Now	what?
• At	this	point,	the	data	reduction is	finished	and	
the	GO	(you!)	needs	to	perform	the	data	
analysis	in	order	to	produce	scientific	results

• Two	software	packages	will	help	you	examine	
the	final	data	cubes,	measure	line	fluxes,	etc.
– FLUXER:	

• Written	in	IDL	by	C.	Iserlohe
• http://www.ciserlohe.de/fluxer/fluxer.html

– SOSPEX:	
• Written	in	Python	by	D.	Fadda
• https://github.com/darioflute/sospex



Fluxer (v2.72)
• IDL	8.3	code	for	Macs,	Linux,	and	Windows
• Works	with	data	cubes	in	FITS	files
• Functionalities	include:	
• Visualization	of	cubes	in	2-D	(at	each	wavelength)	
and	navigation	through	cubes	(spatial	slices)

• Extraction	of	spectra	at	various	positions	and	in	
apertures	(spectral	slices)

• Fitting	of	continua	and	emission	lines	to	generate	
line	flux	maps	and	velocity	fields

• Generation	and	overplotting of	ATRAN	spectra
• Overplotting line	IDs



Fluxer



SOSPEX	(SOFIA	Spectral	Explorer)
• Python	3	software,	tested	on	Linux	and	Mac
• Directly	installable	with	Anaconda:	

conda install	–c	darioflute sospex

• User-friendly	interface	with	online	help	(?	icon)
• Easy	submission	of	issues	through	github (!	icon)
• Displays	FIFI-LS,	GREAT,	and	PACS	simple	cubes.
• Navigates	cube	planes	and	spectra	through	tabs
• Allows	cube	manipulations	(cut/crop)
• Computes	continuum	and	moments	across	cubes
• Extracts	flux	in	custom	apertures
• Export/import	defined	apertures
• Overlaps	contours	on	other	images

27



SOSPEX	(SOfia SPectral EXplorer)

28

M82	FIFI-LS	contours	over	a	Panstarr-r’	image.	The	spectrum	from	the	outflow	region	inside	the	green	
polygon	is	shown	on	the	right	panel.	The	spectral	panel	shows	flux,	exposure,	and	atmospheric	

absorption,	line	names	as	well	as	the	redshift	and	the	reference	wavelength.



Dealing	with	Telluric	Absorption
• Due	to	lack	of	a	calibrated	WVM,	the	pipeline	uses	pre-computed	ATRAN	

telluric	spectra	appropriate	for	the	altitude	Alt	and	zenith	angle	ZA	at	the	time	
of	the	observations
– Based	on	a	standard	model	atmosphere,	with	fixed	zenith	PWV	values	at	each	Alt
– For	much	of	FIFI-LS	wavelength	range,	these	spectra	are	perfectly	adequate
– Pipeline	divides	the	observed	spectrum	by	the	model	telluric	spectrum

• However,	at	some	wavelengths	(e.g.,	63	microns),	where	telluric	absorption	is	
very	strong,	true	correction	becomes	very	sensitive	to	precise	PWV	value
– In	these	cases,	the	division	can	produce	nonsensical	results
– Therefore,	the	pipeline	blanks	out	regions	where	the	std telluric	transmission	is	

below	0.6
• Under	many	circumstances,	however,	it	is	possible	to	recover	the	true	spectrum	

(as	long	as	the	transmission	>	0)	using	the	un-corrected,	calibrated	data	cube	
and	the	technique described	on	the	next	slide

• An	IDL	package	(fifi_recover)	has	been	developed	by	C.	Iserlohe and	W.	Vacca	
that	implements	this	method	but	has	not	been	widely	distributed	because	it	
requires	a	large	library	of	ATRAN	spectra,	or	a	proprietary	version	of	the	AM	
models	developed	by	the	GREAT	team
– Used	very	successfully	to	measure	the	[O	I]	63	µm	line	flux	from	the	GC



Dealing	with	Telluric	Absorption
• Model	the	observed	spectrum	𝐹"

#$%as:	
• 𝐹"

&#' = 𝐺 𝜆; 𝐼0, 𝜆0, 𝜎 + 𝐶(𝜆) 4 𝑇𝑎𝑡𝑚 𝜆; 𝐴𝑙𝑡, 𝑍𝐴, 𝑃𝑊𝑉 ⊗ 𝑃𝑖𝑛𝑠𝑡 𝑅
• Gaussian	emission	line
• Continuum
• Telluric	absorption
• Instrumental	response

• Compute	𝜒2		to	find	best-fit	I0 and	PWV:

• 𝜒E = 	∑
HI
JKLMHI

NJO P

QI
P

�
"

• Works	only	if	spectrum	has:
– Obvious	continuum
– High	S/N
– Telluric	feature,	but	Tatm >	0

A&A proofs: manuscript no. CNR_Iserlohe

Table 1. Summary of our observations. Species, rest wavelength, flight dates, velocity resolution, angular resolution, original spatial sampling of
our data (as obtained) and average on-source integration time per spaxel location. Here, the angular resolution has been estimated to be about 1/10
of the observing wavelength in arcseconds.

Species � Flight dates FWHM�b FWHMPS F Sampling Tint
[µm] [km/s] [00] [00] [s]

[OI]a 63.1837 6/29/2016, 6/30/2016, 7/3/2016 230 6.5 6 30
[OI]a 145.5254 4/22/2014 320 15.0 12 300
[CII]a 157.7409 6/29/2016, 6/30/2016, 7/3/2016 260 16.0 12 120
CO J=17-16 153.2667 4/24/2014, 4/26/2014 280 16.0 12 750
CO J=16-15 162.8116 6/29/2016, 7/3/2016 250 16.5 12 375
CO J=14-13a 185.9993 4/22/2014, 4/24/2014, 4/26/2014 190 19.0 12 450
[OIII] 51.8145 4/22/2014, 4/24/2014, 4/26/2014, 6/29/2016 320 5.5 6 315
[NIII] 57.3170 4/26/2016, 6/29/2016 290 6.0 6 120
[OIII] 88.3560 4/22/2014, 4/24/2014, 4/26/2016, 7/3/2016 490 9.0 12 180

Notes.

(a) Emission line flux maps of these species are presented in this work and are used for our PDR analysis. Emission line flux maps of the remaining
species are presented in a forthcoming paper.
(b) Calculated using equations from Colditz (2017)

tiplied the result with an atmospheric model transmission curve
T (�, A, El, PWV). This result was convolved with the instrument
spectral profile function P(R), which was taken to be Gaussian,
for a spectral resolution of R = �/�� to obtain the model spec-
trum M:

M = (G( f , v,�) +C) ⇥ T (�, A, El, PWV) ⇤ P(R) (2)

We used the MPFIT IDL software package (Markwardt 2009)
and allowed f , v,�,C and PWV to vary in the optimization pro-
cess until the model spectrum M fitted our measured spectrum.
The ambient pressure A and the elevation of the telescope El are
determined by the observational setup and were kept fixed. The
atmospheric model transmission curve T (�, A, El, PWV), based
on AM models, were e�ciently calculated using the b and c
coe�cient formalism presented in Guan et al. (2012). We used
wavelength and flight altitude dependent b and c coe�cients and
assumed a standard temperature and abundance profile through
the atmosphere. The coe�cients were tabulated for a constant
pressure level A, describing the dry (non-water) and wet (water)
part of the opacity ⌧:

⌧(�, A, PWV) = cA(�) + bA(�) ⇤ PWV (3)

The b and c coe�cients for intermediate flight altitudes were
determined by interpolating the b and c coe�cients tables lin-
early between adjacent modeled flight altitudes. The transmis-
sion curve was calculated as:

T (�, A, El, PWV) = e�⌧(�,A,PWV)/ sin(El) (4)

An example fit to a spectrum around the [OI] 63.2 µm emis-
sion line is shown in fig. 2. Obviously, this determination of
PWV from a spectrum only succeeds if the spectrum exhibits
a high S/N continuum signal that carries spectral imprints of at-
mospheric absorption features due to water. In our large scale
mosaic data cube around the [OI] 63.2 µm transition only spec-
tra from the central CNR region match these criteria, and we de-
termined an average PWV from those. All spectra from this data
cube have been corrected applying above method but keeping
the PWV value fixed to the average PWV in the fit process. Due
to the dual channel layout of the instrument the [OI] 63.2 µm
and the [CII] 157.7 µm transition are usually observed at the
same time, so the [CII] 157.7 µm spectra are corrected the same
way as the [OI] 63.2 µm spectra by applying the same average

PWV . However, for the other transitions observed, PWV can
not be determined that way. In these cases we determine the
PWV from US Standard Atmosphere (1976) for the flight alti-
tude and geographical position of the observations and calculate
an AM transmission spectrum. We fit a Gaussian profile to the
astronomical emission line and divide by the transmission value
obtained on the center position of the fitted Gaussian.

Fig. 2. Example fit illustrating our calibration method to determine
PWV and the true astronomical signal simultaneously. The PWV for
this specific fit was 3.8 µm. Upper plot: Data extracted from an 600 aper-
ture centred on Sgr A* (black), fitted continuum level C (grey), model
Gaussian emission line profile G (blue), resultant model spectrum M
(green), and atmospheric transmission profile T (magenta). The maxi-
mum of the model Gaussian emission line profile is not shown for plot-
ting reasons. Lower plot: Residuals to the fit.

3. Analysing the far-infrared continuum emission

The continuum emission in the wavelength regime discussed in
this paper originates from dust that is heated by the absorption of
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Pipeline	Examples:	Orion
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Pipeline	Examples:	Mapping	the	CNR	in	the	GC
FORCAST Observations of the CNR 

(Lau et al. 2013)

2.6’

3.0’

FIFI-LS Observations of the CNR at 145 µm 
(Iserlohe et al. 2018)



Pipeline	Examples:	CNR	Mapping
C. Iserlohe et al.: FIFI-LS observations of the Circumnuclear Ring

Fig. 9. Emission line flux maps used in our PDR analysis in chapter 5. Flux values are determined from Gaussian fits to the emission line
profiles as described in chapter 2. The angular resolution is as obtained, the magenta filled circles represent the FWHM of the PSF of the FIFI-LS
instrument at these wavelengths: [OI] 63.2 µm, [OI] 145.5 µm, [CII] 157.7 µm, CO J=14-13 186 µm (right). The black contours in all panels
indicate [OI] 63.2 µm emission line isophotes for 10�15.05 W/m2 in steps of -0.15 dex. The white cross indicates the position of Sgr A*. North is
up, east to the left. The spaxel size is 100.

els of Kaufman et al. (1999) with emission line ratios in-
volving the [OI] 63.2 µm, [OI] 145.5 µm, [CII] 157.7 µm,
CO J=14-13 186 µm and the far infrared continuum flux inte-
grated from 50 to 1000 µm, FFIR measured with FIFI-LS.

5.2. Estimating the FUV flux from the central stellar
population

We first constrain our forthcoming PDR analysis by using
model stellar spectra to calculate a lower limit of the FUV flux
originating from the central stellar O/B population. We used
the identifications and spectral classifications given by Paumard
et al. (2006) and the techniques similar to that described
by Vacca et al. (1996). Few of the classifications given by
Paumard et al. (2006) are unambiguous, however, and most
include a range of types. We adopted the mean type of the
range for each star. For the O stars, we adopted the e↵ective
temperature, gravity, and radius calibrations with spectral type
given by Martins et al. (2005). For the B stars, we adopted the
e↵ective temperature calibration with spectral type given by
Schmidt-Kaler (1982); the calibration is very similar to that give
by Boehm-Vitense (1981). We assumed that the calibration of
log g with spectral type given by Martins et al. (2005) continued
into the B star range. The radii of the B stars were derived
from the Mbol and Te↵ calibrations with spectral type given
by Schmidt-Kaler (1982), adjusted for a solar Mbol of 4.75.
For each star, the adopted spectral type and the calibrations
then provided values of Te↵ , log g, and R/R�. The FUV fluxes
were estimated from the stellar models of Kurucz (1992), in
a manner similar to that presented by Vacca et al. (1996).
For each Kurucz model, represented by a Te↵ and log g pair,
the total surface flux between 912 and 2066 Å was computed
and stored. The FUV surface flux for any particular star was
then estimated by performing a surface interpolation on the

set of model surface fluxes as a function of Te↵ and log g. We
assumed solar metallicity for all stars and models. The surface
fluxes were then converted into luminosities by multiplying
by the surface areas using the radius values. The individual
luminosities were then summed. This method gives a lower
limit of LFUV (912 and 2066 Å)=2.15 ⇥ 1039 erg/s. E.g., for a
distance of 1, 2 and 3 pc we obtain a FUV flux, FFUV (912 and
2066 Å), of 103.8, 103.0, 102.6 G0 in units of the Habing field,
G0 = 1.6 ⇥ 10�3 erg/s/cm2. We emphasize, that no WR stars,
although being luminous in the FUV wavelength regime, were
included in our analysis although they make up nearly 50% of
the stars listed in Paumard et al. (2006). Additionally, since most
observations conducted so far were concentrating on assigning
stars to the two stellar populations closely orbiting clockwisely
and anti-clockwisely around Sgr A*, other FUV luminous stars
at larger distances from Sgr A* potentially contributing to the
FUV flux impinging on the CNR may remained undetected.
Hence, the FUV flux derived in this section is a lower limit to
what actually might be.

5.3. Decomposing the emission line profiles or not

To probe the physical conditions in the CNR we must ensure
that the line emission from a spaxel is emerging from the
same regions in space (hence the same position along our
line-of-sight). One could generally fit multiple Gaussians to a
measured emission line profile and the results could be used
to model the gas dynamics to determine the position of the
emitting regions along the line-of-sight.

Measured emission line profiles from the lobes of the CNR
are shown in fig. 10. The spectra were extracted from rectan-
gular 2200 ⇥ 2200 apertures, centred on positions as defined by
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Fig. 6. [CII] 157.7 µm emission line flux, continuum and velocity maps from fits to the emission line with our fit method as described in section
2. The spaxel size is 100 and the angular resolution is about 1600. The red contours in the continuum map correspond to H2 column densities of
1022 cm�2 increasing in steps of 0.2 dex taken from the ViaLactea project (Marsh et al. (2015)). The weather fanes indicate direction of decreasing
column density. Black contours represent [CII] 157.7 µm emission line isophotes decreasing from 10�15.9 [W/m2] in steps of 0.1 dex. The white
cross indicates the position of Sgr A*. North is up, east to the left. The magenta filled circles represent the FWHM of the PSF of the FIFI-LS
instrument at a wavelength of 157.7 µm (see table 1).

– Emission from the northern lobe in [OI] 63.2 µm seems to
emerge from a ring-like or pyramidal shaped region with
lower emission in the centre while [OI] 145.5 µm seems to
emerge more from the centre of that region.

– In the the southern lobe [OI] 63.2 µm and [CII] 157.7 µm
nearly peak at the same position, while the [OI] 145.5 µm
emission peak is clearly shifted by approximately 1500 to the
west.

– The CO peak in the northern lobe is weak and barely detected
while in the southern lobe the CO peak emission is spatially
shifted w.r.t. the [OI] 63.2 µm emission peak by about 2000 to
the west.

5. PDR analysis

5.1. Introduction

Physical processes in photodissociation regions (PDRs) are gov-
erned by far-UV photons (6 eV < h⌫ < 13.6 eV) impinging on
the gas (see e.g. Hollenbach & Tielens (1999) and references
therein). In the majority of the events when a dust grain absorbs
a FUV photon, the grain is simply heated and reradiates the en-
ergy in the infrared wavelength regime as continuum radiation.

But when the dust grain is ionised the ejected photoelectrons
heat the surrounding gas. In a PDR, FUV photons can addition-
ally dissociate, e.g., O2 molecules or ionize, e.g., C atoms. An
important cooling mechanism for the gas cloud is the emission
of fine structure emission lines from species such as O0 or C+
which are collisionally excited. Emission from rotational transi-
tions of molecules like CO emerges usually from deeper within
the cloud. At high densities, H2 self-shielding becomes impor-
tant and the transition zone from ionised or atomic to molecular
is shifted closer to the surface. There, another heating mecha-
nism, depending on the density and FUV flux, gains importance
(Röllig et al. 2006): collisional deexcitation of UV-pumped1 vi-
brational states of H2. In dense environments CO molecules can
even be excited to high-J rotational states on the hot surface of
the cloud2.
Hence, far-infrared fine-structure transitions and rotational tran-
sitions from CO molecules can be used to probe physical con-
ditions in a PDR like the gas density and the impinging FUV
radiation field. In the following we correlated the PDR mod-

1 Absorption of Lyman/Werner photons (11.3 eV < h⌫ < 13.6 eV)
2 Some useful atomic and molecular data for species relevant to this
work are summarised in table A.1.
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Line	Fluxes

Velocity	Map

FORCAST Lau	et	
al.	2013

C. Iserlohe et al.: FIFI-LS observations of the Circumnuclear Ring

Fig. 14. Results for the lower F63 solution. F63 factor and contours indicating constant distance of 1, 2 and 3 pc to Sgr A* in the inclined disk
model (see Lau et al. (2013)) (top left), F157 factor with contours as in F63 (bottom left), density with [OI] 63.2 µm emission contours convolved
to the angular resolution of the instrument at 157.7 µm (top right) and impinging FUV flux with contours as in the density map. The cross always
denotes the position of Sgr A*. The spaxel size is 300. In all images north is up, east to the left.
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Pipeline	Summary
• IDL	pipeline	for	the	reduction	of	FIFI-LS	data	has	been	successfully	developed	and	

implemented.	It	automatically	performs	the	following	reduction	steps:
– Ramp	fitting
– Bad	data	detection	and	exclusion
– Error	propagation
– Chop/Nod	demodulation
– Wavelength	and	spatial	calibration	of	individual	spaxels
– Flat-fielding
– Scan	combining
– Telluric	correction
– Flux	calibration
– Barycenter	velocity	corrections
– Wavelength	re-sampling
– Spatial	resampling
– WCS	computation
– Data	cube/map	generation

• Software	packages	have	been	developed	and	are	available	to	allow	GOs	to	examine	
and	analyze	the	data	cubes	produced	by	the	pipeline.

• Dealing	with	telluric	absorption	is	still	somewhat	problematic	(and	may	always	be,	
even	with	a	calibrated	WVM),	but	a	technique/package	has	been	developed	that	
can	used	to	recover	the	intrinsic	line	fluxes	in	many	cases

• Contact	the	pipeline	team	for	questions	about,	and	assistance	with	interpreting,	
your	data	


