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Far Infrared Field-Imaging Line Spectrometer (FIFI-LS): 
• Far-IR spectrometer with two independent channels operating simultaneously via a 

dichroic: 
• Blue 50-125 μm (6” pixels, 30”x30” FOV; FWHM ~ 4.3-10’’) 
• Red 105-200 μm (12” pixels, 60”x60” FOV; FWHM ~ 10-17’’) 
• Two separate and independent spectrographs: Can map two spectral lines simultaneously and control 

detectors independently

• Integral field spectrograph: spectrum obtained at each spatial pixel
• Image slicer, grating, hand-made Ge:Ga detector (25x16 pixels = 400 pixels) for each channel
• For each channel, 5x5 spatial pixels (‘spaxels’)
• 16 spectral pixels (‘spexels’) at each spatial pixel
• Instantaneous coverage ~800 – 3000 km/s depending on wavelength 
• Output product is a cube: X x Y x λ (2 spatial dimensions and 1 spectral dimension)

• Moderate Resolving power
• R ~ 500-2000 (Δv ~ 150-600 km/s) depending on wavelength 
• Spectral sampling obtained by tilting (‘stepping’) the grating, to sample different wavelength ranges

• Chop/Nod with Dithering, Total Power (unchopped), and On-The-Fly (OTF; Lissajous
scanning) mapping modes



FIFI-LS Design:

The 2-D field of view is re-imaged as 
a 1-D long slit via the image slicer
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The footprints of the red and 
blue channels are approximately 
concentric but the red spaxels and 
FOV are twice as large as the blue

Red gratingBlue grating

Blue detector Red detector



Hand-made 400 Pixel Photoconductor Detector

DSI SOFIA Workshop - Stuttgart - Feb 2011 8

Red Ge:Ga Photoconductors

Module and light cone design verified by tests
Measured QE ~ 30%
Cryogenic Readout Electronics from PACS

Monday, February 28, 2011
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Proposed upgrade of FIFI-LS to FIFI+LS:
• Replace photoconductor arrays with Kinetic Inductance Detectors (KIDs)

• Increase sensitivity by factor of ≥ √2 (possibly up to 2.5), and mapping speed by a factor of ≥ 2
• Existing designs for 350 μm can be scaled down for red channel
• New design needed for blue channel
• Requires new cooling system (cryocooler for the optics and ADR for the detectors)

• Enlarge the FOV and improve the spatial sampling
• Increase number of spaxels to 9 x 7 (vs 5 x 5 currently), and FOV by factor of 1.75
• 5” spaxels in the blue, giving  45” x 35” instantaneous spatial coverage
• 10” spaxels in the red, giving 90” x 70” instantaneous spatial coverage
• Requires some new optics, including the IFUs, collimators, and imaging optics (but not the gratings)

• Increase the instantaneous spectral coverage and improve the spectral sampling
• 64 spectral pixels (vs 16) increases the spectral coverage by factor of 3-4, better baselines
• 2500-9000 km s-1 in the blue channel
• 3200-10000 km s-1 in the red channel
• Should allow better, simultaneous determinations of PWV from the target spectra themselves

• Cost/Schedule:
• ~$4M
• ~2.5 years (depending on detector development work); FIFI-LS would be down for ~1.5 yrs



Proposed upgrade of FIFI-LS to FIFI+LS:

observing speed. Below, we discuss the baseline for the FIFI+LS upgrade necessary for the
science goals listed above.

5.1 Pre-ICS Baseline Design
The instrument upgrade will maximize the science output while keeping cost and develop-
ment time low by utilizing most of the original FIFI-LS design and components (also see
Looney et al. 2003). This is possible because the original instrument design anticipated
future detector upgrades and an increased FOV. We will focus our ICS phase report on the
evaluation of the three main areas of the instrument that need to be redesigned to meet the
baseline in Table 4. These areas are:

• Detectors (including detector control & data handling electronics and software). The
detectors are the only pieces of the upgrade that are below NASA Technology Readiness
Level (TRL) 9. As one can see below, they are TRL 3, due to the proof of working designs
at 350 µm. The modifications to FIFI+LS wavelengths have been designed but not yet
demonstrated.

• Spectrometer Optics. These are TRL 9 since the entrance optics remain unchanged, and
we have simulated viability of the scaled design for the IFU.

• Cryogen Cooling System. TRL 9, since these coolers are routinely used, as demonstrated
on HAWC+ (ADR) and upGREAT (Cryocooler), for example. We are aware of concerns
about vibrations and will be further considering these requirements in our ICS report.

Each area is discussed in more detail in the following subsections. The remaining parts of the
system will not be changed significantly except for modifications of electronics and software
to address obsolescence of older components.

Table 4: Upgraded FIFI+LS instrument parameters compared to FIFI-LS

FIFI+LS FIFI+LS FIFI-LS FIFI-LS
Blue Chan. Red Chan. Blue Chan. Red Chan.

Wavelength Range [µm] 51-125 115-206 51-125 115-203
Spect. Res. [km/s] 130-435 160-425 155-550 160-425

Instant Spect. Range [km/s] 2500-9000 3200-10000 800-3000 800-2550
Field-Of-View 45′′x 35′′ 90′′x 70′′ 30′′x 30′′ 60′′x 60′′

Spatial Pixels 9 x 7 9 x 7 5 x 5 5 x 5
Spatial Pixel Pitch 5′′ 10′′ 6′′ 12′′

Spect. Pixels per Spaxel 64 64 16 16
Image Slices 7 7 5 5

Slit Width in Pixel* (9+2)×7=77 (9+2)×7=77 5×5=25 5×5=25
Detector Size in Pixel 77×64=4928 77×64=4928 25×16=400 25×16=400
NEP

[

WHz−1/2
]

1.5×10−17 1.5×10−17 1.5×10−16 1.5×10−16

*2 additional pixels per slice to allow for gaps and avoid crosstalk

5.2 Detectors
There have been important improvements in detector technology since FIFI-LS and PACS
designed the largest germanium gallium-doped photoconductor detector arrays (400 pixels),
especially using KIDs. The fundamentals of lumped-element, absorber-coupled KIDs have
been well-established (e.g., Doyle et al. 2007; Swenson et al. 2012). The simplest pixel
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Science Case for FIFI-LS and FIFI+LS:
Mapping Far IR Emission Lines in Extended Regions

• Far-IR range accessible to FIFI-LS hosts a wealth of diagnostic emission lines:

• Fine Structure lines are particularly important:
• Transitions between collisionally-excited levels within the ground state
• Easily excited at temps and densities typical of ISM, PDRs, HII regions
• Generally optically thin
• Relatively unaffected by extinction
• Major gas coolants
• [C II] 158 is typically ~1% of total FIR flux

• Line pairs provide extinction-free probes of physical conditions in the neutral and ionized 
gas in the dust-obscured star forming regions of galaxies
• temperatures (T), densities (n), abundances (Z), UV intensity (G0), SFR

• Mapping of extended regions was difficult with now-defunct Herschel/PACS

Figure 3: Schematic of the FIFI-LS optical path from the telescope to the detectors of both channels.

Much of the core FIFI-LS design, as is often the case, followed from the availability and
format of our detectors. At the time, FIFI-LS (and similarly PACS), had the largest FIR
detector arrays available, but they were still limited to 5×5 spaxels and 16 spectral channels
(400 pixels in total). As shown in Figure 3 however, the FIFI-LS design provides flexibility
to expand our IFU components and increase the number of FOV spaxels as well as spectral
pixels once larger array detectors are identified. This is the core of this upgrade proposal.

2.2 FIFI-LS Science Results

FIFI-LS on SOFIA plays a major role in investigations of star formation (primarily massive)
and the interstellar medium in both our own galaxy and external galaxies (see Sections 2.2.1
and 2.2.2). With its sensitivity, resolution, and spectral coverage, the latter topic is a prime
capability of FIFI-LS on SOFIA. The key features that FIFI-LS observes are the bright FIR
fine structure lines, e.g. [OI] 63 and 146 µm, [OIII] 52 and 88 µm, [NII] 122 µm, [NIII] 57
µm, [CII] 158 µm, and molecular lines like CO lines between J=13-12 and J=38-37. Table
1 lists all line observations that have been done to date with FIFI-LS with detections. We
give two examples of FIFI-LS results below.

Table 1: Spectral lines already observed with FIFI-LS

line λ[µm] line λ[µm] line λ[µm] line λ[µm] line λ[µm]

[OIII] 51.8 CO 70.9 CH4 87.3 CO 124.2 OH 163.3
OH 55.9 CO 77.1 [OIII] 88.4 CO 130.4 HCN 169.4
[NIII] 57.3 CH4 80.1 OH 96.3 [OI] 145.5 CO 174
[OI] 63.2 CO 84.4 CO 96.8 CO2 (ice) 146 CO 186
C2H2 68.6 OH 84.5 CO 104.4 CO 153.3 CO 200.3
CO 69.1 CO2 (ice) 86 CO 118.6 [CII] 157.7
C2H2 69.7 CO 87.2 [NII] 122 CO 162.8

2.2.1 LMC: Super Star Clusters

Super star clusters are found in local starbursts and interacting galaxies as well as dusty
star-forming galaxies at high redshifts, and the fraction of stars that form in these clusters

3

Not covered by 
Herschel/PACS

[NII]     205.2



Examples of FIFI-LS programs: M17 (Klein et al. 2020)

Background: FORCAST/PACS/2MASS 

Normalized Line Intensities
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Examples of FIFI-LS programs: 30 Dor (Chevance et al. 2020)

• Clear separation of high ionization lines from low ones, revealing HII/PDR structure
• PDR Modeling gives P ~ 106 K cm-3, GUV ~ 700-7000 G0, AV < 2-3 mag
• [O III] lines give the density in the H II region (ne < 500 cm-3)
• [C II] traces large reservoir of “CO-dark” gas (≥75% of H2)
• Similar studies are being carried out on M17 and Orion

The CO-dark molecular gas mass in 30 Doradus 5
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Figure 1. Intensity of the FIR fine structure lines [O III] at 52µm, [O III] at 88µm, [O I] at 145µm and [C II] at 158 µm in Wm�2sr�1, observed by SOFIA/FIFI-
LS. The red circle has a 1000 diameter and indicate the location of R136. For [O I] 145µm, the map is a combination of the FIFI-LS and PACS observations
(see text). The outline of the PACS and FIFI-LS fields of view are indicated in cyan and black respectively. The white pixels in the maps are the ones for
which the emission line fit has a a signal-to-noise ratio lower than 3. These are not taken into account in our analysis. We note the layered structure of the gas,
with the peak of the ionised gas ([O III]) being closer to R136 than the peak of the neutral gas ([C II] and [O I]). The latter also corresponds to the peak of the
molecular gas mass surface density as determined in Section 4.2.

energy photons (the ionisation potential of O+ is 35.1 eV) can travel
over long distances before interacting with the ISM, revealing the
high level of porosity of low-metallicity environments. As a result
of this porosity of the ISM, R136 is indeed expected to be the domi-
nant source of ionisation in 30Dor (Kawada et al. 2011; Lopez et al.
2011).

3.2 Density of the ionised gas

The ratio of the [O III] fine-structure cooling lines is a good probe
of the electron density in the highly ionised gas. The [O III] 52 µm
line was unobservable with Herschel in the LMC so this diag-
nostic could not easily be evaluated for star forming regions of
the LMC before SOFIA. The ratio of the [S III] lines at 18 µm
and 33 µm, commonly observed by Spitzer, is sensitive to high
gas densities (the critical densities of these lines are respectively
1.5⇥ 104 cm�3 and 4.1⇥ 103 cm�3), which provides only limited
constraints in the (low) electron density regime of 30Dor (Inde-
betouw et al. 2009 estimate an electron density of 300-600 cm�3

using this ratio; see also Chevance et al. 2016). The critical den-
sity of the [O III]-emitting material (ncrit,OIII88 = 5.1 ⇥ 102 cm�3;
ncrit,OIII52 = 3.6⇥ 103 cm�3) is lower than those of classical dense
H II regions, allowing us to probe the low-density ionised gas.

The ratio map of [O III]52 µm/[O III]88 µm, along with the
theoretical variations of this ratio as a function of the electron den-
sity and temperature are shown in Figure 3. The theoretical ratio de-
pends mostly on the density and only slightly on the temperature.
We choose a typical temperature of 10 000 K for the ionised gas
around a star-forming region to determine the density constrained
by our observations. In our FIFI-LS observations of 30Dor, the ratio
[O III]52 µm/[O III]88 µm ranges between 0.48 and 1.84 at a reso-
lution of ⇠ 1000, leading to a maximum electron density of a few
102 cm�3 (up to ⇠ 500 cm�3). Where the ratio is lower than ⇠ 0.65
(typically at large distances from the centre of R136), we can only
infer an upper limit of ⇠ 30 cm�3 for the electron density.

These values are on average larger than the density range of
10-100 cm�3 probed in the vicinity of the peak of the [O III] lines
in Chevance et al. (2016), using the ratio [N II] 122 µm / [N II]

MNRAS 000, 1–13 (2019)

13Ringberg 07.03.17

PDR Heating and Cooling Budget
• Outer region of illuminated HII cloud
• PDR heaWing ´dominaWedµ b\ ShoWonV 6 < ℎߥ � 13.6eV
• 0.1-1% of UV photodissociates electrons from grains, heats gas
• Molecules dissociated, elements 𝐸௡ < 13.6eV ionized
• Gas phase hotter due to inefficient cooling
• OI and CII (and SiII) contribute much to cooling budget



Examples of FIFI-LS programs: Mapping the CNR in the GC 
(Iserlohe et al. 2019)

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. 2019)

Blue: HST NICMOS
Green: FORCAST 31 μm
Red: FIFI-LS [OI] 63 μm



Examples of FIFI-LS programs: CNR Mapping (Iserlohe et al. 2019)
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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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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Density
(<107 cm-3)

FUV Flux

• Almost 60% of the [O I] 63 µm line emission is self-
absorbed

• Only ~15% of the [C II] 158 µm line emission is from 
the hot, high density phase of the PDR

• Densities in CNR < 107 cm-3, below Roche limit for gas 
clumps to be gravitationally stable against tidal shear

• CNR is a transient phenomenon of gas streams, not a 
long-lived structure



Examples of FIFI-LS programs: M82 (Fischer et al. 2020)

H! FIFI-LS [O III] 52 μm

Ne at central peak is ~4500 cm-3

FIFI-LS [O III] 52 µm / PACS [O III] 88 µm 

~7
5”



Examples of FIFI-LS programs: M82 (Fischer et al. 2020)
FIFI-LS [C II] 158 µm velocity map FIFI-LS [O III] 52 µm velocity mapFIFILS [C II] 158 µm map

Rotation +
Outflow



Examples of FIFI-LS programs: M51 (Pineda et al. 2018)

SOFIA/FIFI-LS [C ii] map of M51 3

M51 is a nearby grand design spiral at a dis-
tance of 8.5Mpc (McQuinn et al. 2016), with an
inclination angle of 24� (Daigle et al. 2006). It
is interacting with a smaller companion galaxy,
M51b , classified as a barred lenticular (SB0
pec; Sandage & Tammann 1981) and a LINER
galaxy (Ho et al. 1997). Partial maps and in-
dividual positions of M51 have been presented
based on observations with the KAO (Nikola
et al. 2001) and ISO (Kramer et al. 2005) at
resolutions of 5500 and 8000, respectively, which
were insu�cient to separate di↵erent environ-
ments within the galaxy. Parkin et al. (2013)
presented [C ii] observations at 1200 angular res-
olution in M51 using the Herschel/PACS instru-
ment, but focused only on the inner parts of
M51. With the complete [C ii] map of the M51
and M51b galaxies we are able to study the re-
lationship between the [C ii] emission and the
star formation activity in a wide range of envi-
ronments.
This paper is organized as follows. In Sec-

tion 2 we detail the FIFI-LS observations and
data reduction. We also describe the ancillary
data we use to determine the star–formation
rate (SFR) and total far-infrared intensity
(TIR) in M51. In Section 3 we compare the
[C ii], TIR intensities, and the SFR surface den-
sity in M51. We discuss the results of this com-
parison in Section 4, and give the conclusions
of this work in Section 5.

2. OBSERVATIONS

2.1. FIFI-LS [C ii] observations

We present data taken on the [C ii] line
around 157.8µm, with the Far Infrared Field-
Imaging Line Spectrometer (FIFI–LS) instru-
ment (Colditz et al. 2012; Klein et al. 2014)
aboard the Stratospheric Observatory For In-
frared Astronomy (SOFIA; Young et al. 2012).
Details on the FIFI–LS instrument, observing
schemes, and atmospheric correction can found
in Fischer et al. (2018). Here we present data

FIFI−LS [CII]

TIR

SFR (Ha+24um)

Figure 1. Images of the galaxy M51 in [C ii],
the star formation rate surface density (⌃SFR), and
the total infrared intensity (TIR). We also include
a mask image showing the di↵erent environments
studied here, center, arms, inter-arms, and M51b,
indicated by light–grey, black, dark–grey, and white
regions, respectively.

taken with the 115–203µm channel that has
a 5⇥5 pixel footprint on the sky, each with a
size of 1200 ⇥ 1200 yielding a field–of–view of
10⇥10. Each pixel is a so-called “spaxel”, which
means that internally the light is dispersed spec-
trally (using a grating) over 16 pixels for each
spaxel, providing an integral-field data cube
covering a total spectral bandwidth between
1500 and 3000 km s�1, with a spectral resolu-
tion of 270 km s�1. Our data were acquired in
symmetric chop mode with a full throw of 80.
The M51 map is a mosaic of 181 fields of 10⇥
10 in a grid with 3000 spacing to create half–
pixel sampling and some redundancy in the
data set. The on–source integration time per
point is 120s. With the overheads for chop-
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Figure 2. (Upper left panel) The star formation rate surface density as a function of the [C ii] luminosity
per unit area. The straight line corresponds to the fit of this relationship obtained for a sample of 46 nearby
galaxies presented by Herrera-Camus et al. (2015). (Lower left panel) Ratio of [C ii] to TIR intensity as a
function of the TIR intensity. (Upper right panel) The ratio of the [C ii] luminosity per unit area to the star
formation rate surface density as a function of the 24µm to H↵ ratio. (Lower right panel) Ratio of [C ii] to
TIR intensity as a function of the 70µm/160µm ratio. In all plots di↵erent environments defined in Figure 1
are color coded. Typical error bars are shown inside a box. All data points shown are above the 5� level in
each quantity.

also include a mask that is used to separate dif-
ferent environments in M51. These are the cen-
ter, arms, inter-arms, and the M51b companion
galaxy. The arm regions were defined following
a geometrical model of the spiral structure in
M51 (Pineda et al. 2018, in prep.) and the cen-
ter and M51b masks were defined as pixels with
a K–band magnitude (tracing the stellar mass)
larger than 17.2mag and 16mag, respectively,
at 1600 resolution. All three images are morpho-

logically similar, showing peaks at the center,
northern, and southern spiral arms. The only
exception is the M51b galaxy that is bright in
the ⌃SFR and ITIR maps but much fainter in the
[C ii] map.
The upper left panel of Figure 2 shows a pixel-

by-pixel comparison between the [C ii] luminos-
ity per unit area observed in M51 and the SFR
surface density. Data points from the di↵erent
mask regions defined in Figure 1 (arms, inter–

Tracing the [C II]-deficit, in M51 and M51b



Examples of FIFI-LS programs: NGC 4258 (Appleton et al. 2018)

• [C II] tracing warm molecular gas in shocks and jet turbulence
• ~40% of the total [C II] luminosity arises from shocks and turbulence

[C II] emission (see modeling of Lesaffre et al. 2013), and these
seem to be responsible for shocks in that system (Appleton
et al. 2017). In NGC4258, optical spectroscopic evidence of
faster shocks, driven into gas in the area of our regions N, O, P,
and Q, has already been presented by Cecil et al. (1992). As the
multiphase model of Guillard et al. (2009) has shown, fast
shocks rapidly decay into low-velocity molecular shocks,
which can heat the warm H2, as well as creating pockets of hot
X-ray-emitting gas where the pre-shock density was already
low. As shown in Figure 8(d), the Spitzer observations show
that warm H2 emission is observed all along the southern
extension of the jet as far as Region Q. It is plausible that this
warm H2 provides a collisional partner with carbon atoms to
generate [C II] emission (Goldsmith et al. 2012). It is important
to note that the increase in [C II]/FIR along regions O, P, and Q
and the steep negative slope of the points for NGC4258 in
Figure 7 largely reflect the falling value of the FIR surface
density with radial distance from the center of the galaxy
(Figure 6(a)) and not necessarily an increase in excitation. For
the shock interpretation of the [C II] emission, the [C II] and IR
luminosity density (from mainly large grains) would not be
expected to be correlated. Since the surface density of [C II]
slowly falls and then rises again with distance from the center
of the galaxy, high values of [C II]/FIR merely reflect different
underlying (uncorrelated) distributions of the two quantities.
On the other hand, for a PDR, [C II] and FIR emission will be

highly correlated, and such high values of [C II]/FIR would
imply an unusually large photoelectric heating efficiency.

4.1. What Excites the [C II] Transition in the Center
of NGC4258?

The center of NGC4258 was spectrally mapped using the
Spitzer IRS instrument, and results were shown in Ogle et al.
(2014). We processed these data through CUBISM (Smith
et al. 2007), and further analyzed them with the Multi-Purpose
Fitter (MPF; P. M. Ogle et al. 2018, in preparation) cube-fitting
software to extract line maps. Figure 8(a) and (b) show an
RGB-coded representation of three spectral features seen in the
IRS spectra, namely the 7.7 and 11.2 μm PAH and the strong
0–0S(3) H2 line. Figure 8(a) shows a clear result: the minor-
axis filament, seen in both the HST image and the [C II]
emission, is strongly dominated by PAH emission, whereas the
area containing the southern jet is almost completely dominated
by warm molecular hydrogen. The nucleus shows a mixture of
both kinds of emission (in yellow). Strong H2 emission is seen
to the northwest of the nucleus, but it is also mixed with PAH
emission. This strong segregation between the minor-axis
filament and the southern arm of the jet is evidence that two
different heating mechanisms are present in the center of
NGC4258. The minor-axis filament is mainly dominated by
star formation, whereas the southern jet is dominated by strong

Figure 8. (a) Spitzer IRS color-coded image of the integrated emission from PAH11.2 μm (red), H2 0–0 S(3)9.7 μm (green), and PAH7.7 μm (blue) derived from
line fitting with MPF (see Section 4.1) based on a CUBISM low-resolution spectral map. The blue and red boxes show the areas dominated by PAH and H2 line
emission respectively. Note that the minor-axis filament is dominated by PAH emission, whereas the emission south of the nucleus is dominated by warm H2 emission
along the southern jet (white arrow). (b) The SOFIA [C II] integrated emission contours superimposed on the same image. (c) Contours of [C II] emission
superimposed on a Spitzer IRS image of the [Ne II] 12.8 μm ionized gas. (d) The same contours superimposed on the map of the 0–0 S(1)17.0 μm molecular
hydrogen line.
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mid-IR H2 emission, devoid of star formation. Ogle et al.
(2014) argued that the radio jet in NGC4258, like many other
known cases of powerful H2 emission (e.g., a class of galaxies
called molecular hydrogen emission galaxies (MOHEGs; Ogle
et al. 2010)), is the heating source for the warm molecular gas.
The close spatial correspondence between the warm H2 and the
southern jet, shown in Figures 1 and 8, supports this view.

The [C II] emission (white contours of Figure 8(b)) is
associated with both the PDR-dominated minor-axis filament
and the shock-heated gas along the southern jet, as well as with
a mix of both processes at the center and to the northwest of the
nucleus. This is the first time that [C II] emission has been
directly resolved and clearly associated with shocked and
turbulent gas in an AGN system, although other cases of shock-
excited [C II] emission have been found in the radio galaxy
3C326 (Guillard et al. 2015) and in intergalactic gas in both
Stephan’s Quintet (Appleton et al. 2013, 2017) and the Taffy
bridge (Peterson et al. 2018). Figure 8(c) shows how the
ionized gas (in this case [Ne II] 12.8 μm emission) again favors
the nucleus and minor-axis filament, but not the southern jet, in
contrast to the warm H2, shown in Figure 8(d) in the 0–0
S(1)17 μm line from Spitzer. The lack of strong ionized
emission along the southern jet suggests that free electrons in
HII regions are not responsible for the correlation between the
[C II] emission and the southern jet.

We overlay in Figure 9(a) the [C II] emission contours on an
RGB multicolor image showing 3 cm radio, 0.5–8 keV X-ray,
and CO 1–0 emission (Krause et al. 2007; Laine et al. 2010).
The red and blue colors emphasize the anomalous arm
emission (Cecil et al. 2000; Wilson et al. 2001; Yang et al.
2007), except for some regions to the north, which are part of
the normal spiral arms in the galaxy. The green color represents
the CO 1–0 emission, which correlates with the southern jet.
Faint CO emission is also found along the minor-axis filament.
Figure 9(b) shows a similar background image, but this time
the green color represents the 8 μm IRAC image, which is
dominated by PAH emission. The contours in this panel show
the 0–0 S(1) 17 μm emission from warm molecular hydrogen.
Both Regions Q and F fall in the envelope of warm molecular
hydrogen. Again a striking similarity is observed between the
distribution of [C II] emission and the brighter H2 emission
south and southeast of the nucleus.

In Figure 9, we observe that both RegionsQ and F coincide
with peaks in the radio and X-ray emission of the anomalous

arms. RegionF is quite elongated along the northern X-ray
structure at velocities of 650–750 km s−1 (Figure 4) and is
close to a bifurcation point in the anomalous emission. Region
Q, which seems brighter in X-rays and weak in H2, is an
extension of a series of braided Hα filaments associated with
shocks by Cecil et al. (1992). Both Q and F extend to the edge
of the area mapped by SOFIA, and it is likely that the emission
extends further. The relatively bright [C II] emission in the
absence of star formation, the large velocity dispersion of the
gas (especially Region Q), and the position of both clumps F
and Q near extended X-ray enhancements may indicate that the
gas is shock-heated. However, the relative faintness of the 0–0
S(1) line at the position ofRegion Q is a puzzle, given that it is
one of the brighter [C II] areas mapped by SOFIA. Unfortu-
nately this region was not covered by the Spitzer IRS Short-
Low detectors, which would have allowed us to determine
whether it is dominated by much hotter H2 than the other
regions. For example, if the temperature was higher than
1000 K, the brightest H2 emission would be shifted from
transitions involving the lowest rotational energy levels to
much higher rotational and rovibrational transitions, which
emit at much shorter IR wavelengths than those that were
observed.

4.2. [C II]/PAH Ratios

Since the IRS Short-Low modules sensitive to PAH
emission only cover a fraction of the area mapped by SOFIA,
we used archival Spitzer IRAC 3.6 and 8 μm images of
NGC4258 to create a large-scale map of the PAH 7.7 μm
feature using the method outlined by Helou et al. (2004). The
IRAC 3.6 μm image is used to correct for stellar emission in the
8 μm PAH-dominated band. After smoothing the image to
the same resolution as the SOFIA [C II] image, we extracted the
7.7 μm complex PAH fluxes from each of the regions presented
in Figure 5(b). The fluxes and the [C II]/PAH ratio are
presented in Table 1. In Figure 10(a), we plot the ratio of
[C II]/PAH as a function of FIR surface density. The plot
shows a strong anticorrelation between [C II]/PAH and the IR
surface density. This is not expected if the [C II] primarily
arises in low-density PDRs, since the strength of both the PAH
emission (which is UV-excited in star formation regions) and
the [C II] emission should stay approximately constant with IR
surface density. Furthermore, many points lie at unusually high
values of [C II]/PAH ratio. These have been color-coded as red

Figure 9. (a) [C II] integrated emission contours superimposed on an RGB color composite showing 3cm radio emission (red), X-ray emission (blue), and CO1–0
cold molecular gas (green). The radio and X-ray emission together emphasize the anomalous emission. Note the correspondence between [C II] emission at Regions F
and Q (green circles) with the anomalous emission to the northwest and southeast corners of the mapped area. (b) Contours of 0–0 S(1)17 μm H2 emission
superimposed on a three-color underlying image, but this time showing radio (red), X-ray (blue), and 7.7 μm PAH emission (green). We again mark Regions F and Q
(green circles). The extent of the IRS (Long-Low module) spectral mapping by Spitzer is denoted by the cyan box.
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Science Case for FIFI-LS ⇨ FIFI+LS
• With an increase in mapping speed of ≥3.5, plus additional gains from TP/OTF 

observing modes, and additional spectral coverage and sampling (for better 
telluric-corrected output data products), similar line mapping observations of 
extended regions can be done in a fraction of the time, so that larger samples can 
be studies and fainter detection levels can be reached
• 30 Dor:    11.5 h → < 3.3 h
• M82:             9 h → < 2.6 h
• NGC 6946: 9.5 h → < 2.7 h
• M51:           15 h → < 4.3 h
• NGC 4258:  3.5 h → < 1 h

• Mapping FS lines over a range of physical scales in a large sample of Galactic 
regions and nearby galaxies, to study the properties of the ISM in a range of 
environments, to serve as templates for understanding galaxies at high z
• Physics behind the “FIR line deficit” (decrease in line/continuum ratio as a function of ∑FIR)
• Reliability of [CII] as a tracer of SF
• Abundances derived from extinction-free FIR lines vs optical lines
• Studies of “CO-dark” gas
• Properties of jets and outflows, HIIs, PDRs, SSCs, starburst regions



Summary
• For a modest amount of money and time, the proposed upgrade to 

FIFI-LS (primarily the detectors) would increase the sensitivity, FOV, and 
spatial and spectral sampling of the instrument, leading to a significant 
increase in the mapping speed (a factor of ≥ 3.5) and data quality, and 
allowing the mapping of a large sample of nearby galaxies in the FIR 
emission lines that can be used to study the properties and physics of 
the ISM in star-forming regions in a variety of environmental conditions 
and that can serve as local templates for high redshift objects


