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Executive	Summary	– Since	Last	SUG
• Harold	Yorke	appointed	SOFIA	SMO	Director	effective	15	Oct	2016
• Cycle	4	is	still	continuing.		Progress	as	of	31	October	2016:

– 315	Hours	GI	Time
– 68	Hours	GTO	Time
– 11	Hours	DDT

• Deployment	in	New	Zealand	4	Jun	– 26	Jul	2016
• Cycle	5	Selection:	letters	of	acceptance/rejection	sent	24	Oct	2016

– US	TAC	meeting	held	17-18	Aug	2016;	German	TAC	1-2	Sep	2016
– Cycle	5	selection	delay	due	to	uncertain	status	of	HAWC+

• NASA	HQ	selected	HIRMES	(PI:	Harvey	Mosley,	GSFC)	as	a	3rd
Generation	instrument	for	SOFIA.	
– Schedule	calls	for	commissioning	of	HIRMES	in	2019.

• SOFIA	Science	Symposium	The	Local	Truth:	Star	Formation	in	the	
SOFIA	Era	held	in	Asilomar 17-21	Oct	2016
– Over	90	participants	with	a	strong	international	component



Cycle	4	Progress

Through	31	October	2016

Campaign
Net

Flights
Instrument Flight

Hours
GTO
Hours

GI
Hours

Calibration
Hours

DDT
Hours

Engineering
Hours

Dep/Arr
Hours

Other

OC4A 8 FORCAST 74.71 2.82 50.61 11.86 0.00 1.00 8.43 0.00

OC4B 8 FIFIILS 74.68 11.02 44.26 11.47 0.00 0.00 7.94 0.00

OC4C 4 EXES 37.25 0.00 29.97 2.42 0.00 0.00 4.87 0.00

HAWC+ 3 HAWC+ 21.77

OC4D 7 upGREAT 73.37 7.95 51.03 5.67 0.00 1.28 8.15 0.49

OC4E 2 upGREAT 20.83 7.03 9.34 2.42 0.00 0.00 2.03 0.00

OC4F 8 FIFIILS 69.33 7.22 35.78 8.43 10.67 0.00 7.23 0.00

OC4G 8 FORCAST 75.21 5.98 54.55 8.33 0.00 0.00 6.35 0.00

OC4H HAWC+

OC4I 5 FORCAST 47.05 8.33 26.70 5.80 0.00 1.17 5.05 0.00
OC4J 5 FLITECAM 46.83 17.85 12.25 9.32 0.00 2.58 4.83 0.00
OC4K 2 upGREAT 18.89 0.00 0.00 1.00 0.00 15.57 2.32 0.00

OC4L HAWC+

OC4M EXES

Totals 60 559.91 68.20 314.48 66.71 10.67 21.60 57.19 0.49

Notes:SSCALSHoursSincludesS0.5ShourSperSflightSforSTASsetup.
SSSSOTHERSincludesSdeadSlegs.
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Comparing	[C	II],	HI,	and	CO	Dynamics	in	Nearby	
Galaxies

(W.J.G.	De	Blok	et	al.,	2016, ArXiv 1604.08777v1)

•Comparison	of	various	tracers	used	
to	determine	the	dynamical	mass	of	
galaxies	for	a	sample	of	nearby	
objects
•H	I	atomic	hydrogen	has	been	the	
traditional	tracer	of	gas	in	galaxies
•CO	has	been	used	to	trace	the	
molecular	gas
• [C	II]	at	158	µm	is	a	newer	tracer	
available	with	SOFIA	that	probes	
intermediate	gas	as	well	as	“CO-dark”	
molecular	gas.
• Line	widths	and	scale	lengths	for	[C	II]	
are	more	similar	to	CO.		The	radial	
extent	is	similar	to	the	optical	disk.

6 de Blok et al.

Fig. 2.— Pixel-by-pixel comparison of the [C ii], H i and CO velocity field values for NGC 5055. Left: CO (black) and [C ii] (red)
velocities plotted against the H i velocities. The black dashed line is the line of equality. The red and black full lines are linear least-squares
fits of the CO (black) and the [C ii] (red) velocities. Similar plots for the other galaxies are given in the Appendix. Right: Di↵erences
between H i and [C ii] velocities plotted against the di↵erences between CO and [C ii] velocities. The filled square indicates the mean value,
the errorbars indicate the 1� spread in di↵erences. There are small o↵sets which we attribute to systematics in the determination of the
[C ii] velocities (see text).

Fig. 3.— Positions of the four star-forming regions in M 101 (left panel) and the three star-forming regions in NGC 6946 (right panel)
that were observed with SOFIA overplotted on MIPS 24 µm images.

two radial ranges we therefore see the same trends as
over the entire disk, showing that the behaviour seen is
systematic.
We quantify this further by plotting the ratios of the

surface densities, H i/[C ii] and CO/[C ii], in Fig. 5 (right
panel), where we again express the radius in terms of the
optical radius, R

25

. We also show the average value and
RMS spread for all galaxies combined and determined in
bins of width 0.2R

25

.
The CO/[C ii] ratio declines by a factor ⇠ 2.8 between

the center and R
25

. This implies again that the [C ii] is

somewhat less concentrated than the CO emission. On
the other hand, the H i/[C ii] ratio increases by a factor
of ⇠ 9.8, consistent with a much ‘flatter’ radial H i distri-
bution. We conclude that the [C ii] follows the CO more
closely than the H i and note that this is consistent with
the finding that both CO and [C ii] are approximately
linear tracers of the SFR surface density, whereas H i
is not (e.g., Bigiel et al. 2008; Leroy et al. 2008, 2013;
Herrera-Camus et al. 2015).

4. VELOCITIES

[C ii] dynamics 7

Fig. 4.— CO (H2), H i and [C ii] radial profiles for NGC 5055 over
the area covered by the [C ii] observations. Filled squares show the
H i surface density in M� pc�2. The H2 surface density in M�
pc�2 is shown with the star symbols. The [C ii] surface brightness
in L� pc�2 is shown with open circles. For clarity, the CO and
[C ii] profiles have been o↵set by 200 and �200 with respect to the
H i points, respectively. The errorbars indicate the RMS spread in
values found along each ring. All surface densities and brightnesses
have been corrected for inclination.

While pixel-by-pixel comparisons are a good way to
show that velocities agree with each other locally, these
kind of data will not be available for the majority of
galaxies studied at high redshift. For many galaxies only
an integrated spectrum (global profile) will be available.
Using the H i, CO and [C ii] data cubes we determine

integrated spectra of our sample galaxies by adding the
total flux in each velocity channel, using only the areas
where [C ii] observations were done. As these regions
cover the major axes of the galaxies, the global profiles
should contain most of the rotation signal of the sample
galaxies. The profiles are shown in Figs. 6 and 32–35.
Due to the large di↵erence in velocity resolution between
the [C ii] data (239 km s�1) on the one hand and H i
and CO data on the other hand (2.6 or 5.2 km s�1), we
show the H i and CO profiles both at their native veloc-
ity resolution (full curves) and also convolved in velocity
(dashed curves, using a Gaussian convolution function)
to the [C ii] resolution.
The coarse velocity resolution of the [C ii] data in com-

bination with the velocity width of the galaxies means
that for many of the galaxies the [C ii] data do not allow
us to resolve the double horn profile that is typically seen
in H i and CO (see Walter et al. 2008; Frank et al. 2015).
Figure 6 shows one galaxy (NGC5055, left panel) where
the velocity width of the galaxy as measured in [C ii] is
significantly (a factor of ⇠ 2) larger than the velocity
resolution of the [C ii] data. Despite the coarse velocity
resolution, it is still possible to directly compare features
in the [C ii] spectrum with those in the convolved CO and
H i spectra. We see that for this galaxy, the [C ii] spec-
trum follows the convolved CO spectrum more closely
than the convolved H i one. Also shown in that Figure
is a more typical case (NGC 3351, right) where the [C ii]

velocity width is comparable to the [C ii] velocity reso-
lution. Here, no distinctive features can be made out
in the spectra. This lack of features also applies to the
remaining galaxies.
A global profile, or integrated spectrum, is determined

by both the galaxy rotation curve and the surface density
profile of the tracer (e.g., CO, H i, [C ii]) used to mea-
sure the velocities. As all three gas tracers are embedded
in the same mass potential, the measured rotation curve
will to a very large degree only depend on the total mass
density as a function of radius. Any di↵erence between
integrated spectra of the same galaxy, can therefore be
directly attributed to di↵erences in the radial distribu-
tion of the tracer used (see de Blok & Walter 2014 for
an extensive discussion). With none of the galaxies hav-
ing a [C ii] radial distribution significantly di↵erent from
the CO distribution, we expect spectrally resolved [C ii]
global profiles to look more like the CO global profiles
than their H i counterparts.

5. SMALL-SCALE COMPARISONS

In the previous sections we established that the [C ii]
and CO radial distributions are more similar to each
other than to the H i distribution. This raises the ques-
tion whether the CO and [C ii] emission also originates
from similar volumes in the galaxies. One possible way
of studying this is by looking at the velocity dispersions
of the components, which are an indication of the extent
of the distribution along the line-of-sight.
We use the highly resolved SOFIA data obtained for

star-forming regions in M101 (NGC 5457) and NGC
6946. Figures 7 and 8 compare the [C ii], CO and H i
spectra at the positions of these star-forming regions. It
is clear that [C ii] is only found at the velocities where H i
and/or CO also occur. Note that the spatial resolution
of the SOFIA observations is ⇠ 0.5 kpc, so the individual
pointings are probing a significant volume.
The majority of the profiles are approximately Gaus-

sian, and we characterize them as such. The parameters
of the fits are given in Table 2. In Fig. 9 we compare
the fitted velocity widths (Gaussian dispersions) of the
various profiles. We have excluded region M3 due to the
low signal-to-noise of the [C ii]. The [C ii] linewidths are
intermediate between those of CO and H i, but always
closer to those of the CO. For the regions probed here,
the agreement in CO and [C ii] velocity dispersion values
suggests that the distribution of CO and [C ii] along the
line-of-sight is similar.
It also suggests that the contribution from photo-

dissociation regions dominates the emission, at least in
these regions. This implies that at least the bright [C ii]
emission is associated with CO. This is a very similar sit-
uation to what we found for the integrated spectra above
(see also Braine et al. 2012; Okada et al. 2015; Mookerjea
et al. 2011, 2016).

6. DISCUSSION AND SUMMARY.

We have shown that for our sample of nearby disk
galaxies, the [C ii] radial surface density distribution fol-
lows that of the CO more closely than that of the H i. For
one galaxy (NGC 5055) we find that, at common spec-
tral resolution, the [C ii] integrated spectrum resembles
that of the CO more than that of the H i.

Top:	Regions	
observed	with	
SOFIA	overlaid	
on	24	um	
Spitzer	image	
of	NGC	6946.

Bottom:	Radial	
profile	of	H	I,	
CO,	and	[C	II]	in	
NGC	5055.



SOFIA	Observes	Release	of	Carbon	in	Evolved	Star

• Planetary	Nebula	BD+30	3639	was	observed	
by	FORCAST	at	wavelengths	that	sample	
carbon-rich	and	oxygen-rich	minerals

• Is	the	material	well	mixed	or	segregated?

• FORCAST	observations	show	carbon	rich	
material	is	prominent	in	inner	parts	of	the	
envelope	while	the	outer	parts	are	rich	in	
oxygen

• Carbon	was	dredged	up	from	the	core	of	the	
star	over	only	~1000	years,	which	is	very	
short	compared	to	the	lifetime	of	the	star

PAH

PAH

Silicate

(Guzman-Ramirez	et	al.)



Hydrocarbon	processing	in	a	Reflection	Nebula
(Excerpted	from	the	2016	June	SOFIA	Newsletter)

• Interstellar	carbonaceous	material	evolves	depending	upon	
the	strength	of	radiation	field	it	is	exposed	to

• A	Cycle	2	guest	investigator	project	led	by	Olivier	Berné	(IRAP	
Toulouse,	France)	utilized	the	luminous,	B-type	star	in	
reflection	nebula	NGC	7023	to	study	variations	in	the	
carbonaceous	material	with	radiation	field		

• The	colors	vary	in	the	sense	that	the	7.7	&	8.6	µm	features	
get	brighter	relative	to	the	11.3	and	3.28	µm	features	closer	
to	the	star

• Explanation	is	relatively	more	ionized	PAH,	and	less	of	the	
larger	“very	small	grain”	PAH	clusters,	in	the	more-intense	
radiation	field	closer	to	the	star

• The	daughter	products	converting	to	the	relatively	hardy	
buckminsterfullerene	(C60)	closest	to	the	star.	

• SOFIA	was	essential	due	to	the	wide	field	of	view	and	the	
narrow	3.3	and	11.2	filters	which	allowed	the	size	estimation	
of	the	PAH.	“To	observe	on	the	fly	with	SOFIA	was	a	unique	
experience,”	says	Guest	Investigator	Bavo	Croiset.

Mid-Infrared image of reflection nebula NGC 7023.
Blue: FLITECAM 3.28 µm PAH filter.
Green: Spitzer filter with 7.7 & 8.6 µm PAH.
Red: FORCAST 11.3 µm PAH filter.
(B. Croiset, O. Berné / Toulouse)

Illuminating star



Evidence	of	PAH	Formation	Along	a	Recent	
Outflow	in	NGC	7027

• NGC	7027	is	a	young,	carbon-rich	planetary	
nebula,	an	evolved	star	that	has	thrown	off	
its	outer	envelope,	leaving	the	expanding	
shell	and	a	white	dwarf

• FORCAST	observations	in	the	infrared	allow	
astronomers	to	study	the	formation	of	dust	
and	other	materials	in	the	remnants	of	this	
event.

• Polycyclic	Aromatic	Hydrocarbon	(PAH)	
emission	comes	from	the	region	external	to	
the	ionized	gas,	showing	where	the	PAH	
molecules	form.

• FORCAST	observations	show	that	the	dust	
thermal	emission	comes	from	the	central	
ionized	region	of	the	nebula False-Color	SOFIA	FORCAST	images	of	NGC	7027

37	µm	dust	optical	depth	is	depicted	in	cyan.
6.2	µm	PAH	intensity	is	depicted	in	red.
The	dashed	line	labeled	1	shows	the	axis	of	the	outflow	
from	the	central	star.

Lau	et	al.	2016,	arXiv:1609.02569v1

8 Lau et al.

Fig. 6.— (A) False color 37 µm optical depth (cyan) and IPAH6.2 (red) map of NGC 7027. Yellow, dashed lines indicate positions
corresponding to outflow (B) 1 and (C) 2, where line cut measurements were made of the normalized amplitudes of IPAH6.2 (red) and
τ37 µm (cyan).

modes that are distinguished by whether the collisions
are isotropic with low relative velocity between the dust
and gas (thermal) or if the collisions are due to the rel-
ative motion between the dust and gas (non-thermal).
Large grains are also shattered in collisions with smaller
grains with relative velocities 1 ! v ! 75 km s−1 for
graphitic/amorphous carbon dust (Jones et al. 1996).
This shattering results in the redistribution of dust mass
from large to smaller grain sizes, and is therefore pre-
dicted to be an efficient mechanism of PAH formation.
In this section, we discuss the effects of dust destruction
and shattering in the PDR due the shock driven by out-
flow 1. We show that the optical depth minima of the
LGs are likely due to the destruction of dust via non-
thermal sputtering and that the enhanced PAH abun-
dance is due to rapid PAH formation from grain-grain
collisions in the post-shock environment of the PDR and
molecular envelope.

4.2.1. Dust Destruction

We first consider the destruction of the large dust
grains (a ∼ 1 µm) from thermal sputtering by collisions
with ionized particles. The thermal sputtering timescale,
τsp, must be comparable to or shorter than the radiative
cooling timescale of the shocked gas, τcool if significant
thermal sputtering is expected to occur.
The electron temperature and density of the shock

driven by outflow 1 into the PDR and molecular en-
velope, where the emitting mid-IR dust is located, can
be estimated by the observed properties of the diffuse,
shocked gas in the cavity of the nebula. X-ray observa-
tions of the bi-polar shocked gas that are believed to be
associated with outflow 1 (see Fig. 1) reveal T jet

e ∼ 8×106

K and njet
e ∼ 150 cm−3 (Kastner et al. 2001; Maness et

al. 2003). Since the densities are greater in the PDR and
molecular envelope (nPDR

e ∼ 105 cm−3), the strength of
the shock in the higher density PDR will be attenuated
by the square root of the ratio of the outflow and PDR

densities (i.e. TPDR
e = T jet

e

!

njet
e /nPDR

e ). Assuming a
solar abundance for gas composing the nebula, the radia-
tive cooling timescale in the PDR and molecular envelope
can be approximated by (Draine 2011)

τcool ≈ 0.14 yr

"

TPDR
e

3× 105K

#1.7 "
nPDR
e

105 cm−3

#−1

, (3)

which is much faster than the cooling timescale of the
diffuse, x-ray emitting gas interior to the envelope (∼
2.5× 104 yr).
Thermal sputtering is only important for shocks with

Te " 106 K (Tielens et al. 1994), therefore we do not
expect short thermal sputtering timescales. The ther-
mal sputtering timescale for graphitic grains (Draine &
Salpeter 1979) for a Te ∼ 3 × 105 K shock is approxi-
mately

τ thsp ≈ 1000 yr

"

a

1µm

#

$ nH

105 cm−3

%−1
, (4)

where nH is the hydrogen number density of the
shocked medium. Since the cooling timescale in the PDR
is much shorter than the thermal sputtering timescale for
the shock driven by outflow 1, it is unlikely that the de-
struction of the LGs is due to thermal sputtering.



Investigating	the	dusty	torus	of	Seyfert galaxies	
using	SOFIA/FORCAST	photometry

The	different	kinds	of	Active	Galactic	Nuclei		(AGN)	may	simply	
be	a	matter	of	different	viewing	angles	à toroidal dust	
distribution	measure	needed	to	test	this	“unified	model”

(L.	Fuller	et	al.,	2016,	MNRAS)

SOFIA	

• 11	Seyfert galaxies	observed	with	
FORCAST	at	31.5	µm

• FORCAST’s	high	angular	resolution	
at	31.5	µm allows	decomposition	of	
point-like	AGN	and	extended	
emission	from	underlying	galaxy

• Inclusion	of	31.5	µm	improved	past	
measurements	of	torus	extent	for	
10	of	the	11	galaxies:		6	decreased	
in	size,	while	4	increased.	



Science	Highlights

HAWC+ Images of W3
(October 3 & 5)



Preliminary	HAWC+	Polarimetry	Observations



SOFIA	Asilomar Conference	Photo




