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HII Regions as Star Formation Tracers

•Ionized Hydrogen (HII) 
surrounding high-mass stars

•Can be seen across the 
Galactic disk from the mid-
IR to Radio (bright!)

•Zero-age objects compared 
to the Milky Way

•Associated molecular gas 
reservoirs contribute to 
ongoing star formation



The WISE Catalog of Galactic HII Regions

•Contains ~2000 known HII regions and ~6000 candidate HII regions
•Characteristic Infrared Morphology

• 22 μm core – Hot (≈100 K) small grain emission, traces massive stars
• 12 μm, diffuse – PAH emission, traces photodissociation regions

• After we determine candidates in IR, we confirm with radio

astro.phys.wvu.edu/wise



Extension of the Scutum-Centaurus Arm in 1st Quadrant

Boundary for high-mass SF within the Milky Way

Mean Solar Distance ~21 kpc
Galactocentric Radius ~15 kpc

Integrated HI from the LAB Survey – Figure 1 from Armentrout et al. 2017

This arm was missed previously due to Galactic Warp.

Outer Scutum-Centaurus Arm (OSC)



Face-On Map
(First Quadrant)

17 Detected OSC HII Regions

Red targets observed in 
Armentrout+ 2017. Black

from known HII region catalog 
(Anderson+ 2015).

Largest Heliocentric Radii of 
any HII Regions Discovered 

within the Milky Way

Stellar types as early as O4 
(~60 M�)

Figure 5 from Armentrout et al. 2017
with Integrated HI in Grayscale



Star formation in the outer Galaxy could be similar to that 
of a much younger Milky Way (or galaxies like the Large 

Magellanic Cloud)

• Lower Gas Densities
• Lower Metallicity Environment

12 + log(O/H) = > 8.9    at the Galactic Center (GC)
8.54     at the Solar orbit
8.29     at 15 kpc from GC

• Higher Molecular Gas Conversion Factor (CO-to-H2, XCO)

Expectations for Outer Galaxy Star Formation

From	Balser	et	al.	2011/2015



1. Map the thermal continuum and molecular gas (13CO/HCN/HCO+) 
from all known OSC HII regions with the Green Bank Telescope.

2. Characterize the total molecular gas (from 13CO) and the dense gas 
clumps (from HCN/HCO+) of outer Galaxy star forming regions.

Observing and Reduction Plan

GOAL : Constrain the efficiency of star formation in the outer Galaxy.
• Compare stellar component and molecular gas reservoirs of outer and 

inner Galaxy samples.
radio continuum � ionizing radiation � stellar content molecular lines � gas content

• Map out to ~15 kpc from Galactic Center (Complementary sample to EMPIRE 
Survey, etc. which detects HCN and HCO+ out to galactocentric radii of ~10 kpc in 
other Galaxies.)



16-element Argus Array 
Green Bank Telescope

Operates from 74-116 GHz

Currently ~1000 hours of 
available Argus time per year
(Project underway to enable 

daytime high frequency 
observations)

Molecular Gas Maps of OSC HII Regions

13CO Contours in Green
VLA Contours in Grey (10 GHz 

Continuum)
WISE Infrared Background

16 pixel Argus Array, GBT

This work tunes to 13CO, 
HCN, HCO+, & 7 other lines



5 arcmin x 5 arcmin 
(Daisy Scans)

25 minutes per map
RMS ~0.5 K /~0.1 K • km s-1

7 arcsec resolution at 110 
GHz

>65% of OSC HII regions 
had 13CO detections, 

covering a wide range of 
molecular cloud masses

(11/17)

100% of OSC HII regions 
(so far) had dense gas 

(HCN, HCO+) detections 
(6/6)

Molecular Gas Maps of OSC HII Regions

13CO Contours in Green
VLA Contours in Grey (10 GHz 

Continuum)
WISE Infrared Background

16 pixel Argus Array, GBT

This work tunes to 13CO, 
HCN, HCO+, & 7 other lines
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Log(NLy)	=	49.1		(O5.5)
Log(MMol/M�)	=		5.6
Log(MDense/M�)	=	4.4
MDense/Mmol =	5.3%

Log(NLy)	=	48.2	(O8)
Log(MMol/M�)	=		5.7
Log(MDense/M�)	=	4.5
MDense/Mmol =	5.7%

Log(NLy)	=	48.2	(O8)	
Log(MMol/M�)	=		5.8
Log(MDense/M�)	=	4.5
MDense/Mmol =	4.8%
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Log(NLy)	=	48.3	(O8)
Log(MMol/M�)	=		5.2
Log(MDense/M�)	=	4.0
MDense/Mmol =	5.7%

Log(NLy)	=	49.4	(O4)
Log(MMol/M�)	=		5.0
Log(MDense/M�)	=	4.5
MDense/Mmol =	36.8%

Log(NLy)	=	49.2	(O5.5)
Log(MMol/M�)	=		5.6
Log(MDense/M�)	=	4.8
MDense/Mmol =	14.4%



Molecular Gas Maps of OSC HII Regions

• Battisti &	Heyer (2018)	found	typical	dense	gas	fraction	of	7%	of	Milky	Way	clouds.
• Jimenez-Donaire et	al.	(2019)	found	the	dense	gas	fraction	in	EMPIRE	galaxies	decreased	
with	RGal,	out	to	their	limit	of	10	kpc.
• Our	“average”	cloud	has	a	dense	gas	fraction	of	5%,	but	it’s	still	a	small	sample.

The	outliers	are	actively	star	
forming.	These	are	our	

highest	luminosity	regions.

Most	regions	in	our	survey	range	
have	a	dense	gas	fraction	of	5%.



Molecular Gas Maps of OSC HII Regions
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• Highest	luminosity	regions	have	higher	dense	gas	fractions.	
• The	ionizing	sources	could	be:
• Stripping	away	the	diffuse	molecular	gas,	leaving	dense,	star	forming	cores	intact
• Heating	the	regions	and	exciting	HCN	(this	has	been	seen	in	the	centers	of	ULIRGS)

From	WISE	24	μmFrom	VLA	10	GHz	Continuum



Molecular Gas Maps of OSC HII Regions

Gao	and	Solomon	relationship	
reproduced	from	Lada	et	al.	2012

Green	Stars	–
Dense	Gas,	traced	by	HCN

Purple	Squares	–
Total	Molecular	Gas,	traced	by	13CO	

SFR	calculated	from	WISE 24	μm (Cluver+	2017)	using	the	
WISE Catalog	of	Galactic	HII	Regions	(Anderson+	2014)

Molecular	masses	from	our	13CO	and	HCN	observations	
using	Lada+	2012	prescription



Star formation in the outer Galaxy could be similar to that of a much younger Milky Way (or 
lower metallicity galaxies like the Large Magellanic Cloud). It can also serve as a pattern for 
star formation on the outskirts of nearby galaxies.

The OSC contains stellar types as early as O4, Molecular cloud masses ranging from 105 - 106

M�. Dense gas tracers have been detected in all targets so far observed. (Observations ongoing)

Dense gas ratio is flat beyond RGal = 10 kpc (5%), with the exception of the most active star 
forming regions (log[LyC] > 49), where the ratio was increased by a factor of ~7 (ratio of 37%).

Future Work: (1) Finish mapping dense gas from the OSC sample.
(2) Compare to representative inner Galaxy sample to trace radial trends.

Will Armentrout
warmentr@nrao.edu

High-Mass Star Formation in the Far Outer Galaxy

Postdoctoral Fellow
Green Bank Observatory





Molecular Gas Maps of OSC HII Regions
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Total	infrared	luminosity	
scales	with	10	GHz	radio	
continuum	(thermal).		



Deriving Underlying Stellar Population

Armentrout	et	al.	(2017)
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Figure 6. Electron temperature radial gradients for the GBT Sample (top) and the
Green Bank Sample (bottom). Only quality factor values of C and better for both
line and continuum data are included. The solid lines are linear least-squares fits
to the data. Top panel: 330◦ <Az < 360◦. Middle panel: 0◦ <Az < 30◦. Bottom
panel: 30◦ <Az < 60◦.

ejected from dust grains and collide with atoms, whereas cooling
of the gas can result when there are collisions of fast particles
with dust grains (Mathis 1986; Baldwin et al. 1991; Shields &
Kennicutt 1995). Oliveira & Maciel (1986) estimate that the net
effect of dust is on the order of 500 K. Heavy elements within
the ionized gas will increase the cooling primarily through CELs
and lower Te (Garay & Rodrı́guez 1983). Rubin (1985) predicts
changes in Te of 7000 K for a factor of 10 change in metal
abundance.

Given the typical range of values for these physical properties
in Galactic H ii regions, the metallicity should thus be the dom-
inant factor in producing variations in the electron temperature.
We explored, for example, the effects of density and excita-
tion on the derived electron temperatures for the GBT Sample.
Assuming that each H ii region is a spherical, homogeneous,
optically thin nebula we derived the electron density using
Equation (G7) by Balser (1995). (See Quireza et al. (2006b)
for a similar analysis.) To assess the effect of excitation we cal-
culated the number of H-ionizing photons emitted per second,
NL, as a proxy for Teff using Equation (G9) by Balser (1995).
This provides an upper limit to Teff since more than one early-
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Figure 7. Image of the Galactic distribution of nebular electron temperatures
produced from the discrete H ii regions located between Galactic azimuth 330◦

and 60◦ for the Green Bank Sample (110 sources). The image was generated
by using Shepard’s method with α = 5 (see the text). The contours range
between 6400 and 11,200 K at intervals of 400 K. The darker shades are lower
temperatures. The orientation is the same as in Figure 1 with the Galactic Center
located at (x = 0, y = 0) and the Sun at 8.5 kpc above the Galactic Center at
zero azimuth. The points indicate the location of the discrete H ii regions.

type star may be ionizing the nebula. We found no significant
correlation of the electron temperature with the electron density
(r = 0.10) or NL (r = 0.03), where r is the correlation coeffi-
cient. This suggests that metallicity is the most important factor
in determining the electron temperature for our sample of H ii
regions.

Given the homogeneity of our sample, the derived electron
temperatures should provide an excellent proxy for metallicity.
Following Shaver et al. (1983), we divided our H ii regions into
two groups having either high or low values of both NL or ne. The
threshold values were log(NL) = 49.5 s− 1 and ne = 150 cm− 3.
Similar to Wink et al. (1983) and Quireza et al. (2006b) we
find no systematic trend in the electron temperature for these
two samples. Shaver et al. (1983) found that the high (ne, NL)
sample produced higher values of Te for a given Galactocentric
radius. But this trend is weak since the correlation is strongest
at small Rgal, where there are systematically low Te values
(Quireza et al. 2006b). The physical effect of ne on the electron
temperature has clearly been observed, however, by comparing
electron temperatures derived from single-dish telescopes with
those from interferometers. Afflerbach et al. (1996) observed
RRLs with the VLA toward ultracompact H ii regions and found
electron temperatures about 1000 K hotter than the Shaver
et al. (1983) single-dish values. Interferometers are sensitive
to compact, high density gas, whereas single-dish telescopes
probe the more extended, low density gas.

We calculated O/H abundance ratios from our H ii region
electron temperatures using the relationship derived by Shaver
et al. (1983). This is based on electron temperatures from
RRL and continuum emission and CELs of oxygen. They
estimate an rms uncertainty of 0.1 dex in log(O/H). Pilyugin
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Table 6
O/H Radial Gradient Fits

Az Range GBT Sample Green Bank Sample

a b a b
(deg) (dex) (dex kpc−1) (dex) (dex kpc−1)

0–360 8.866 ± 0.066 −0.0383 ± 0.0065 8.962 ± 0.045 −0.0446 ± 0.0046
8.866 ± 0.075 −0.0383 ± 0.0074 8.962 ± 0.047 −0.0446 ± 0.0049

330–360 9.16 ± 0.13 −0.068 ± 0.013 9.08 ± 0.11 −0.058 ± 0.011
9.16 ± 0.19 −0.068 ± 0.018 9.08 ± 0.13 −0.058 ± 0.013

0–30 8.762 ± 0.063 −0.0266 ± 0.0053 8.850 ± 0.045 −0.0339 ± 0.0037
8.761 ± 0.068 −0.0266 ± 0.0057 8.850 ± 0.047 −0.0339 ± 0.0039

30–60 9.094 ± 0.046 −0.0579 ± 0.0046 9.111 ± 0.074 −0.0602 ± 0.0060
9.093 ± 0.051 −0.0579 ± 0.0053 9.111 ± 0.077 −0.0602 ± 0.0063

Notes. Gradient fit defined by 12 + log(O/H) = a + b Rgal. The second fit uses jackknife resampling.

et al. (2003) claim that the oxygen abundances calculated
by Shaver et al. (1983) are systematically overestimated by
0.2–0.3 dex. They determined O/H abundance ratios using the
P-method, where an excitation parameter is employed to derive
the physical conditions in the H ii regions. Regardless, any
systematic O/H abundance calibration error should not effect
gradient measurements. The Shaver et al. (1983) relationship
between log(O/H) and Te is

12 + log(O/H) = (9.82 ± 0.02) − (1.49 ± 0.11) Te/104. (3)

Here we only use CELs to convert electron temperatures
to O/H abundance ratios. Some authors have advocated the
use of optical recombination lines (ORLs) since, unlike CELs,
deriving the O/H abundance ratio using ORLs is not a strong
function of the electron temperature or density structure (e.g.,
Esteban et al. 2005). O/H abundance ratios derived from
ORLs are typically larger than those determined from CELs.
This trend is observed with several abundance tracers in both
H ii regions and planetary nebulae (PNe) and is called the
“abundance discrepancy problem” (Garcı́a-Rojas et al. 2007a).
Garcı́a-Rojas et al. (2007b) suggest that the problem stems from
the presence of temperature fluctuations, whereas Liu et al.
(2000) argue that it comes from hydrogen deficient clumps in
the nebula. Recently, Nahar et al. (2010) have suggested that the
abundance discrepancy problem is caused by an underestimate
of the low-temperature (102−104 K) dielectronic recombination
rates. Based on theoretical calculations they argue that resonant
features in the low-energy photoionization cross section of
O ii must be included. They are in the process of calculating
recombination rate coefficients into all recombined levels of
O ii up to n = 10.

Regardless of how accurately we can measure the O/H
abundance, this ratio corresponds to the gas phase abundance
and does not account for depletion of oxygen onto dust grains.
Peimbert & Peimbert (2010) estimate an oxygen depletion
that varies from about 0.08 dex for the most metal poor H ii
regions to 0.12 dex for the most metal-rich H ii regions with
an uncertainty of about 0.03 dex. Given the small changes in
the O/H abundance ratio and the large uncertainty we assume
oxygen depletion onto dust grains is negligible.

Our O/H radial gradient fits are summarized in Table 6 and
Figure 8 which plots the O/H abundance ratio derived from
Equation (3) as a function of Rgal for the GBT Sample (top) and
the Green Bank Sample (bottom). The data are divided into the

Figure 8. O/H abundance ratio radial gradient for the GBT Sample (top) and
the Green Bank Sample (bottom). Only quality factor values of C and better for
both line and continuum data are included. The solid lines are linear least-squares
fits to the data. Top panel: 330◦ <Az < 360◦. Middle panel: 0◦ < Az < 30◦.
Bottom panel: 30◦ < Az < 60◦.

same azimuth ranges as shown in Figure 6. The O/H gradient
varies from about −0.03 to −0.07 dex kpc−1 depending on the
Galactic azimuth.
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OSC Regions  ●

Molecular Gas Maps of OSC HII Regions

X-Axis : Lyman Continuum 
Photons / Stellar Mass from VLA 

radio continuum observations

Y-Axis : Total Molecular Gas Mass 
from GBT 13CO observations 

X13CO = 10 x 1020 cm-2 (K km s-1)-1 

OSC Molecular gas mass is likely an 
underestimate, since XCO should be 
higher in outer Galaxy (with lower 

metallicity)



OSC Regions  ●
Inner Galaxy +

Inner Galaxy sample from Anderson+ 2008 
using BU-FCRAO Galactic Ring Survey 

Molecular Gas Maps of OSC HII Regions

X-Axis : Lyman Continuum 
Photons / Stellar Mass from VLA 

radio continuum observations

Y-Axis : Total Molecular Gas Mass 
from GBT 13CO observations 

X13CO = 10 x 1020 cm-2 (K km s-1)-1 

OSC Molecular gas mass is likely an 
underestimate, since XCO should be 
higher in outer Galaxy (with lower 

metallicity)


