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Photoionized gaseous nebulae (emission line nebulae) 
Planetary nebulae (PNe) H II regions (Orion / M42) 

Giant extragalactic H II regions (NGC604) Starburst galaxies 
(Izw 18) 

Distant quasars 



Evolution of a low-mass star 

PNe are descendents of low- 
and intermediate-mass stars 
(~0.8–8M!). 

tage ~104 yr 

PNe are Ubiquitous in the 
universe; 

Narrow and bright emission 
lines, e.g., [O III], Hα; 

Excellent tracers of chemistry, 
kinematics, and stellar 
populations of host galaxies; 
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Ibata et al. (2001) Photometric survey of 
RGB stars with INT/
WFC 

Enhanced metallicity 
in the stream relative 
to the halo population  



Surface density 
of red RGB stars 

A number of stellar substructures have been detected in the outer disk and halo of M31. 

The most prominent are the Northern Spur and the Giant South Stellar Stream (a.k.a., the 
Giant Stream) 

Ferguson et al. (2002) 



The Northern Spur and the Giant 
Stream may be connected by a 
stellar stream (Merrett et al. 2003). 

This model needs to be assessed. 
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1)  Planetary nebulae are 
excellent tracers of 
chemistry, kinematics, and 
stellar population of 
substructures in the host 
galaxies. 

2)  PN spectra for the 
substructures of M31 are still 
conspicuously lacking. 

~2800 planetary nebulae 
have been identified in M31. 



The 5.1m Hale 

Black dots: Merrett et al. (2006) 
Blue open circles: Yuan et al. (2010) 
Red asterisks: Fang et al. (2013) 

Purpose of the 
program: 
To investigate the origin 
of the Northern Spur 
substructure of M31. 

This is the first chemical 
study of PNe in one of the  
substructures of M31. 



•  Palomar 5.1m Hale spectroscopy (visitor mode, 2011 Sept.22–23) 
•  Double Spectrograph (DBSP) 
•  Blue arm: 1200 lines/mm,  Red arm: 316 lines/mm 
•  Dichroic: D48 
•  Wavelength coverage: 3400–4900 Å, 4800–7300 Å 
•  Resolution: 2.4 Å in the blue, 6.9 Å in the red. 

PN ID R.A. 
(J2000) 

Decl. 
(J2000) 

m(5007) Vhelio 
(km/s) 

Rgal 
(kpc) 

DBSP Exp. (s) 

Blue Arm Red Arm 

PN1 (2426) 00:47:00.69 42:58:55.20 20.61 -19.6 25.9 8 × 1800 8 × 1800 

PN2 (2431) 00:47:58.60 43:00:06.48 20.83 -44.4 27.2 8 × 1800 8 × 1800 

PN3 (2421) 00:45:42.60 42:55:26.30 20.84 -90.3 23.9 6 × 1800 6 × 1800 

Palomar observations and target properties 



•  2-D image of PN1 

2D blue spectrum of PN3 obtained at the 5.1m Hale Telescope �

Upper:  The raw data. 
Lower:  After wavelength calibration and background subtraction.�



Blue spectrum 
of PN3:  

Red spectrum 
of PN3:  



The 10.4m  
Gran 
Telescopio 
Canarias 

Follow-up work:  
GTC spectroscopy 
of PNe in the 
Northern Spur 
and  the Giant 
Stream of M31. �

Black dots: Merrett et al. (2006) 
Blue open circles: Yuan et al. (2010) 
Red open circles: LAMOST new  

Purpose of the 
program:  
To further study 
the origin of 
substructures 
using high-quality 
PNe spectra.  

PN7 is the first PN discovered in the 
outer streams of M31 (≥100 kpc); 
it is both spatially and kinematically 
related to the Giant Stream. 

Red asterisks: Fang et al. (2013) 
Blue and magenta filled circles: 
GTC targets 



M32 

This figure shows the spatial and 
kinematical distribution of PNe in M31. 

Our PNe are kinematical different from 
the classical disc of M31. 

Satellite M32 might be responsible for the 
origin? 

Fang et al.,  
in preparation 



GTC 



•  GTC OSIRIS spectroscopy (in service mode, 2014 Aug. 23–29) 
•  Total time allocated: 15 hours 
•  Clear nights, seeing 0.5”–0.8”;  1” wide long slit 
•  Two CCDs (CCD1 + CCD2), 2k×4k each, 0.127”/pixel 
•  Grism R1000B, 1000 lines/mm, λc = 5455 Å 
•  Wavelegnth coverage: 3630–7760 Å 
•  FWHM ~ 6 Å (2.06 Å/pixel) 

PN ID R.A. 
(J2000) 

Decl. 
(J2000) 

m5007 Vhelio 
(km/s) 

Rgal 
(kpc) 

GTC exposure  
(s) 

PN1 (2445) 00:45:52.8 42:36:52.9 20.65 -149 20.1 4 × 1250 

PN2 (2451) 00:46:59.3 42:37:58.2 20.81 -81 21.6 4 × 1250 

PN3 (2427) 00:46:26.5 43:00:43.0 20.48 -420 25.7 4 × 1250 

PN4 (77) 00:43:32.3 41:58:42.5 20.99 -579 9.93 4 × 1200 

PN5 (586) 00:43:07.9 41:28:45.5 20.82 -713 3.05 4 × 1200 

PN6 (2750) 00:42:40.3 41:19:07.4 21.23 -766 0.70 4 × 1200 

PN7 (LAMOST) 00:49:29.0 37:50:45.4 21.51 -203 50.2 4 × 2400 
1 × 1200 

GTC observations and target properties 



OSIRIS:  Optical System for Imaging and low-intermediate-Resolution Integrated 
Spectroscopy 

CCD1 + CCD2:  2048×4096 pixels each, 0.127” per pixel; 
Standard observing modes:  1k×1k binned; 0.254” per pixel. 



GTC OSIRIS g-band acquisition image 
of PN7 (m5007 = 21.51), the faintest 
target in our sample 

Exposure time: 30s 



Upper:  The raw data 

Lower:  The 2D spectrum after image combine (4×40min), cosmic-ray removal, 
wavelength calibration, geometry rectification, and background subtraction;  the 
inset shows the Hγ, [O III] λ4363, and [N II] λ5755 lines. 

GTC OSIRIS 2D spectrum of PN7 
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GTC OSIRIS 1D spectrum of PN7 

(m5007 = 21.5) 



Abundance correlations: N/O vs. He and O 

Red filled circles – PNe sample of this study 
Red open circles – PNe sample observed by Fang et al. (2013) using 5. Hale 
Black filled circles – PNe sample of Kwitter et al. (2012) and Balick et al. (2013) 
Black open circles – PNe sample of Jacoby & Ciardullo (1999) 
Black open triangles: the Galactic Type I PNe of Milingo et al. (2010) 
Green dots – H II regions and metal-poor galaxies from Izotov & Thuan (1999) and Izotov et al. (2012) 
Blue dots – M101 H II regions of Kennicutt et al. (2003)  
Magenta dots – M31 H II regions of Zurita & Bresolin (2012) 

N/O vs. He/H N/O vs. O/H 



Abundance correlations: Ne vs. O 

The black straight line is a linear fit to the H II region/metal-poor galaxies data of 
Kennicutt et al. (2003), Izotov & Thuan (1999) and Izotov et al. (2012). 

The neon of M31 PNe is well correlated with oxygen. 

Ne/H vs. O/H Ne/O vs. O/H 



Abundance correlations: Ar vs. O 

The black straight line is a linear fit to the H II region/metal-poor galaxies data of 
Kennicutt et al. (2003), Izotov & Thuan (1999) and Izotov et al. (2012). 

The argon of our sample is generally correlated with oxygen; but the sample of Kwitter 
et al. (2012) have systematically lower argon abundances. 

Ar/H vs. O/H Ar/O vs. O/H 



Abundance correlations: S vs. O 

The black straight line is a linear fit to the H II region/metal-poor galaxies data of 
Kennicutt et al. (2003), Izotov & Thuan (1999) and Izotov et al. (2012). 

The “sulfur anomaly” (first recognized by Henry et al. 2004 in the Galactic PNe) is also 
present in M31 PNe:  Sulfur in PNe are lower than H II regions at a given oxygen value. 

S/O vs. O/H S/H vs. O/H 



M31 Oxygen gradient exhibited by PNe 

The samples of Zurita et al. (2012) and Esteban et al. (2009) are H II regions; the others are PNe. 
PN7 is >100 kpc from the center of M31 center. 
Our PNe have homogeneous oxygen abundances!   <log(O/H) + 12> = 8.54 ± 0.11 

Fang et al.,  
in preparation 



•  We obtained long-slit spectra of 10 PNe in the substructure of M31 

•  Our GTC spectra are the deepest ever obtained for extragalactic PNe. 

•  Abundance analysis of our sample 
-  N/O and He/H ratios indicate that PNe are Type II. 
-  “Sulfur anomaly” also exists in M31 PNe. 

•  Our targets have homogeneous oxygen abundances 

•  Possible origin of the Northern Spur and the Giant Stream 
-  Our targets are well located on the stellar orbit proposed by Merrett et al. (2003). 
-  The spatial and kinematical information, combined with the homogeneity in 

abundances, indicates they probably have the same origin. 
-  Satellites M32 might be responsible for the substructures? 

Summary 



•  Some comments 

1) So far, deep spectra of M31 PNe are still scarce. 

2) Deep spectroscopy can be well obtained on 8–10m class telescopes (e.g., GTC). 

3) This effort can be efficiently extended to other Local Group galaxies using the 
next-generation Thirty Meter Telescope (TMT). 

Summary 



TMT observations of PNe in nearby galaxies 

•  TMT Wide-Field Optical Spectrometer (WFOS) 
– Large field of view (40.5 arcmin2) 
– Broad wavelength coverage (0.31–1.0 µm) 
– Medium resolution (R ≈ 1000–5000) 
– MOS mode: ~100 targets at R = 1000, with complete wavelength coverage 

•  Deep imaging of Local Group galaxies 

•  Follow-up optical spectroscopy of PNe 



Planetary Nebulae discovered in the Local Group 
(before 2006) 

Magrini (2006) 



•  The number of PN discoveries has been very modest 

Planetary Nebulae discovered in the Local Group (2006–2011) 



•  The number of PN discoveries has been very modest 

Planetary Nebulae discovered in the Local Group (2006–2011) 



Thank you ! 


