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Infrared Luminous Galaxies 

• LIRGs: 1011 Lsun < LIR < 1012 Lsun  

• ULIRGs: 1012 Lsun < LIR < 1013 Lsun  

• HyLIRGs: 1013 Lsun < LIR 

• Classification is purely due to LIR 

• Classification does not necessarily specify a 
certain galaxy type or class 

• Only requirements: 

– Dusty 

– Powerful heating mechanism 
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Local “ULIRGs”: Strongly 

Interacting/Merging Galaxies 
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Marshall et al. 2007, ApJ, 670, 129 



High-z “ULIRGs” 

• Interacting/Merging Galaxies with AGN 

and/or enhanced star formation rate (high 

efficiency) 

• Gas rich galaxies with “normal”/standard 

star formation efficiency 
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ULIRG Power Source: 

Starburst/AGN Diagnostics 
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Veilleux et al. 2009, ApJS, 182, 628 

Genzel et al. 1998,  

ApJ, 498, 579 



Spoon et al. 2007, ApJL, 654, L49 

ULIRG Power Source: 

Starburst/AGN Diagnostics 
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Fig. 1.—Diagnostic plot of the equivalent width of the 6.2 micron PAH emission feature vs. the 9.7 mm silicate strength. 

Upper and lower limits are denoted by arrows. The galaxy spectra are classified into nine classes (identified by nine 

shaded rectangles) based on their position in this plot. Colors are used to distinguish the various classes. From class 1A 

to 1B, 1C, 2A, 2B, 2C, 3A, and 3B the colors used are green, cyan, dark blue, yellow, pink, purple, red, and orange. After 

class assignment the PAH equivalent widths were corrected for the effect of 6 micron water ice absorption on the 6.2 

micron continuum. The extent of the individual corrections are indicated by dotted horizontal lines. The two dotted black 

lines are mixing lines between the spectrum of the deeply obscured nucleus of NGC 4418 and the starburst nuclei of M82 

and NGC 7714, respectively. Galaxy types are distinguished by their plotting symbol: Filled circles: ULIRGs and HyLIRGs. 

Filled triangles: Starburst galaxies. Filled squares: Seyfert galaxies and QSOs. Filled diamonds: Other infrared galaxies. 



ULIRG “Classes” 

• “Classes” mainly determined by extinction/obscuration 
effects and PAH equivalent widths 

• ULIRG AGN classes: 
– Veilleux et al. 2009, ApJS, 182, 628 

– Class 1:  
• PAH EqW: starburst-dominated;  

• extinction: small; 

– Class 2: 
• PAH EqW: starburst-dominated, but strong AGN contribution 

• extinction: large; 

– Class 3: 
• PAH EqW: small; AGN contribution ≥ starburst contribution;  

• extinction: small; 
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Merger Sequence 

• At age = 0: 

initial encounter 

• At age = 1: final 

merger 

• Unit 1 ~ 109 yr 
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Murphy et al. 2001, ApJ, 559, 201 



Merger Sequence 
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Xilouris et al. 2004, MNRAS, 355, 57 



Merger Sequence 

• Linking start of enhanced star formation 

activity to specific state in 

interacting/merging galaxies is not straight 

forward since it depends on: 

– Encounter geometry 

– Bulge vs. bulgeless system 

– Gas content/mass (“dry” vs. “wet”) 
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Evolutionary Sequence 

• MBH ~ σbulge relation 

suggests co-evolution 

of BH growth and 

nuclear star formation 
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Marconi et al. 2004, MNRAS, 351, 169 



Evolutionary Sequence 

• ULIRG Veilleux classes (1)-(2)-(3) seem to follow 
a morphological trend suggesting: ULIRG → QSO 
evolution sequence, but large scatter 

• Not clear if a general/default trend exist from 
ULIRG-starburst → ULIRG-AGN (or vice versa) 

• Circum-nuclear starburst could remove angular 
momentum and gas could subsequently fall 
toward nucleus and accrete on BH, or 

• AGN outflow could quench circum-nuclear 
starburst, or 

• AGN jet could trigger starburst in surrounding gas 
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AGN Triggers Starburst 
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ULIRG Evolution 
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Farrah et al. 2009, ApJ, 700, 395 

Evolutionary paradigm for z < 0.4 infrared luminous galaxies.  

Three phases in ULIRG lifecycle: 

1) from the initial encounter until approximately coalescence: 

• homogeneous mid-IR spectral shapes 

• mainly from star formation with small AGN contribution possible 

Then “ULIRG enters one of two evolutionary paths depending on the dynamics of the merger, the available 
quantities of gas, and the masses of the black holes in the progenitors”: 

2a) contribution from the starburst to the total IR luminosity declines while contribution from the AGN increases; 
The IR spectral shapes are heterogeneous, likely due to feedback from AGN-driven winds.  

3a) “Some objects go through a brief QSO phase at the end.” 

2b) “decline of the starburst relative to the AGN is less pronounced” 

3b) “few or no objects go through a QSO phase.” 



ULIRG Evolution 
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Farrah et al. 2009, ApJ, 700, 395 



Starburst-AGN Investigation 

• Estimate AGN/starburst contribution as 

function of galacto-centric distance (zone 

of influence) 

• Excitation mechanisms: 

– Stellar (PDR) 

– AGN (XDR) 

– Outflows/jets (shocks, turbulence, velocity 

information) 
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Mid-J CO: PDR 
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Hollenbach & Tielens 1997, ARA&A, 35, 179 



Mid-J CO: XDR 
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Maloney, Hollenbach, & Tielens 1996, ApJ, 466, 561 



Mid-J CO: Shocks 
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Flower & Pineau Des Forets 2010, MNRAS, 406, 1745 



Mid-J CO: Excitation 

Diagnostics 
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Predicted intensities of rotational CO transitions for PDR and XDR (Meijerink & 

Spaans 2005, Meijerink, Spaans, & Israel 2006) and shocks (Flower & Pineau 

Des Forets 2010). The model predictions are for a density of log(n)=4.25, 

Go=1000, Fx = 16 erg/s/cm2, and v(C-shock)=10km/s, v(J-shock)=20km/s. 



Decomposing Dust SED 

Example SEDs of emission 

from the hot, warm, cool, and 

cold dust components for 

typical characteristic 

temperatures of T = 1400, 200, 

80, and 35 K (black lines). Also 

shown are the SEDs obscured 

by screens ( gray lines) having 

τ9.7 = 1, 2, and 3 (top to 

bottom). 

 

(Marshall, J.A., et al. 2007, ApJ, 

670, 129) 
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Decomposition of PAH Features 
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Marshall, et al. 2007, ApJ, 670, 129 

Fig. 8.—PAH emission template 

(black line) derived from the 

spectrum of the mean starburst 

galaxy from Brandl et al. (2006). 

The individual complexes (gray 

lines) are modeled with Drude 

profiles (see Smith et al. 2007). 

Note the significant “continuum” 

emission created by the addition of 

flux in the wings of the broad 

features. Also shown for reference 

are the four arbitrarily scaled IRAC 

transmission curves. 



SED Decomposition 

Open circles indicate the position of the 

MIPS 24 m point to which the IRS spectra 

are scaled. IRAC and MIPS photometric 

points are circled.  

 

(Marshall, J.A., et al. 2007, ApJ, 670, 129) 

Starburst Starburst  

& AGN 

AGN 
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FORCAST 

• Two 256x256 arrays: 
– Simultaneous 5-25 & 25-40 micron 

• 0.75arcsec/pix 

• FOV 3.2 arcmin x 3.2 arcmin 

• SWC:          
– 5.4 (0.16) 

– 6.4 (0.14)  6.3 µm PAH feature 

– 6.6 (0.24)  6.6 µm [Ni II] line 

– 7.7 (0.47)  7.7 µm PAH feature 

– 8.6 (0.21)  8.6 µm PAH feature 

– 11.1 (0.95) 

– 11.3 (0.24) 11.3 µm PAH feature 

– 19.7 (5.5) 

– 24.2 (2.9)  24.3 µm [Ne V] line 

• LWC:         
– 31.5 (5.7) 

– 33.6 (1.9) 

– 34.8 (3.8)  34.8 µm [Si II] line 

– 37.1 (3.3) 
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S/N = 4 in 900 sec 



Nearby Galaxies: NGC 3227 (I) 
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KAO observation 

Bushouse, Telesco, & Werner 1998, AJ, 115, 938 

Schinnerer, Eckart,  

& Tacconi 2000, ApJ,  

533, 826 



Nearby Galaxies: NGC 3227 (I) 
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IRTF observation 
KAO observation 

Bushouse, Telesco, & Werner 1998, AJ, 115, 938 



Nearby Galaxies: NGC 3227 (II) 
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Schinnerer, Eckart, & Tacconi 2000, ApJ, 533, 826 



Nearby Galaxies: NGC 3227(III) 
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Fig. 2.—Left: HST F160W (square root scaling) image after subtracting the bulge-plus-disk model 

derived from the 2MASS image and the HST image at r >1.6”. The field of view of SINFONI is shown 

as a box in the center. The outline of the stellar ring is drawn as a dashed ellipse, with axis ratio 0.6 at 

a P.A. of -30º. Right: CO(2–1) molecular gas map from Schinnerer et al. (2000), with contours at 40%, 

60%, and 80% of the peak. The same box and ellipse as at left are also marked on this image. North is 

up and east is to the left. 

Davies et al. 2006, ApJ, 646, 754 



Future SOFIA 

Observation/Instrumentation 
• FORCAST grisms:  

– PAH observation 

• FORCAST Fabry-Perot: 

– Mid-IR spectroscopy 
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