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EGG resources 
During the 1980’s-90’s, the EGG and friends undertook a 
number of studies which established the “gold standard” 
(according to a referee) of Tully-Fisher studies. The projects 
were dubbed: 

• SFI: Spiral Field I-band 
• SCI: Spiral Cluster I-band 
• SC2, SFI++ (2nd generation studies, final datasets) 

 
Since the early 1980’s, we developed digital archives of all 
these data. They still exist (Long live ASCII!) 

• Targeted observations of 9000 galaxies observed with 
Arecibo, Green Bank 42m/91m, Nancay, Effelsberg 

• Optical (long slit) rotation curves notably from Palomar 
but also many from the literature 

• I-band surface brightness profiles (ellipse fitting)  
• + AL 

 
These data exist 



UGC 9133 = NGC 5533 

UGC 9133 

NGC 5533 

SA(rs)ab 

cz=3866 km/s 

3.1 x 1.9 arcmin 

SFI++ Springob 
et al. 2007 



“Activity” in galaxies 
• Tides, collisions, mergers 

• Distorted appears due to gravitational forces 

• Starburst 
• Star formation rate much higher than “normal” (i.e. the average 

in Milky Way today)  

• Large amounts of molecular gas 

• LFIR/M(H2) like prototypical starburst galaxies (M82, N253) 

• “Active Galactic Nucleus” (AGN; Seyfert galaxies; Quasar/QSO) 

• Presence of extremely bright, star-like nucleus which shows 
evidence (fast moving gas clouds; high energy photons) of SMBH 

• Broad line widths indicate AGN 

• Low H-recombination line fluxes => not enough OB stars to 
support luminosity 

Sometimes more than one of these applies in the 
same system => cause and effect 



Star formation history of the universe 

• Observations of 
external galaxies 
reveal global and local 
star formation events 
ranging over >107x in 
absolute scale--- over a 
far wider range of 
physical environments 
than can be found in 
the Milky Way  

• Star formation is a 
primary component of 
galaxy evolution and 
cosmic evolution 

• Despite its central 
role, galactic-scale SF 
as a physical process is 
barely understood 

Hopkins 2004, ApJ,  615, 209 

Dust extinction plays a key role in 
the interpretation of 
multiwavelength observations 



Spectral diagnostics 

• For nearby, resolved objects, HST can provide color-magnitude 
diagrams, but for more distant objects, we must deduce the 
star formation history from spectra (if we’re lucky…) 

• Does the spectrum show the characteristics of a static, 
evolved, old stellar population? 

• Age of the stellar population? 
• e.g. Hydrogen Balmer absorption: A-stars but no emission 

lines means no O,B stars 

• Does the spectrum contain emission lines as expected for HII 
regions? 

• Current massive star formation 

• Does the spectrum show absorption lines that are much broader 
than normal => SMBH 



AGN diagnostics 
• Miller et al. 2003, ApJ 597, 142: SDSS 

• See Osterbrock’s book 
• Red circles: AGN 
• Blue triangles: Star 

forming galaxies 
 

• Differences in the 
spectral 
characteristics of the 
ionizing photons yield 
differences in the line 
ratios 

 

AGN 

HII 



Star formation rate estimators 
• Kennicutt 1998, ARAA 36, 189 
• Condon 1992, ARAA 30, 575 
• Hopkins et al. 2003, ApJ 599, 971 (SDSS) 
• Bell et al. 2005, ApJ 625, 23 (Spitzer MIPS) 
• Calzetti 2012 astro-ph 1208.2997 

Star formation rate indicators: 
• H-alpha => massive stars 
• 1.4 GHz continuum => thermal HII + SNe 
• L(FIR) => IRAS => dust heated by UV photons 
• L(UV) => massive stars 



Wanted: indicators of young stars 
• Observables produced by massive stars (short-lived population) 

But remember: low mass stars dominate the mass 

Mark 



Star formation in disks and nuclei 

• Kennicutt 1998, ARAA 36, 189 



Two regimes of SFR 



Relevant observables 

UV flux High mass stars dominate UV luminosity => 
visible if not dusty 

H line flux B0 and hotter create ionizing flux < 912 Å 

Radio free-free flux Ionized gas radiates bremsstrahlung at ~5 GHz 

FIR flux Dust absorbs UV and reradiates in FIR 

For H to emit, we need 1 ionizing photon per H atom 
Photoionization rate:      QH = dNion/dt  s-1 

Assuming  @T=104 K = 3 x 10-13 cm3 s-1   (recombination coeff) 
Recombination rate:             ~ 3 x 10-13 ne

2V   s-1 

1 in 4 recombinations yields H photon so 
L(H ) = 1.3 x 10-12 QH  erg/s 
L(ff)  = 7.3 x 10-39 ne

2V  = 2.4 x 10-26 QH (erg/s/Hz @T=104 K) 
L(FIR) acts like a bolometer  



UV Continuum Emission 



Extinction is important! 



Ultraviolet continuum 
Directly observing young stars with M > 5 M


 

•Salpeter IMF applies to galaxies with continuous SF over 108 years 
or longer. 

•Starbursts seem to have smaller SFR/LNUV. 

 
-Direct photospheric measure of young massive stars 

-Primary groundbased SFR tracer for galaxies at z>2 



 Photoionization Methods:  Emission Lines 

SINGG survey 
G. Meurer et al.   

• for ionization-bounded region    
observed recombination line flux 
scales with ionization rate 
 

• ionization dominated by 
massive stars (M > 10 Mo), so 
nebular emission traces SFR in 
last 3-5 Myr 
 

•  ionizing UV reprocessed 
through few nebular lines, 
detectable to large distances 
 

• only traces massive SFR, total 
rates sensitive to IMF 
extrapolation 
 

•  SFRs subject to systematic 
errors from extinction, escape 
of ionizing radiation from galaxy 

 



Hydrogen recombination lines 

Observing effect on ISM of young stars with M > 10 M

 



Other Emission Lines 
 

- Hb              (0.48 mm) 

- Paschen-   (1.9 mm) 

- Brackett-g  (2.2 mm) 

- [OII]          (0.37 mm) 

- Lyman-      (0.12 mm) 

 

Scoville et al. 2000, AJ, 122, 3017 



Hydrogen recombination lines 
Observing effect on ISM of young stars with M > 10 M


 



Calzetti et al. 2007 
Kennicutt & Moustakas 2007 

HII regions galaxies (integrated fluxes) 



Mark Whittle webpages 

Recombination lines 

Other lines e.g. 
[OII] 3727Å 
used esp for 
higher redshift 



H+[NII] EW vs T 

• Kennicutt 1998, ARAA 36, 189 



Mark Whittle webpages 

Stellar birthrate b 

  b = SFR/<SFR> 



Evolution of the birthrate with T 

• Kennicutt 1998, ARAA 36, 189 



M82 at 6 cm 



Condon 1992 

Radio continuum 

synchrotron 

Condon 1992 and references therein 

free-free 

dust 

M82 



Condon 1992 



Mark Whittle webpages 



Far-infrared 

Observing (re-)radiation from dust heated by UV 
(strong absorption by dust at UV wavelengths) 
 
“Ultimate” SF tracer for case of UV-visible radiation 
field dominated by young stars and dust opacity high 
everywhere  =>   starburst 

LFIR = Lbol 

Star Mass Log QH Log Lff Log LH Log Lbol 

05 40 50.0 24.4 38.1 39.0 

B0 16 48.7 23.1 36.8 38.0 

A0 4 42.7 17.1 30.8 35.5 



Mark Whittle webpages 

FIR Luminosity 



Near/Mid-IR (Spitzer) 
Bell et al. 2005 

Estimate total IR from 24 micron MIPS and combine with UV to 
obtain SFR 

• Hidden star formation: near IR and mid IR imaging can reveal 
optically invisible star formation regions 

• In normal spirals, obscured SF knots can be seen in spiral arms 
(M51) 

• In starbursts, dust obscures the optical light 

• Buried superstarclusters seen in IR 

• From SB to LIG to ULIG: LFIR by 103 while Lopt up only by X 3 

• At the highest luminosity, there is a population of optically 
invisible ULIGs at z ~ 2   =>  probably young, buried SB/QSO 
before blow-out 



Composite SFR Indices  
 
Basic Idea: 
•  calibrate 24mm emission (vs 
P, radio, etc) as tracer of 
dust-reprocessed SFR 
component 
 

•  use observed H emission to 
trace unprocessed SFR 
component 
 

•  total SFR derived from 
weighted sum of 24mm + H, 

calibrated empirically  
 

• applied to UV+FIR SFRs, “flux 
ratio method”      

(Gordon et al. 2000) 

Calzetti et al.  2007, ApJ 



Cookbooks  

Extinction-Free Limit     (Salpeter IMF,  Z=Z

) 

 
SFR (Mo yr-1) =  1.4 x 10-28  L n (1500)  ergs/s/Hz 
 
SFR (Mo yr-1) =  7.9 x 10-42  L (Ha)  (ergs/s) 
                       
Extinction-Dominated Limit; SF Dominated 
 
SFR (Mo yr-1) =  4.5 x 10-44  L (FIR)  (ergs/s) 
 
SFR (Mo yr-1) =  5.5 x 10-29  L (1.4 GHz)  (ergs/Hz) 

 
Composite:  SF Dominated Limit 

SFR (Mo yr-1) =  7.9 x 10-42 [L H, obs + a L24mm ] (erg s-1)       

 [a = 0.15 – 0.31] 
 
SFR (Mo yr-1) =  4.5 x 10-44 [L(UV) + L (FIR)]  (ergs/s) 



General Points and Cautions 

• Different emission components trace distinct stellar populations 
and ages 
– nebular emission lines and resolved 24 mm dust sources trace 

ionizing stellar population, with ages <5-10 Myr 
– UV starlight mainly traces “intermediate” age population, ages 

10-200 Myr 
– diffuse dust emission and PAH emission trace same 

“intermediate” age and older stars– 10 Myr to 10 Gyr(!) 
 

• Consequence:  it is important to match the SFR tracer to the 
application of interest 
– emission lines – Schmidt law, early SF phases 
– UV – time-averaged SFR and SFR in low surface brightness 

systems 
– dust emission – high optical depth regions 

 
• Multiple tracers can constrain SF history, properties of 

starbursts, IMF, etc.   



Calzetti review 1208.2997 



Calzetti review 1208.2997 



Calzetti review 1208.2997 



Calzetti review 1208.2997 



Calzetti review 1208.2997 



Bell, 2003, ApJ 586, 794 

UV and optical SFR indicators are sensitive to dust 

IR emission easy to understand in optically thick case in 
vigorous star-forming galaxy 

Radio emission arises from complex physics of cosmic ray 
generation and confinement 

But…. Astonishingly tight relationship between radio-IR flux 

But… does not apply at low luminosities 

Radio flux from low L galaxies is suppressed relative to 
brighter galaxies 

Radio-IR correlation 



Bell 2003, ApJ, 586, 794 

Radio – FIR correlation 

• exploits tight observed 
relation between 1.4 GHz radio 
continuum (synchrotron) and FIR 
luminosity  

•  correlation may reflect  CR 
particle injection/acceleration 
by supernova remnants, and thus 
scale with SFR  

•  no ab initio SFR calibration, 
bootstrapped from FIR 
calibration 

•  valuable method when no other 
tracer is available 



Star formation indicators from SDSS 
• Hopkins et al. 2003, ApJ 599, 971 (SDSS) 
 



Star formation indicators from SDSS 



Star formation history 

Johnson et al. 2006, ApJL 644, L109 

Kauffmann et al. 2003 
• Use dereddened SDSS spectra 
• Dn(4000Å) = 

 
 where F+,- are two narrow (~100 

Å) bands centered at 4050 and 
3900 Å. 

• Use fnearUV and ffarUV from GALEX 
• Calculate IRX = log (Ldust/LfarUV) 
• Colored lines show a fit to median 

value of IR excess (IRX) in the 
bin of corresponding color 

Strength of the 4000 Å break => star formation history 
Balogh et al. 1999; Brinchmann et al. 2004 
 

 F+ d   

 F- d  



HI Gas in Galaxies 

Optical and HI image of NGC5055 
(Oosterloo et al.) 



Generic star formation law 

• Kennicutt 1998a,b  (ARAA and ApJ 498, 541) 

SFR = A gas
n 



Global Schmidt Law 

• Kennicutt 1998, ARAA 36, 189 

Notice dynamic range in ’s! 



SFR versus Gas Surface Density 

• Kennicutt 1998, 
ARAA 36, 189 
 

Schmidt law: 

SFR = A n
gas 



Coordinated multiwavelength programs 
Numbers starting to accumulate 

• WHISP (WSRT) 
• VIVA (VLA; van Gorkom et al) 
• THINGS (VLA; Walter et al.) 
• Little THINGS (VLA; Hunter et al) 
• ANGST(VLA; Ott et al.) 
• FIGGS (GMRT; Begum et al.) 

 
Future: EVLA + CARMA/ALMA + others 



Interactions 
• Galaxy - galaxy interactions 
•  Galaxy – ICM interactions (where ICM) 



Interactions in distant clusters 



Quasar Host Galaxies 

Bahcall et al. 1997, Ap.J. 479, 642 



Morphological Alteration Mechanisms 

I. Environment-independent 
a.  Galactic winds 
b.  Star formation without replenishment 

 
II. Environment dependent 
  a. Galaxy-galaxy interactions 

i. Direct collisions 
ii. Tidal encounters 
iii. Mergers 

  b. Galaxy-intracluster medium interactions 
  i.   Ram pressure stripping 
  ii.  Thermal evaporation 

Iii. Turbulent viscous stripping 
c. Galaxy-cluster interactions 

i.   Harrassment 



Galaxy-galaxy interactions 

Barnes & Hernquist 
See: http://www.ifa.hawaii.edu/~barnes 

During tidal interactions and mergers, gas tends to be driven towards 
the centers of galaxies through gravitational torques on it by tidally 
induced stellar bars  dissipation and shocks 

• Starbursts 
• Globular cluster formation 
• Feeding of AGN 



Low velocity encounters (Tides, mergers) 

The Antennae: NGC 4038/9. Optical wide field (left) + HST (right) 



The Antennae (as observed) 



The Antennae (from the top) 



Toomre & Toomre 1972 

• The galaxy’s mass is concentrated at a point 

• The outer disk particles are arranged in 5 rings 

• They do not interact with each other (no self-gravity) 

• All passages involve two galaxies that have a close, slow 
moving parabolic approach 

• Each time unit is 100 million years 

Although much more sophisticated 
codes exist today, T&T72 
demonstrated the overall damage 
done by tides. 



M81/M82 encounter 



M81/M82 encounter 



M81/M82 encounter 



Toomre2 results 

• Galaxy encounters are not accidental; most pairs are bound already 

• Direct encounters cause more damage than retrograde ones 

• Tails (nice) are easier to make than bridges (messy) 

• Viewing geometry is critically important 



Retrograde passages 
Toomre & Toomre found that retrograde passage (ones in the opposite 

direction to a galaxy’s spin) have little tidal effect. See Picture below  

From now, we will only 
discuss direct passages, 
which  are far more 
disruptive 

 Flat retrograde 
(i=180º) parabolic 
passage of a companion 
of equal mass. 



TT72 • Direct passages are more effective 
• More damage from equal mass companion 



Bridge Building and Inclination 



Tails 

• Unlike bridges, tails involve some particles escaping towards infinity 

• To form major tails, the galaxies should be similar in mass. 

• Like bridges, tail making is less effective at higher inclination planes. 
Again, the difference between 0° and 30 ° is small. 

• However, in higher inclinations, the tail is raised from the orbit plane. 
This allows the tails to be crossed, as in NGC 4038/9 



Gravitational encounters 

Schematic from Chris Mihos 



The Antennae 



Encounter geometry 

Barnes, 1988, ApJ 331, 699 

• Disks shown in their original position.   
• Each disk inclined 60o with respect to orbital plane 



The Antennae in HI 

http://www.cv.nrao.edu/~jhibbard 



M51 



M51 



M51 



“The Mice” 



TT72: The Mice 



The Mice: a driven system 

Passage of nearby galaxies causes a perturbation 
that produces a spiral arm. Confirmed using N-body 
numerical simulations… more on this…… 



The Mice: a driven system: J. Barnes 

Passage of nearby galaxies causes a perturbation 
that produces a spiral arm. Confirmed using N-body 
numerical simulations… more on this…… 



Mice encounter  (J. Barnes) 



Chris Mihos’ Cartwheel movie 



Cartwheel: A head-on collision 



How likely are encounters? 

• Slow encounters are unlikely in dense clusters 

• Simulated passages are unlikely to be hyperbolic 

• Tails and bridges are the least observed in dense 
clusters 

• Close encounters unlikely in loose groups 

• Therefore, most tidal effects must have been created 
by galaxies gravitationally bound 



The Magellanic Clouds 

LMC SMC 

• The Magellanic Clouds are 
contained within a common HI 
envelope.  

• The Magellanic Stream 
traces their interaction with 
the MW. 



cD N4881 in Coma 

cD = “cluster 
 diffuse” 
 
Much brighter than 
next brightest galaxy 
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cD surface brightness profile 

•cD galaxy in the 
cluster A496 

 
•Note the 

excess light at 
R1/4 > 2 

Morretti et al. 

SB(r) = SB(reff) exp (-7.67[(r/ reff)1/4 –1])  

 where reff is the effective radius 



• In the cores of regular rich clusters (or at a density 
enhancement) 

– Local conditions are important 

• Offset (too bright) from the luminosity function of normal 
galaxies 

• Extensive (~1Mpc) stellar envelopes of low surface brightness 

• Many have multiple nuclei 

cD galaxy in Abell 3827 

Sarazin (1988) 

cD galaxies 



How do cD’s form? 
• Galactic Cannibalism (Ostriker & Hausman, 1977) 

• Dynamical friction  brings massive galaxies to the center of 
clusters 

• Merger of these massive galaxies in the cluster cores 

• Giant galaxy then swallows other galaxies going through the 
core 

Centaurus A 



Dynamical friction 
• Suppose an object of mass M is moving within a sea of other 

objects of mass m, with m < M.  

• As M moves forward, the other objects are pulled towards it, with 
the closest ones feeling the strongest force. 

• This produces a region of enhanced density along the path of M, 
including a wake trailing it. 

• Dynamical friction = net gravitational force on M due to others that 
opposes its motion.  

• Kinetic energy is transferred from M to surroundings, thus 
reducing its speed. 



Cartoon of dynamical friction 

 M 

- V 

Mass M sees stars approach at velocity –V 
Stars are deflected a bit by M 

Slight excess of mass behind mass M 



Galaxy harassment 

Animation courtesty of G. Lake  

Multiple rapid 
encounters in a 
cluster may also 
seriously impact 
galaxy evolution. 



Harassment 

•Supporting evidence:  

–Intra cluster diffuse light (ICL) 

• Intergalactic stars, ~10-40% of the 
cluster stellar population 
(Feldmeier et al., 2003) 

–Tidal debris 

• e.g. Plumes and arc-like structures 

• The amount of tidal debris and ICL 
depends on local density, which 
supports the merger scenario 
(Combes, 2004) 

–Rings of star formation that are more 
common than two-armed spirals 
(Oemler et al., 1997) 

• Due to bars triggered during tidal 
interactions? 

Calcaneo-Roldan et al. (2000) 



Ram pressure sweeping 

• Spirals in Virgo are HI deficient. 

• Hydrodynamical simulations show 
effectiveness of ram pressure stripping 

• Stripping occurs if 
ρICMV2 > 2πG ΣgasΣstars 

Vollmer et al. 2001 

•Ram pressure 
exerted by 
stationary gas on 
moving galaxy 

•V is velocity of 
galaxy with 
respect to cluster 

•Gravitational 
“restoring” force of 
stars and gas in 
galaxy  

•Σ is surface density 



Ram Pressure Stripping 
• Ram Pressure Stripping can remove the gas supply of galaxies 

that pass through clusters 

– Interaction between ISM and ICM 

– Could explain metal content of the ICM 

– Episodes of starburst? 

Simulation by B. Vollmer 

Animation by Bengt Vollmer 



Formation of a cluster like Virgo 

Ben 
Moore’s 
web site 

Simulation by 
Ben Moore 



HI Deficiency:  

<DEF>         DefHI = log[ M(HI:D)pred ] - log[ M(HI:D)obs ] 
 
(positive for systems more deficient than isolated galaxies of same 

type) 

• HI standard of “normalcy”: 
324 isolated galaxies  
Haynes & Giovanelli 1984 

 
• Extended to smaller objects 

Solanes et al. 2002 



Solanes et al. 2002 

Dots: galaxies w/ 
       measured HI 
 
Contours:  

HI deficiency 
 
Grey map: ROSAT 
       0.4-2.4 keV 

HI deficiency in Virgo 

Galaxies embedded in the hot X-ray gas are deficient in their HI relative 
to isolated galaxies of the same size and morphology. 


