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Why Bother?

NGC 4486 in Virgo.  CFHT.

Most stars are old;
little extinction.

NGC 4414 in Canes Venatici.  HST, NASA.

Young + old stars;
some extinction. 

NGC 4038/9 in Corvus.  HST, NASA.

Ongoing starburst;
high extinction.
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ABSTRACT
A new MonteCarlo radiativetransfer code, SUNRISE, isused in conjunction with hydrodynamic simulationsof

major galaxy mergers to calculate the effects of dust in such systems. Dust has a profound effect on the emerging
radiation, consistent with observationsof dust absorption in starburst galaxies. Thedust attenuation increaseswith
luminosity such that at peak luminosities ! 90% of thebolometric luminosity isabsorbed by dust. WeÞnd that our
predictionsagreewith observed relationshipsbetween theUV spectral slopeand the fraction of light absorbed by
dust ( IRX-! ) andobservational estimatesof theoptical depth asafunctionof intrinsicB-bandor UV luminosity. In
general, the detailed appearanceof themerging event depends on thestageof themerger and the geometry of the
encounter. The fraction of bolometric energy absorbed by the dust, however, is a robust quantity that can be
predicted from theintrinsic propertiesbolometric luminosity, baryonic mass, star formation rate, and metallicity of
thesimulatedsystem. Thispaper presentsÞtting formulae, validover awiderangeof massesandmetallicities, from
which the absorbed fraction of luminosity (and consequently also the infrared dust luminosity) can be predicted.
Theattenuationof theluminosity at speciÞcwavelengthscanalsobepredicted, albeit withalarger scatter dueto the
variation with viewing angle. These formulae for dust attenuation areconsistent with earlier studiesand would be
suitable for inclusion in theoretical models, e.g., semianalytic models, of galaxy formation and evolution.
Subject headinggs: dust, extinction Ñ galaxies: interactions Ñ galaxies: starburst Ñ methods: numerical Ñ

radiative transfer
Online material: color ÞguresONLINE MATERIALCOLOR FIGURES

1. INTRODUCTION

Galaxy mergersproducesomeof themost spectacular events
in theuniverse. Locally, they areresponsiblefor themost lumi-
nousgalaxies,ultraluminousinfraredgalaxies(ULIRGs;Sanders
& Mirabel1996). At higherredshiftsthey may beresponsiblefor
thesourcesseenin thesubmill imeter(Smail et al. 1997), andthey
may even be a dominant mode of star formation in the early
universe (Somerville et al. 2001; Elbaz & Cesarsky 2003; Bell
et al. 2005). Because the most luminous objects are also gen-
erally the most dust-obscured, it was not until the launch of
IRASthat theexistenceof ULIRGswasdiscovered. What in the
optical appeared to be fairly unimpressive, albeit peculiar, gal-
axies turned out to be thebrightest infrared sources in the local
universe. It is now clear that starbursts and dust generally go
handin hand.Thelargeamountsof gasnecessaryto fuelamajor
starburstbringwith themlargecolumndensitiesof dust,obscur-
ing thestarburstandreradiatingtheenergy in thefar-infrared.In
addition,rapidstar formationquickly enrichesthe regionwith
metals,furtherincreasingtheamountof dust.Includingtheef-
fectsof dustis thuscrucialwhenstudyingthesesystems.

Theoretical studiesof dust attenuation in galaxies haveused
variousapproaches. OneistoÞt observationsof spectral energy

distributions (SEDs) of individual galaxies. KylaÞs & Bahcall
(1987) pioneered this method, studying the edge-on galaxy
NGC 891. Xilouris et al. (1999) Þt optical isophotes of seven
nearly edge-on spiral galaxiesusing amodel with astellar disk
and bulgeand adust disk. They concluded that thesespiral gal-
axies had central face-on optical depth less than 1 in all opti-
cal bands and that the dust disk had a scale height roughly
half that of the stars, but a scale length about 1.4 times larger
than the stars. Numerous authors have found that in addition
to a stellar disk and bulge and a dust disk, it is necessary to
introduce a highly extinguished population of young stars in
order to obtain a high enough level of far-infrared luminosity.
This has been modeled either as additional absorption of light
from young stars by their parent molecular clouds (Silva et al.
1998; Charlot & Fall 2000; Popescu et al. 2000) or as an ad-
ditional, thin, dust disk (Popescu et al. 2000). These studies
show that it is possible to Þt observations of dust in galaxies
with reasonably simple models.

Another approach isto study thebehavior of dust attenuation
in analytic models, surveying a large parameter space. This is
useful for gaining an intuitive understanding of the effects of
dust. Witt et al. (1992) studied theradiation emerging fromstar-
formingregionswithvariousspherical distributionsof starsand
dust, emphasizing thesensitivity with which theeffects of dust
depend ontherelativegeometry of starsand dust andthefact that
scatteringpartially compensatesreddeningby dust.Witt & Gordon
(1996,2000) extended thismodel to includesmall-scaleclumping
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Collisionless Stellar Dynamics

Collisionless Boltzmann Equation (CBE) and Poisson Equation:
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Hierarchical ÒTreeÓ code:

Barnes & Hut (1986)



Interstellar Medium Dynamics
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Smoothed Particle Hydrodynamic (SPH) representation:
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Dynamical equations:



Monte-Carlo method: chance of gas 
particle   becoming a stellar particle 
per time    :

i
! t

Pi = C! ! n" 1
i max( úui,0)m" t

Record birthdate        for each stellar
particle formed in simulation.

t
birth

i

Star Formation

úρ! = C! ρnmax( úu,0)m

SFR depends on local gas parameters available in SPH:

Ñ                             Òshock-
induced SFÓ (e.g. Barnes 2004).

<zn = 1.0, m> 0

Ñ                             Òdensity-
dependent SFÓ (e.g. Katz 1992).

n = 1.5, m= 0 <z

Kennicutt (1998)



Luminosity Density

Simple Stellar Population model
(Bruzual & Charlot 2003).

Ñ initial stellar mass: 106M!

Ñ galactic IMF (Chabrier 2003)
Ñ solar metal abundance



Luminosity Density

Simple Stellar Population model
(Bruzual & Charlot 2003).

Ñ initial stellar mass: 106M!

Ñ galactic IMF (Chabrier 2003)

Correct to constant stellar mass 
(mass loss         % after           ).! 50 1010yr

jX(!r,t) =
Z t

dt! ρ" (!r,t!)/ ϒX(t # t!)

Luminosity density in waveband   :  X

ρ! (!r, t") # density of stars formed at time t ′

! X(") ! mass-to-light ratio of SSP with age !

where

Ñ solar metal abundance



Radiative Transfer in (2+1) D

The surface brightness      along each line of sight is given by:IX
dIX
dz

= jX ! ρκXIX

! XHere     is the opacity, deÞned so that a gas surface density of
                          produces (c.f. Milky Way):2! 107M" kpc# 2

AU = 1.531 AR = 0.748
AB = 1.324 AI = 0.482
AV = 1.000 AK = 0.112

Bodies are Þrst sorted by distance 
(far to near);  the entire image can 
then be computed in one pass.

This approach does not include
scattered light (much harder!).



Disk Galaxy Model

Bulge, Disk, Halo Components:

! h(r) " r! 1(r + ah)! 2

! b(r) " r! 1(r + ab)! 3

Distribution functions:

Ñ bulge, halo:  compute exact DF for spherical potential
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1

!
8! 2

d
dE

Z 0

E

d"
!

" " E
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d"
Eddington (1916)
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vR
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!
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"
Ñ disk:  use approx. DF consistent with moments of CBE

! d(R,z) " e! #dRsech2(z/ zd)



Galaxy Model Parameters

Dimensionless quantities:
mb : md : mh = 1 : 3 : 16Ñ mass:

Ñ disk:                    <z ! dzd = 0.15 Q ! 1.5

Ñ gas mass (% of      ):
    12.5% <z ÒSbÓ,  25% <z ÒScÓ

md

In simulation units (         ):G = 1
Ñ bulge:  mb = 0.0625 ab = 0.02
Ñ disk:  md = 0.1875 ! d = 12.0 zd = 0.0125
Ñ halo:  mh = 1.0000 ah = 0.25

Simulation parameters:
Ñ smoothing:  N-Body:                  ;  SPH:     contains 40 bodies! = 0.0075 hi

Ñ bodies:  Ng = 24576 Nb = 8182 Nd = 21504 Nh = 32768



Star Formation Parameters

density (low)

shock (low)

shock (med.)

shock (high)

n = 1.5
m= 0

n = 1
m= 0.5

n = 1
m= 0.5

n = 1
m= 0.5

C! = 0.025
C! = 0.018

(Sb)
(Sc)

C! = 0.5

C! = 0.75

C! = 1.0



Scaling to Physical Units

R= Lr M = M m T = Tt

Simulations using dimensionless quantities            can be rescaled
to physical quantities              :

(r,m,t)
(R,M,T)

Here                  have units of length, mass, and time, respectively.(L,M ,T )

An isothermal SPH simulation introduces an additional physical 
quantity, the sound speed    .  However, the exact value is not 
critical since ISM pressure is dynamically insigniÞcant in galaxies.

cs

For an N-Body simulation run with          , the only constraint isG = 1

L3M ! 1T ! 2 = G = 6.672" 10! 8cm3gm! 1s! 2

Thus a single model yields a 2-parameter family of solutions, all 
physically consistent.



Star Formation ÒPrehistoryÓ

Finally, assign birthdates to bulge and disk particles, assuming:
Ñ bulge formed      to            ago with constant SFR.11 10Gyr
Ñ disk began forming            ago with SFR                    .10Gyr ! exp(−" ∗t)
Ñ disk SFR is (roughly) continuous at start of simulation.

Example: med. shock SF;
scaling parameters:

L= 42.0kpc
M = 2.72! 1011M"

T= 2.38! 108yr



Star Formation ÒPrehistoryÓ

Finally, assign birthdates to bulge and disk particles, assuming:
Ñ bulge formed      to            ago with constant SFR.11 10Gyr
Ñ disk began forming            ago with SFR                    .10Gyr ! exp(−" ∗t)
Ñ disk SFR is (roughly) continuous at start of simulation.

Example: med. shock SF;
scaling parameters:

Draw birthdates       from 
age distributions for bulge 
and disk components.

t
birth

i

L= 42.0kpc
M = 2.72! 1011M"

T= 2.38! 108yr



Star Formation ÒPrehistoryÓ

Finally, assign birthdates to bulge and disk particles, assuming:
Ñ bulge formed      to            ago with constant SFR.11 10Gyr
Ñ disk began forming            ago with SFR                    .10Gyr ! exp(−" ∗t)
Ñ disk SFR is (roughly) continuous at start of simulation.

Example: med. shock SF;
scaling parameters:

Draw birthdates       from 
age distributions for bulge 
and disk components.

t
birth

i

L= 42.0kpc
M = 2.72! 1011M"

T= 2.38! 108yr



! d = 3.5kpc Md = 5.1 ! 1010 M" Vc = 220km/ s

Sc model (25% gas);  shock-driven SF (med.);  above scaling gives:

bol BVR BVR + dust

A Milky Way ÒLook-alikeÓ



A Milky Way ÒLook-alikeÓ

! d = 3.5kpc Md = 5.1 ! 1010 M" Vc = 220km/ s

Sc model (25% gas);  shock-driven SF (med.);  above scaling gives:

bol BVR BVR + dust

Mbol = ! 23.0



Sc model (25% gas);  shock-driven SF (med.);  above scaling gives:

bol BVR BVR + dust

Mbol = ! 23.0 MB = ! 21.6

A Milky Way ÒLook-alikeÓ

! d = 3.5kpc Md = 5.1 ! 1010 M" Vc = 220km/ s



! d = 3.5kpc Md = 5.1 ! 1010 M" Vc = 220km/ s

Sc model (25% gas);  shock-driven SF (med.);  above scaling gives:

bol BVR BVR + dust

Mbol = ! 23.0 MB = ! 21.6 MB = ! 20.8, ! 19.5

A Milky Way ÒLook-alikeÓ



Effective Surface Brightness:  Data vs. Models

Data:  RC3 galaxies; high 
latitude, roughly face-on.

Models:  shock-driven SF 
(med.); various scalings;
extinction included.



Integrated Colors:  Data vs. Models

Data:  RC3 galaxies; high latitude; corrected to face-on.

Models:  MW Òlook-alikeÓ scaling.

SF options:
  !  shock (high)
  !  shock (med.)
  !  shock (low)
  !  density

Extinction 
included.



Integrated Colors:  Data vs. Models

Data:  RC3 galaxies; high latitude; corrected to face-on.

Models:  MW Òlook-alikeÓ scaling.

SF options:
  !  shock (high)
  !  shock (med.)
  !  shock (low)
  !  density

Extinction 
excluded.



Sb Models: Star Formation History



Sc Models: Star Formation History



Luminosity Ñ Line Width Relation:  Models vs. Data

Data: Tully & Pierce (2000) calibrator galaxies; face-on correction.

Models:  shock-driven SF (med.); extinction included.
Sc models

MW look-alikeM ! ! 4M
L ! ! 2L
T ! ! T
! = 4

"
2

Scaling:! = const.



Luminosity Ñ Line Width Relation:  Models vs. Data

Data: Tully & Pierce (2000) calibrator galaxies; face-on correction.

Models:  shock-driven SF (med.); extinction included.
Sc models

MW look-alike

Then: Vc = const.

M ! βM
L ! βL
T ! βT
β =

!
3/ 4

M ! ! 4M
L ! ! 2L
T ! ! T
! = 4

"
2

Scaling:! = const.



Luminosity Ñ Line Width Relation:  Models vs. Data

Models:  shock-driven SF (med.); extinction included.
Sb and Sc models

Data: Tully & Pierce (2000) calibrator galaxies; face-on correction.

MW look-alike

Then: Vc = const.

M ! βM
L ! βL
T ! βT
β =

!
3/ 4

M ! ! 4M
L ! ! 2L
T ! ! T
! = 4

"
2

Scaling:! = const.



Isolated Galaxies: Summary

Surface brightness:  models are consistent with data but a little 
brighter than average.

Integrated colors:  models are consistent, but very blue colors are 
not attained unless extinction is set to zero.

Luminosity Ñ line-width relation:  scaled shock-driven (med.)
models match slope and intercept.

Missing physics:  (a) gas recycling;  (b) scattered light.

Dust-to-gas ratio variable?  Dust properties variable?



Merging Galaxies

Pick initial conditions, 
integrate forward in 
time, and compare to 
the observations. 

John Hibbard

Repeat until happy.

Scaling parameters 
are determined by
match to data.



NGC 7252: Model Fit

Sc + Sc merger.

Scaling from Þt:

L = 22.0kpc
M = 9.96! 1010M"

T = 1.54! 108yr

1st passage about      
                   ago.6.2! 108yr



NGC 7252:  Star Formation History

Sc models; shock-driven SF (low).



NGC 7252:  Data vs. Model

MB = ! 21.22

U ! B = 0.17
B! V = 0.66
V ! R= 0.74

MB = ! 20.68

U ! B = 0.16
B! V = 0.60
V ! R= 0.52



NGC 4676: Model Fit

Sb + Sb merger.

Scaling from Þt:

L = 34.5kpc
M = 3.12! 1011M"

T = 1.71! 108yr

1st passage about      
                   ago.1.7! 108yr



NGC 4676:  Animations

bol BVR + dust



NGC 4676:  Animations

BVR + dustbol



NGC 4676:  Animations

bol BVR + dust



Thank You!



Star Formation: Implementation

úρ! = C! ρnmax( úu,0)m

úui =
Nn

!
j!= i

mj

!
Pi

" 2
i
+

# i j

2

"
(!vi " !vj) á

$
$!ri

Wi j(ri j)

Pi = C! ! n" 1
i max( úui,0)m" t

! i j =

!
! " csµi j+ #µ2

i j

($i+ $ j)/ 2 , µi j < 0;
0 , otherwise

µi j = (!ri! !r j)á(!vi! !vj)
r2
i j / hi j+ %2hi j

SFR depends on local gas parameters available in SPH:

Monte-Carlo method: chance of gas particle    becoming a stellar 
particle per time     :

i
! t

Dissipation rate includes         work and artiÞcial viscosity:PdV

Bulk + von Neuman-Richtmyer viscosity (Monaghan 1992):


