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Why Bother?

NGC 4486 inVirgo. CFHT. NGC 4414 in Canesenatici. HSTNASA. NGC 4038/9 in Covus. HSTNASA.

Most stars ae old; Young + old stars; Ongoing starburst,
little extinction. some extinction. high extinction.
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ABSTRACT

A new Monte Carlo radiativetransfer code, SUNRISE, is used in conjunction with hydrodynamic simul ations of
major galaxy mergers to calculate the effects of dust in such systems. Dust has a profound effect on the emerging
radiation, consistent with observations of dust absorption in starburst galaxies. The dust attenuation increases with
luminosity such that at peak luminosities! 90% of the bolometric luminosity Is absorbed by dust. We bnd that our
predictions agree with observed relationships between the UV spectral slope and the fraction of light absorbed by
dust (IRX-! ) and observational estimates of the optical depth asafunction of intrinsic B-band or UV luminosity. In
general, the detailed appearance of the merging event depends on the stage of the merger 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 the intrinsic properties bolometric luminosity, baryonic mass, star formation rate, and metallicity of
the simulated system. This paper presents btting formulae, valid over awide range of masses and metallicities, from
which the absorbed fraction of luminosity (and consequently also the infrared dust luminosity) can be predicted.
The attenuation of the luminosity at specibc wavel engths can aso be predicted, albeit with alarger scatter dueto the
variation with viewing angle. These formulae for dust attenuation are consistent with earlier studies and would be
suitable for inclusion in theoretical models, e.g., semianalytic models, of galaxy formation and evolution.

Subject headings: dust, extinction N galaxies: interactions N galaxies: starburst N methods: numerical N
radiative transfer

Online material: color bgures




Collisionless Stellar Dynamics

Collisionless Boltzmann Equation (CBE) aad$bn Equation:

%+ !vé%! "# ’!!:/: Bt 4$GI_ d¥vf(r,\,t)
N-Body (Monte-Carlo) epresentation:
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HierarchicalOTeeO code:
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Banes & Hut (1986)



Interstellar Medium Dynamics

ISM model:compressible Buid with isothermal EOB € ¢2!

|" |
W+#a( V) =0 —|V+ (Vatt )v=1 #3 +}#P
Smoothed Pdrcle Hydiodynamic (SPH)apresentation:
L(r),Mv0r) ! {(m,ri,M) [1=1,...,N}
N, N,

= mWi(rg) = ﬂ(W(\!fi! Iril ) + W(I Il hy))
] ]
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Dynamical equations:
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Star Fermation

SFR depends on local gas parametesasiable in SPH:

ph = C p"max(uii 0)™

N n= 15 m= 0<zOdensity-
dependent SFH@.gKatz 1992)

N n= 1.0 m> 0 <zOshock-
iInduced SF(&.g.Banes 2004)

Monte-Carlo methodchance of gas
particlei becoming a stellar paele
per time! t:

P=C ! "maxu,0) ™"t

birth

Recod birthdate t  br each stellar
particle formed in sinulation.

Kennicutt (1998)



Luminosity Density

Simple Stellardpulation model
(Bruzual & Chaot 2003)

N initial stellar mass:10°M,
N galactic IMRChabier 2003)
N solar metal abundance

10



Luminosity Density

Simple Stellardpulation model
(Bruzual & Chaot 2003)
N initial stellar mass:10°M, !
N galactic IMRChabrer 2003)
N solar metal abundance

o
—
|

Correct to constant stellar mass
(mass loss 50 % afta0Pyr ).
6 7 8 9 10

Luminosity density in wabandX : log T

ME /t dt’' p-(r,t')/ Yx(t# t')

where
0 (r,z) # density of starsdrmed at timet’

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



Radiatie Transér in (2+1) D

The surface brightnesk; along each line of sight endpy
diy .
e JX
Here ! x Is the opacitydebPned so that a gas surface density of
21 10'M- kpc”? produces (df.MilkyWay):

Ay= 1531 Ar= 0.748
AB = 1.324 A| = 0.482
Ay = 1.000 Ax = 0.112

Bodies ae brst soted by distance = %
(far to near); the entire image can <C
then be computed in one pass.

! prlx

This gproach does not include
scatteed light (nuch hader!).



Disk Galaxy Model

BulgeDisk,Halo Components:
p(n) " T+ ay)

La(r) ™ r 2+ an)’ 2
1 (R,2)" € *Rsech(Z z)

Distribution functions: 0 . 0.6

N bulge, halo: compute exact DFdr spherical potential

y A O 1]
fy(E) = | %'! deE _ ! d - E(;ftx Eddington (1916)

N disk: use @prox. DF consistent with moments of CBE

fd(R1 Z1 VR1 V' y VZ) ; #d(R’ Z) H ﬁ(RR) H Vgl Z(QI):{) G %



Galaxy Model Parameters

Dimensionless guantities: |
Nmass:m,:mg:my=1:3:16 ~|
N disk: ! gzg= 0.15<z Q! 15 , | :
Ngasmass (%afy )  Sf -

12.5%<z0OSb@5%<z0ScO | ]

C

In sinulation units G= 1 ): " R

N bulge: my= 0.0625 a,p= 0.02

~

N disk: my= 0.1875 !4=120 2z3= 0.012F

~S

N halo: mp= 1.0000 an= 0.25

Sinulation parameters:
N smoothing: N-Body: ! = 0.007%; SPH:h; contains 40 bodies
N bodies: Ny= 24576 Np= 8182 Ng= 21504 N,= 3276¢



Star Formation Parameters

. n=15 C = 0.025(Sb
=1
shock (lawv) M= 0.5 C =05
=1
shock (med.) M= 05 C = 0.75
=1
shock (high) } C = 1.0

m= 0.5




Scaling to Brsical Units

Sinulations using dimensionless quantifiem,t) cangsealed
to physical quantitie@R,M, T)

R=Lr M=Mm T=Tt
Here (L,M, T) hae units of lengthmassand timerespectiely.

For an N-Body simlation run withG = 1 the only constraint Is

L°M' T “= G= 6.672" 10 *cm’gm ‘s °

Thus a single model yields a 2-parameter fapfilsolutionsall
physical consistent.

An isothermal SPH siatation introduces an aditional plysical
guantitythe sound speeds However, the exact value is not
critical since ISM @issue is dynamicatlinsignibPcant in galaxies.



Star BrmationOPehistoryO

Final, assign bthdates to bulge and disk garles,assuming:
N bulge formed 11 to 10Gyr a@ with constant SFR.
N disk began 6rming10Gyr ag@ with SFR exp(—" .t) .

~S

N disk SFR is (oughY) contiruous at star of sinulation.

Examplemed.shock SF; L3 |
scaling parameters:

L =42.0kpc
M=272! 10'*M.
T=12.38! 1CByr

—— Sb model

log SFR (My/yr)

1 1 1 1 ] 1 1 1 1 ]
—-10 -5 0]



Star BrmationOPehistoryO

Final, assign bthdates to bulge and disk garles,assuming:
N bulge formed 11 to 10Gyr a@ with constant SFR.

~

N disk began érming10Gyr ag with SFR exp(—" .t) .

~S

N disk SFR is (oughY) contiruous at star of sinulation.

Examplemed.shock SF; L3 |
scaling parameters:

L =42.0kpc
M=272! 10'*M.
T=12.38! 1CByr

birth

Draw birthdatess, fom
age distributionsdr bulge
and disk components.

[ — Sb model

log SFR (My/yr)

] 1 1 1 1 ] 1 1 1 1 ]
—-10 -5 0]



Star BrmationOPehistoryO

Final, assign bthdates to bulge and disk garles,assuming:
N bulge formed 11 to 10Gyr a@ with constant SFR.

~

N disk began érming10Gyr ag with SFR exp(—" .t) .

~S

N disk SFR is (oughY) contiruous at star of sinulation.

Examplemed.shock SF; L3 |
scaling parameters: L

L =42.0kpc
M=272! 10'*M.
T=12.38! 1CByr

Draw birthdatest, " fom = °°[ ﬂ‘w
age distributionsdr bulge | |

log SFR (My/yr)

and disk components.

] 1 1 1 1 ] 1 1 1 1 ]
—-10 -5 0]



A MilkyWay OLook-al&O
Sc model (25% gasshock-drien SF (med.)above scaling ges:
l 4= 3.5kpc Mg=5.1! 101M- V.= 220km/s

bol BVR BVR + dust




A MilkyWay OLook-al&O
Sc model (25% gasshock-drien SF (med.)above scaling ges:
l 4= 3.5kpc Mg=5.1! 101M- V.= 220km/s

bol BVR BVR + dust

MboI: | 23.0



A MilkyWay OLook-al&O
Sc model (25% gasshock-drien SF (med.)above scaling ges:
l 4= 3.5kpc Mg=5.1! 101M- V.= 220km/s

bol BVR BVR + dust

Mb0|: | 23.0 MB: | 21.6



A MilkyWay OLook-al&O
Sc model (25% gasshock-drien SF (med.)above scaling ges:
l 4= 3.5kpc Mg=5.1! 101M- V.= 220km/s

bol BVR BVR + dust

Mpor= ! 23.0 Mg=1 216 Mg=1 208,! 195



Efective Surface Brightnes®ata vsModels

Data: RC3 galaxies$iigh
latitude roughy face-on.

Models: shock-drien SF
(med.)yvarious scalings;
extinction included.

CDF

0.8

0.6

0.4

0.2

—+F— Sb models
——}— Sc models

20 22
Mets (B )

24



Data: RC3 galaxiesiigh latitudecorrected to face-on.

Models: MW Olook-ali&O scaling.

SF options:
I shock (high)
I shock (med.)

| density

Extinction
Included.

—0.5

Integrated Colors:Data vsModels

Sb models ]

Sc models ]




Data: RC3 galaxiesiigh latitudecorrected to face-on.

Models: MW Olook-ali&O scaling.

SF options:
I shock (high)
I shock (med.)

| density

Extinction
excluded.

—0.5

Integrated Colors:Data vsModels

Sb models ]

Sc models ]




log SFR (My/yr)

=
on

1.5

f—

Sb ModelsStar lermation History

shock (high)
shock (med.)

density

—10




log SFR (My/yr)

=
on
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f—

Sc ModelsStar lermation History

shock (high)
shock (med.)

density

—10




Luminosity N LineWidth Relation: Models vsData

Data:Tuly & Pierce (2000alibrator galaxie$ace-on corection.

Models:shock-driven SF (med.gxtinction included.

Sc models
SCaIIngl = COnSt --------------------------------------------------------------------
A L | - - :)
LETED R ! % SR
L1 12l | I 0o ° | B
T 4T T s S 5
| = %2 | o
-21 O DD 1L
_19 |

23 24 R2R5 26 R.7 23 24 25 26 2.7 23 24 25 26 2.7
log W (km/s) log W (km/s) log ¥ (km/s)



Luminosity N LineWidth Relation: Models vsData

Data:Tuly & Pierce (2000alibrator galaxie$ace-on corection.

Models:shock-driven SF (med.gxtinction included.

Scaling! = const
M1 14M
L1 12l
TV AT
= *2
Then: V.= const

M1 BM
L1 BL

T1 BT
- 32

—23 —
—22 —
—21 —
—20 —

—-19 |-

Sc models

23 24 R2R5 26 R.7
log W (km/s)

23 24 25 26 2.7 23 24 25 26 2.7
log W (km/s) log ¥ (km/s)




Luminosity N LineWidth Relation: Models vsData

Data:Tuly & Pierce (2000alibrator galaxie$ace-on corection.

Models:shock-driven SF (med.gxtinction included.

Scaling! = const
M1 14M
L1 12l
TV AT
= *2
Then: V.= const

M1 BM
L1 BL

T1 BT
- 32

—23 —
—22 —
—21 —
—20 —

—-19 |-

Sb and Sc models

23 24 25 26 27 23 24 25 26 2.7 23 R4 25 26 217

log W (km/s)

log W (km/s)

log W (km/s)




Isolated GalaxieSummay

Surface brightnessnodels ae consistent with data but a little
brighter than aerage

Integrated colors:models ae consistentbut very blue colors ag
not attained unless extinction Is set to zer

Luminosity N line-width elation: scaled shock-dran (med.)
models match slope and intspt.

Missing pysics:(a) gas ecycling;(b) scatteed light.

Dust-to-gas ratio variable? Dustqperties variable?



Merging Galaxies

Pick initial conditions, (t.6.£1.X,.Y,.V_,)
Integrate brward In
time, and compag to
the obsewations.

Repeat until hapy.

Scaling parameters
are determined ly
match to data.

(p.e.u)

OuenatSouth) =

bhn Hibbad



NGC 7252:Model Fit

Sc + Sc merger

Scaling rm bt:

L = 22.0kpc
M = 9.96! 10'°M.
T = 1.54! 1Cyr

15t passage about
6.2! 10°yr aw.

view: —140,9 -47.6 43,6 time; 6,00
diskl: 40,3 166,1 (128,53 *Field: 11,35
diskZ: 59,8 47,1 (62,03 wField: 3,66

22.02 kpc 139,59 kme= 154.3 Myr 99,6 GM=un




Sc modelsshock-drien SF (lw).

log SFR (My/yr)

O
on

1.5

—

NGC 7252: Star Fermation History

1
-10

t (Gyr)

log SFR (My/yr)

1.5




NGC 7252: Data vsModel

-

Mg =1 21.22

Ul B= 0.17
B! V= 0.66
VI R=0.74

Mg =1 20.68

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



NGC 4676:Model Fit

Sb + Sb merger

Scaling rm bt:

L = 34.5kpc
M = 3.12! 10*M.
T =171 10yr

15t passage about
1.7! 10°yr aw.

view: 70,6 -49,0 -141.7 time: 3,00

diskl: 25,0 30,0 {(101,5% xfField: 4,67
diskZy 35,0 215,0 (45,23 vField: 6,91

34,49 kpco 197.d EmS= 170,83 Myr  312.4 GM=un



BVR + dust




BVR + dust




BVR + dust




ThankYou!



Star lermation:Implementation

SFR depends on local gas parametesasiable in SPH:

[D,|! — C! p”max(uﬂ O)m
Monte-Carlo methodchance of gas paecle i becoming a stellar
particle per time! t

P=C!" ‘maxuj,0)™t

Dissipation rate includeBdv avk and atiPcial viscosity:
A T V) AW (1)
. 2 2 3

Bulk + von Neuman-Richtiyer viscosity(Monaghan 1992)

ki TR
($i+3$))/2 bij < O;

0 . otherwise

- (Ir;! !I’j)é(!\/i! !Vj)

| —
' MJ I’izj/ hij+ %hij

)



