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The	  bad	  sides:	  
Nuisance	  for	  inferring	  ‘true’	  UV/opPcal	  properPes	  of	  
e.g.	  galaxies,	  stars,	  SNe	  …	  	  

The	  good	  sides:	  

Advantage	  for	  sub-‐mm	  observaPons	  of	  high-‐z	  galaxies	  
(thermal	  dust	  emission)	  

Everything	  gets	  dusty!	  
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Finkelstein	  et	  al.	  2012	  

Quick	  and	  dirty!	  	  

Dust	  at	  high	  redshi\	  -‐	  Galaxies	  at	  z	  =	  4	  -‐	  8	  
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Bertoldi	  et	  al.	  2003	  

Leipski	  et	  al.	  2013	  

Quick	  and	  dirty!	  	  

Md	  ~	  2	  –	  8	  x	  108	  M	  	  
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Large	  amounts	  of	  dust	  in	  galaxies!!	  

Galaxy	   SFR	  
(M	  /yr)	  

Dust	  mass	  
(M)	  

Stellar	  mass	  
(M)	  

E	  galaxy	   0.01–0.1	   105-‐6	   1011	  

Milky	  Way	   2	   5	  ×	  107	   2	  ×	  1011	  

LMC	   0.2–0.3	  (1)	   2	  ×	  106	   1010	  	  

SMGs	   100–1000	   108-‐9	   1011	  

QSOs	   ≥	  1000	   108-‐9	   1011	  

Quasars	  at	  high	  redshi\:	  Md	  ~	  2	  –	  8	  x	  108	  M	  	  
(e.g.,	  Bertoldi	  et	  al.	  2003,	  Wang	  et	  al.	  2010,	  	  Michalowski	  et	  al.	  2010)	  

Problem	  also	  in	  MW,	  SMC,	  LMC:	  only	  4-‐10%	  stellar	  dust	  	  
(e.g.,	  Draine	  	  2009,	  Matsuura	  et	  al.	  2009,	  	  Boyer	  et	  al.	  2012)	  
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Dust	  sources	  

Source	   Observed	  amount	  of	  
dust	  

Theore?cal	  
predic?ons	  

Reference	  

Pair	  instability	  Supernovae	   up	  to	  25	  M⊙	   Nozawa	  et	  al.	  2003,	  Cherchneff	  
&	  Dwek	  2009,	  2010	  

AGB	  stars	   up	  to	  1–5	  x	  10−3	  M⊙	   up	  to	  2	  x	  10−2	  M⊙	   Groenewegen	  et	  al.	  1998a,	  
1998b;	  Ramstedt	  et	  al.	  2008	  
Ferrarop	  and	  Gail	  2006	  

RSG	  and	  WR	  stars	   about	  1%	  of	  AGB	  stars	  

LBV	   up	  to	  0.4	  M⊙	   Gomez	  et	  al.	  2010	  

Core	  collapse	  Supernovae	   up	  	  to	  1	  M⊙	   up	  	  to	  1	  M⊙	   Matsuura	  et	  al.	  2011,	  
Nozawa	  et	  al.	  2007	  

Gall	  et	  al.	  2011,	  A&ARv	  
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ObservaPonal	  evidence	  of	  dust	  from	  supernovae	  

Gall	  et	  al.	  2011,	  A&ARv	  

Core	  Collapse	  Supernovae	  
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SN	  1987A	  

~ 0.7 Msun 

~ 20 K 

~ 180 K 

Matsuura	  et	  al.	  2011	  
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Black	  holes	  
Neutron	  stars	  
White	  dwarfs	  

Supernovae	  

AGB	  stars	  

WR	  stars,	  LBVs	  

Young	  stellar	  
objects	  

Molecular	  	  	  	  clouds	  

Gas,	  ISM,	  Galaxy	  

Life	  cycle	  of	  maser	  

Galaxy	  evolu?on	  
SFR	  and	  history	  

IMF	  
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€ 

dMd (t)
dt

= Ed,SN(t) + Ed,AGB(t) − ED(t)

ED(t) =ηd (t)(ψ(t) + Mcl (t)RSN(t) + ΨSMBH)

€ 

dMZ(t)
dt

= EZ(t) −ηz(t)(ψ(t) + ΨSMBH)€ 

dMg(t)
dt

= Eg(t) +ηd (t)Mcl(t)RSN(t)

               − (1−ηd (t))(ψ(t) + ΨSMBH)

 Dust	  

 Gas	  

 Metals	  

 Star	  formaPon	  

 IMF	  

 AGB,	  SN	  rates	  

 InjecPon	  rates	  

€ 

ψ(t) =ψ ini (t)
M ISM(t)
M ini

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

k

€ 

mφ(m)dm
m1

m2∫ =1

€ 

Ri (t) = ψ(t − τm )φ(m)dmmL(i)

mU(i)∫

€ 

E(t) = Y (m)ψ(t − τm )φ(m)dmmL(i)

mU(i)∫

Chemical	  EvoluPon	  models	  



Christa	  Gall,	  Aarhus	  University	  

Gall	  et	  al.	  2011	  

Chemical	  EvoluPon	  models	  
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Chemical	  EvoluPon	  models	  

Tuning	  parameters	  

Most	  important:	  	  
SFR,	  IMF,	  Dust	  source,	  SN	  dust	  destrucPon	  

Good	  models:	  	  
Need	  to	  explain	  observaPons!	  
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Dust	  ProducPvity	  

€ 

µD = φ(m)Mz(m)ε(m)dmmL

mU∫
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Gall	  et	  al.	  2011,	  A&ARv	  
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 Rapid evolution (30 Myr) with SN ~0.1-1 M 
Gall	  et	  al.	  2011A&A,525,13;	  525,14	  	  

   

107

108

109

1010

Mcl = 800 MO •

Maximal SN efficiency

Epoch:      30 Myr

   

 

 

 

 
Mcl = 100 MO •

Maximal SN efficiency

   

 

 

 

 
Mcl = 0 MO •

Maximal SN efficiency

1010 1011  

107

108

109

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
M

d
(t

) 
[M

O •
 ]

Mcl = 800 MO •

High SN efficiency

1010 1011  
M*(t) [MO • ]

 

 

 

 
Mcl = 100 MO •

High SN efficiency

1010 1011 1012

 

 

 

 
Mcl = 0 MO •

High SN efficiency

   

107

108

109

1010

Mcl = 800 MO •

Maximal SN efficiency

Epoch:      30 Myr

   

 

 

 

 
Mcl = 100 MO •

Maximal SN efficiency

   

 

 

 

 
Mcl = 0 MO •

Maximal SN efficiency

1010 1011  

107

108

109

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
M

d
(t

) 
[M

O •
 ]

Mcl = 800 MO •

High SN efficiency

1010 1011  
M*(t) [MO • ]

 

 

 

 
Mcl = 100 MO •

High SN efficiency

1010 1011 1012

 

 

 

 
Mcl = 0 MO •

High SN efficiency

   

107

108

109

1010

Mcl = 800 MO •

Maximal SN efficiency

Epoch:      30 Myr

   

 

 

 

 
Mcl = 100 MO •

Maximal SN efficiency

   

 

 

 

 
Mcl = 0 MO •

Maximal SN efficiency

1010 1011  

107

108

109

 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

M
d
(t

) 
[M

O •
 ]

Mcl = 800 MO •

High SN efficiency

1010 1011  
M*(t) [MO • ]

 

 

 

 
Mcl = 100 MO •

High SN efficiency

1010 1011 1012

 

 

 

 
Mcl = 0 MO •

High SN efficiency

   

107

108

109

1010

Mcl = 800 MO •

Maximal SN efficiency

Epoch:      30 Myr

   

 

 

 

 
Mcl = 100 MO •

Maximal SN efficiency

   

 

 

 

 
Mcl = 0 MO •

Maximal SN efficiency

1010 1011  

107

108

109

 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

M
d
(t

) 
[M

O •
 ]

Mcl = 800 MO •

High SN efficiency

1010 1011  
M*(t) [MO • ]

 

 

 

 
Mcl = 100 MO •

High SN efficiency

1010 1011 1012

 

 

 

 
Mcl = 0 MO •

High SN efficiency

   

107

108

109

1010

Mcl = 800 MO •

Maximal SN efficiency

Epoch:      30 Myr

   

 

 

 

 
Mcl = 100 MO •

Maximal SN efficiency

   

 

 

 

 
Mcl = 0 MO •

Maximal SN efficiency

1010 1011  

107

108

109

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
M

d
(t

) 
[M

O •
 ]

Mcl = 800 MO •

High SN efficiency

1010 1011  
M*(t) [MO • ]

 

 

 

 
Mcl = 100 MO •

High SN efficiency

1010 1011 1012

 

 

 

 
Mcl = 0 MO •

High SN efficiency

Rapid	  formaPon	  of	  dust!	  
Modeling	  quasars	  at	  z	  >	  6	  
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1658	  SDSS	  	  
galaxies	  

da	  Cunha	  et	  al.	  2010	  

Dust	  mass	  and	  SFR	  relaPon	  
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slope	  ~	  1/k	  

Hjorth,	  Gall	  &	  Michalowski,	  2013	  

Dust	  mass	  and	  SFR	  relaPon	  
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Who	  will	  win	  the	  basle?	  

 Supernovae	  or	  grain	  growth?	  
Or	  

Should	  we	  ask	  another	  quesPon:	  

 Is	  there	  a	  balance	  between	  dust	  producPon	  and	  
destrucPon?	  And	  what	  could	  that	  be?	  

10/1/13	  

The	  Dust	  Mass	  Challenge	  
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Gall	  et	  al.	  2013,	  submised	  

UGC	  5189	  

Redshi\	  of	  SN	  
	  z	  =	  0.01058	  
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Supernova	  exPncPon	  curve	  

€ 

τλ = CN f (a)a3κext (λ,a)daamin

amax∫

€ 

f (a) = a−α

Gall	  et	  al.	  2013,	  submised	  
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Large	  grains	  

Best	  fit:	  α	  =	  3.6,	  amax	  =	  4.2	  

Gall	  et	  al.	  2013,	  submised	  
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Dust	  mass	  esPmates	  

Emission	  dust	  mass	  

ExPncPon	  dust	  mass	  

Maeda	  et	  al.	  2013	  

Gall	  et	  al.	  2013,	  submised	  
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Large	  grains	  are	  robust	  against	  destrucPon	  

Silvia	  et	  al.	  2010	  

SN	  2010jl:	  80%	  of	  dust	  mass	  is	  in	  form	  of	  large	  grains	  !!	  

Grains	  >	  0.1	  μm	  have	  highest	  survival	  rate,	  loosing	  <	  30%	  
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Summary	  

How	  reliable	  are	  the	  observaPons?	  
•  Dust	  composiPon,	  opPcal	  properPes,	  temperature	  

What	  are	  the	  responsible	  sources?	  
•  Stellar	  sources:	  	  

  AGB	  stars	  are	  not	  major	  sources	  at	  any	  redshi\	  	  
  Progenitors	  of	  SNe:	  dust	  destrucPon	  criPcal,	  too	  lisle	  producPon	  
  SNe:	  Evidence	  of	  large	  and	  efficient	  dust	  producPon,	  more	  observaPons	  needed	  	  	  

•  None	  stellar	  sources:	  	  
  Grain	  growth	  likely	  slow	  process	  
  AGN	  ou}lows,	  winds,….	  not	  major	  sources	  

IndicaPon	  of	  fast	  and	  efficient	  process	  of	  dust	  formaPon	  
•  Works	  with	  efficient	  SN	  dust	  producPon	  	  
•  Dust	  destrucPon	  in	  the	  ISM	  sPll	  an	  issue	  
•  Large	  grains?	  
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