
Problems of Dust and 
Galaxy Evolution

Henry Ferguson

Contributors:  Mohammad  Safarzadeh,  Chris  Hayward,
Rachel  Somerville,  Karl  Gordon,  Ka-­Hei Law,  Yu  Lu,  Hannae
Inami and  the  CANDELS,  GOODS-­H,  CANDELS-­H  teams  



Major dust-related Issues

• Disappearing bright LBGs — quenched or dusty?

• Biases of SED-fit or UV-slope SFR & E(B-V) estimates

• Difficulties of “total IR” estimates

• Dust temperature evolution and its cause

• SMGs:
• very high SFRs…real? Top-heavy IMF? 

inappropriate correction for dust?
• dust crisis in SMGs

• Dust production at very early times



Sub-topics for today…

• SFR estimates from SED fitting vs. UV+IR 
ladder

• Effect of dust on high-z samples

• Importance of dust mass evolution

• Behavior UV slope



SFR estimates compared
• GOOD-S
• PhotFlag = 0, AGN_Flag = 0
• Herschel CLEAN_INDEX <= 1
• 24-micron S/N > 10
• IR SFR estimate >0.01(Wuyts+11 formula)
• Monochromatically from longest λ based on 

Wuyts+08 template
• CANDELS-Team Median SFR estimates 

from SED fitting
• 141 galaxies z<3



SFR Estimates compared

Sample N Median
UVIR-SED

Median 
UVIR-
UVCorr

σ
UVIR-SED

σ
UVIR-UVCorr

z<3 141 0.12 0.26 0.5 0.45
z<1 66 -0.12 -0.02 0.52 0.37

Offset  in  log(SFR):



Outliers

Blend  with  AGN?
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Outliers

Blend?



Outliers

Blend? Enhanced  PAH?



Somerville+12  models  with  and  without  dust  attenuation.

Finkelstein+15

Probably  dust

What shapes the bright end of the 
UV Luminosity function?



Instantaneous  sublimation

UVLF & Dust: second opinion

Khakhaleva-­Li  &  Gnedin 16



Instantaneous  sublimation

UVLF & Dust: second opinion

Khakhaleva-­Li  &  Gnedin 16

No  sublimation



Bright LBGs at z~3 were not bright at z~4

Ferguson+02,  Reddy+12

• For  any  plausible  star-­forming  history,  L*  Lyman-­break  
galaxies  at  z~3  were  much  fainter  at  higher  z.  

• Where  are  the  descendants  of  the  L*  galaxies  at  z>4  at  z=3?
• Likely  to  be  in  the  fainter  part  of  the  UV  LF,  or  even  missing  
from  UV-­selected  samples  (possibly  included  in  other  
samples,  though)



Finkelstein+15

At  L=L*:
• Stellar  masses,
• SFRs
• Ages
Don’t  evolve  much
From  z=7  to  z=4



Abundance-matched by SFR

z0 z1 M0 M1 SFR0 dt Mass Ratio 
predicted/ 
observed 

6 5 9.92 10.1 77 0.24 1.4
5 4 10.0 10.1 72 0.37 2.2
4 3 9.94 10.1 56 0.61 2.5

Abudance-­match   log(SFR)>1.5  at  z0 to  same  number  
density  at  z1.  Take  SFR*dt*(1-­Mlost/Mformed)  +  M0 to  
predict  M1.  Masses  exceed  observed  masses  at  z1.

Problem  does  not  exist  if  you  abundance  match  in  mass  
instead  of  SFR  in  CANDELS  phot-­z  samples.
Simplest  explanation:  
• high-­SFR  galaxies  are  quenching
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z0 z1 M0 M1 SFR0 dt Mass Ratio 
predicted/ 
observed 

6 5 9.68 10.2 41 0.24 0.9
5 4 9.90 10.4 46 0.37 0.8
4 3 10.1 10.5 47 0.61 1.0

Somerville+12   simulation  does  not  have  this  issue;;  
massive  galaxies  not  disappearing   from  SFR-­selected  
samples  at  z>3  (perhaps  because  quenching   in  the  
models  doesn’t  start  until  lower  redshifts.)



Significant populations of red galaxies at 
z~3-5

Grazian+14
Examples  of  passive  
red  galaxies  at  z~3-­4  
that  would  miss  LBG  
detection.



UVJ selection

ZFOURGE:  Straatman+14

ZFOURGE  finds  a  substantial  population  of  massive  red  
galaxies  at  z~4,  many  of  them  passive

Color:  Somerville+11  SAM
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Dusty Radiative Transfer in realistic 
realistic simulated galaxies

3-­D  hydro-­sims  &  Monte  Carlo  dust  RT
• Use  stars  and  AGN  particles  from  

sims as  sources
• Use  gas  density  and  Z  from  sim for  

dust
• Send  photon  packets  through  ISM,  

light  is  scattered  and  absorbed  by  
dust

• Dust  re-­emits  absorbed  luminosity  in  
the  IR

Hayward+11,12,13,14,   Lanz+13
Safarzadeh+16a,b

12000,  6500  SEDs  at  z=0,3
-­ Major  &  minor  mergers & isolated  disks.

-­ Non-­cosmological but  with  initial  ISM  &  Star  
properties  set  up  to  match  typical  isolated  
massive  disks  at  z=0  and  z=3  

• Gadget-­2  N-­body/SPH  (Springel 05)
• Schmidt-­Kennicutt SF  recipe
• Two-­phase  ISM  of  Springel &  Hernquist 03
• Radiative  Heating  &  Cooling  (Katz+96
• BH  Growth  &  Feedback  (Springel+05)



SED evolution



Safarzadeh+16

Shifts  the  SED  peak

Broadens  
the  SED

Principal Component Analysis

Two  components  explain  96%  of  the  variance
Best  predictors  of  SED  shape  are  LIR and  Mdust



Higher MDust => Lower T at fixed LIR

Not  a  trivial  result:  Depends  on  geometry

Safarzadeh+16



Effect increasing MDust holding 
geometry fixed
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Adding  dust  with  fixed  geometry  lowers  the  temperature.

Alternative  to  Rujokaparn+11   suggestion  that  size  of  SFR  
regions   is  responsible   for  lower  T  in  high-­z  ULIRGs.

Dust/metals    Fiducial Black=0.4      Blue=0.2 Red=0.8



Trend is evident in observations
z~0
z~2-­3

Safarzadeh+16



Trend is evident in observations

Safarzadeh+16

z~0



Galaxy-evolution models

Somerville+12  – predicts  lower  MDust at  fixed  LIR at  high  z

Competition  between  pristine  gas  accretion,  dust  creation  &  
dust  destruction



Galaxy-evolution models

Bekki+15  model  with  dust  regulating  feedback  can  
produce  strong  decreas of  Dust/metals  with  time

Competition  between  pristine  gas  accretion,  dust  creation  &  
dust  destruction



Behavior of UV slope

Safarzadeh+16  in  prep



Behavior of UV slope
z=0  isolated  disk z=3  merger

Safarzadeh+16  in  prep



Variation with viewing angle

Dispersion  due  to  viewing  angle  is  comparable  to  
dispersion  between  galaxies  for  z~3  merger  simulations



The optimists say…



The optimists say…

Mstellar SFR AV Mdust

The  optimists  have  
excellent  “data”



If the optimists are right, and SMGs aren’t mostly 
blends, there is a dust crisis

Rowlands+14:

Dust  masses  in  SMGs  
exceed  masses  expected  
from  chemical  evolution  by  
several  orders  of  
magnitude

Even  ignoring  destruction



The pessimists say

• None of the cosmological hydro+RT
simulations yet match colors & color trends 
of high-z galaxies
• Or IRX/beta relations 

• There is no agreement on the effect of 
dust on high-z galaxy colors & luminosities
• Critical for understanding high-mass 

evolution

• A lot of FIR & Sub-mm data is badly 
confused



Conclusions

• SED fitted SFRs aren’t too bad, on average
• Not obvious that IR is best in all cases, even 

for “clean” examples

• At z>3, highest SFR galaxies are not evolving 
along the MS

• Evolution of dust mass with redshift is an 
alternative explanation for why high-z ULIRGS 
are cooler than z=0 ULIRGS

• Viewing-angle variations in UV slope are likely 
comparable to intrinsic variations


