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What to talk about… ?

• spectroscopy (1225) >  
  photometry (399) 

• emission (575) >  
  absorption (113) 

• kpc (360) > Mpc (115) >  
  pc (109) > a.u. (5) > Gpc (3) 

• IMF (84) + “dust” (592) +  
  sunspots (226)
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What to talk about… ?

• outflows (110) > infall (25) 

• “disks” (1004) > halos (561) 
  > “ellipticals” (325)  
  > ISM (277) > bulges (210)  
  > bars (138) 

• “mass” (2030) >  
  “metals” (1299) >  
  “kinematics” (879) >  
  “luminosity” (505) >  
  “colour” (330) 

• “yields” (9)



ARCCOS
Centre of Excellence in Evolutionary Cosmology

What to talk about… ?

• outflows (110) > infall (25) 

• “disks” (1004) > halos (561) 
  > “ellipticals” (325)  
  > ISM (277) > bulges (210)  
  > bars (138) 

• “mass” (2030) >  
  “metals” (1299) >  
  “kinematics” (879) >  
  “luminosity” (505) >  
  “colour” (330) 

• “yields” (9)



ARCCOS
Centre of Excellence in Evolutionary Cosmology

E.A. Milne Centre for Astrophysics 
University of Hull

Mass Assembly & Metal Enrichment in Galaxies

Brad Gibson

Metal (Re-)Assembly in Disk Galaxies



ARCCOS
Centre of Excellence in Evolutionary Cosmology

The Baryon Cycle of Galaxies

Lilly et al (2013)

• mass assembly and merger  
   histories covered (and will 
   be covered) by others  
   better than I 
• I want to review the  
  “metal assembly” associated  
  with this “mass assembly”,  
  for each component of the  
  baryon cycle  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The Baryon Cycle of Galaxies

Lilly et al (2013)

• metal assembly in galaxies 
   is not simply the “external” 
   assembly one might  
   associate with the phrase,  
   but also includes “internal” 
   assembly (or re-assembly) 
• “external” = infall, outflow,  
   IGM, ICM, etc. 
• “internal” = radial gas flows,  
   stellar migration,  
   abundance gradients, etc.
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Outline…

• Metal Assembly: “External” 
• IGM: Ultimate Fuel Reservoir for Star Formation 
• How Does that Fuel Reach the Disk? 
• What Do Outflows Do to this Fuel? 

• Metal Assembly: “Internal” 
• What Does this Fuel Do Once it Reaches the Disk? 
• What Happens to the Stars that Form from this Fuel? 
• What is the Time Evolution of this Behaviour? 

• Two Random Points In Passing 
• Feedback is Hard 
• Nucleosynthesis is Hard
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Metals in the IGM: 
Known Since 1966 (e.g. 3C 191 at z=2.0)

Burbidge, Lynds & Burbidge (1966)
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Ultimate Fuel Reservoir: The IGM 
… diffuse and dense IGM both harbour metals  
    out to measurable ‘d’ and appears α-enhanced  

Reimers et al (1992): [O/C] ~ +0.3 at z=2.7

Manrique et al (2015) Compilation

Tripp et al (1997)

Gas Does Not Enter Halos ‘Pristine’
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High Velocity Clouds as Local Analogs of Infall?

• 60% of HVC HI flux from Mag Stream (15% from Complex C) 
   Mag Stream Mass: ~5x108 Msun; Rest of the HVCs: ~1x107 Msun 
• metallicities typically ~25% solar (i.e., this is not the (unfiltered) diffuse IGM)

Local Group 

Anti-b
arycentre

Local G
roup 

Bary
centre

Putman et al (1998)

Talks by Putman, Fraternali
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Rate of change of 
the gas mass:  
       M◉/yr

Star formation rate:  
           M◉/yr

Gas returned to the ISM 
from dying stars:  
           M◉/yr

Gas accretion rate:  
          M◉/yr

Aside: Classical 1D Galactic Chemical Evolution

+ A(t) - W(t) Gas outflow rate:  
          M◉/yr

Tinsley (1980); Matteucci & Greggio (1986); etc.

• apply the above to each annulus i  
  of an azimuthally-symmetric “disk” 
• disk growth (“inside-out”)  
  controlled by form of Ai(t), usually 
  represented as an exponential  
  τi  for each annulus i
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Molla et al (2016,submitted)

Aside: Classical 1D Galactic Chemical Evolution

• various functional  
  forms adopted, but  
  all “inside-out” 

• but essentially no  
  empirical   
  constraints on  
  either the rate or  
  the direction of  
  this infall 

• from Putman’s 
  talk … for M33,  
  infall is (more or  
  less) ‘vertical’ (?)…
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How Does Gas Get Into the Disk?

• or put into the solar mass per  
  unit time “space”… 
• again, the infall timescale is  
  more rapid in the inner disk



ARCCOS
Centre of Excellence in Evolutionary Cosmology

How Does Gas Get Into the Disk?

• inside-out formalism recovered  
  naturally in this simulation 
• gas feeding the disk today 
  primarily orthogonal to the disk  
         (cf. Putman’s Talk; Brook et al 2011;  
                Kacprzak et al 2012)

Courty et al (2010)

• flux of gas onto the Sanchez-Blazquez  
  et al (2009) simulated cosmological disk 
• blue  = stream gas  
  red   = coronal gas 
  black= total
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Brook et al (2011,MNRAS)

• ‘planar’ infall coupled  
   with ‘polar’ outflows 
   consistent with  
   empirical work on  
   azimuthal MgII 
   absorption dependence  
   (Bordoloi et al 2011; 
   Kacprzak et al 2012) 

• new kinematics and  
   metallicity maps for  
   these absorbers provide  
   new tests (Kacprzak et  
   al 2015) … see Glenn’s 
   poster (#33) 

How Does Gas Get Into the Disk?
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• strong feedback results in a  
  metal-enriched circum-  
  galactic medium which extends 
  to the virial radius 
• a significant portion of the CGM  
  is shock-heated to 0.3MK, giving  
  rise to substantial OVI absorption 
• models predict large reservoir of 
  cool HI clouds that should show  
  strong Ly-alpha absorption to 
  several hundred kpcs

What Do Outflows Do to This Fuel?…  
Depends on Feedback Prescription

Stinson et al 2012)
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  galactic medium which extends 
  to the virial radius 
• a significant portion of the CGM  
  is shock-heated to 0.3MK, giving  
  rise to substantial OVI absorption 
• models predict large reservoir of 
  cool HI clouds that should show  
  strong Ly-alpha absorption to 
  several hundred kpcs 

• only high-feedback models have  
  sufficient OVI and HI to reproduce  
  observations  
  (Prochaska et al 2011)

Stinson et al 2012)

What Do Outflows Do to This Fuel?…  
Depends on Feedback Prescription
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• coronal gas in external systems 
  appears bimodal in metallicity  
  (Lehner et al 2013; Wotta et al:  
   LLS @ 25-150 kpc impact parm) 

• checked one of our disks this 
  morning to see what its halo  
  MDF looked like  

• metal-rich peak clearly associated  
  with lower-halo fountains (none  
  beyond 30kpc though) 
• metal-poor peak too metal-rich…  
  mixing too efficient?

What Do Outflows Do to This Fuel?…  
Depends on Feedback Prescription
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Timescale for Metal Recycling?

• infall rates through Rvir (left) and  
  Rvir/8 colour-coded by metallicity 

• gas metallicity has been enhanced  
  during its path through the halo 
 
 
 
 

Brook et al (2014); recall, Angles-Alcazar Talk (FIRE) 
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• time taken between  
  crossing Rvir and  
  accretion to star forming  
  region (black) for gas  
  which forms stars 
• time between accretion  
   and forming stars (red) 
• green shows the  
  distribution of times of  
  galactic fountain cycle  
  (time between leaving SF 
  region and being  
  re-accreted to SF region) 

• aside: 40% of stars   
   formed from re-cycled gas 

Timescale for Metal Recycling?
Brook et al (2014); recall, Angles-Alcazar Talk (FIRE) 
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• fit all these timescales 
   with exponentials 

• 1 Gyr timescale for gas 
   to go from Rvir to  
   star forming region  

• 4 Gyr timescale for gas 
   to form stars after  
   entering the SF region  

• 1 Gyr recycle timescales

Timescale for Metal Recycling?
Brook et al (2014); recall, Angles-Alcazar Talk (FIRE) 



ARCCOS
Centre of Excellence in Evolutionary Cosmology

Outline…

• Metal Assembly: “External” 
• IGM: Ultimate Fuel Reservoir for Star Formation 
• How Does that Fuel Reach the Disk? 
• What Do Outflows Do to this Fuel? 

• Metal Assembly: “Internal” 
• What Does this Fuel Do Once it Reaches the Disk? 
• What Happens to the Stars that Form from this Fuel? 
• What is the Time Evolution of this Behaviour? 

• Two Random Points In Passing 
• Feedback is Hard 
• Nucleosynthesis is Hard



ARCCOS
Centre of Excellence in Evolutionary Cosmology

Tentative evidence for radial inflow of gas  
from the Milky Way’s anti-centre at -3.3km/s

• star formation is inefficient (Bonnell’s Talk), so infalling gas has 
   ~4+ Gyrs to wait until “conversion” 
• i.e., metals have plenty of time to ‘move around’ (but not so much  
         as to wipe out abundance gradients)  
• recall, 1 km/s is ~1 kpc/Gyr



ARCCOS
Centre of Excellence in Evolutionary Cosmology

Evidence for Radial Flows?

Wong et al (2004)

Meidt et al (2013)

• genuine challenge for  
  simulations/GCE models
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Impact on Observables for this Audience
Cacho et al (2014)

• within limitations of the  
  data, at least in the  
  centres of galaxies, no 
  apparent correlation  
  between gaseous and  
  stellar abundances 

• another challenging test 
  for models
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Stars Migrate Radially:  
~2 - 4 kpc (on average) from their birth location  
(regardless of physical/numerical mechanism)

Roskar et al (2008):  
   idealised simulations

Sanchez-Blazquez  
et al (2009):  
   cosmological 
   simulations
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Pilkington et al (2012, A&A)

• Oxygen radial gradients 

• -0.05dex/kpc today 
(factor of 3 over 10kpc) 

• SPH, AMR, and 
analytical models agree 
at z=0 w/ observations 

• All consistent with 
“inside-out” disk growth 

• At high-z, SPH w/  
“conservative” feedback 
systematically steeper 

• Star formation threshold 
+ supernova blast wave 
formalism differences

Temporal Evolution of Gradients
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• let’s zero in on that 
feedback issue... 

• ‘conventional’ feedback 
leads to steep gradients 
at early times; ‘strong’ 
feedback flattens 
gradients significantly at 
all times 

• preliminary statistics 
which suggested very 
steep gradients at z>1 
have softened since this 
work (Leethochawalit et 
al 2016)

OCCAM

Gibson et al (2013, A&A)

Temporal Evolution of Gradients
Tissera Talk
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Mass Dependency… “strong”, mass-independent, 
feedback problematic for gradients?

Sancho Miranda et al (2016)

Tissera Talk
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Dubois & Teyssier (2010)

Magnetic forces provide  
additional disk support (~30%)  

and reduce star formation by 30%

Wang & Abel (2009)

Cautionary Statement: ISM Energy Equipartition 
Magnetic Fields
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• CR streaming drives powerful and sustained winds for <109 M 
• CR cooling works on a different timescale to normal thermal cooling, 
  with the losses mediated by (e.g.) Coulomb losses 
• gas can be CR-supported long after having lost thermal support

Cautionary Statement: ISM Energy Equipartition 
Cosmic Rays Ipavich (1975)

Uhlig et al (2012)
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Wadepuhl & Springel (2011)

Cumulative  
Satellite LF 

• significant  
suppression of low  
mass dwarfs 

• responsible for  
much of the  
enrichment of the  
IGM?

Cautionary Statement: ISM Energy Equipartition 
Cosmic Rays Ipavich (1975)

• CR streaming drives powerful and sustained winds for <109 M 
• CR cooling works on a different timescale to normal thermal cooling, 
  with the losses mediated by (e.g.) Coulomb losses 
• gas can be CR-supported long after having lost thermal support
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Cautionary Statement: Stellar Yields 
     NuGrid (Pignatari et al) is changing the      
     landscape but we are not there yet…

• recall, M87’s  
  [Na/Mg] ~ +0.2 - +0.3  
  (Spiniello’s Talk)

Karakas (2010) +  
Chieffi & Limongi (2004)

Pignatari et al (2016)
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Metal (Re-)Assembly in Disk Galaxies

 Thank you…
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Aside: Detecting Metals Outside the Galaxy

• Lequeux et al (1979) … in some sense, one of the first acknowledged and  
   pioneering studies of extragalactic metals, in a statistical sense … 
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Aside: Detecting Metals Outside the Galaxy

• Searle & Sargent (1972) … pioneering, first 100%-definitive determinations…
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Aside: Detecting Metals Outside the Galaxy

• Peimbert (1968) … pioneering, first 99%-definitive determinations…  
   line ratios
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Aside: Detecting Metals Outside the Galaxy

• Burbidge & Burbidge (1962,1965) hinted that [N,O/H] could differ from  
   galaxy-to-galaxy, but favoured an ionisation explanation for the varying  
   line ratios … i.e., first, tentative abundance determinations…
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Aside: Detecting Metals Outside the Galaxy

• earlier rich history of observing extragalactic lines, but no “chemistry”…  
  e.g. Slipher (1917), Hubble (1924), Aller (1942), etc. 
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Aside: Detecting Metals Outside the Galaxy

• Scheiner (1899,ApJ) … claims credit for first detected “extragalactic” lines 
   (no spectra presented)  
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Aside: Detecting Metals Outside the Galaxy

• Fath (1909) … dismisses Scheiner’s  
   spectra as scattered light; takes self-  
   proclaimed credit for first 
   “extragalactic” spectra
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Aside: Detecting Metals Outside the Galaxy

• Scheiner (1909,ApJ) …  
   rebuttals were a lot more  
   “blunt” back then!
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Aside: Detecting Metals Outside the Galaxy

• Stebbins & Fath (1906,Science) … speaking of Fath, it has nothing to do  
   with metals, but still one of the more interesting uses of a telescope
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Aside: Detecting Metals Outside the Galaxy

• Huggins (1964) … true, first extragalactic spectra (?) … M31 and M32 
• M31 featureless; M32 “crossed by lines of absorption and emission” 
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Postdoc Position Available: 
Chemical Evolution /Galaxy Simulations

• ad not out yet (last minute grant), but can start any time in 2016 
• more or less exclusive use of our new 6,000 core cluster (‘viper’)



ARCCOS
Centre of Excellence in Evolutionary Cosmology

Metal (Re-)Assembly in Disk Galaxies

 Thank you…


