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Galaxies 

1)  The Observed Galaxy Population 
 
 - measured properties  
 
      - from UV/optical observations  
 
      - from multiwavelength observations 
 
 -  galaxy scaling relations 
 
      - the star-forming main sequence 
 
2) The Predicted Galaxy Population 
 
      - galaxy growth in DM haloes 
   
3) Outlook 
 
      -  the role of high energy processes in galaxy evolution 
 
 



       Properties Measured from UV/optical: morphology 

The Observed Galaxy Population: 

Hubble (1926) 



NGC 891 

M51 NGC 6822 

Disk-dominated Galaxies 



M104 M110 

Spheroid-dominated Galaxies 

M87 



       Properties Measured from UV/optical: morphology 

I Disk-dominated galaxies: 
  
            - rotationally supported disks of cold gas and stars 

        
            - star-forming (typically ca. 1M_solar/yr for a Milky Way mass 

 spiral galaxy) 
 
            - formation by cooling and collapse of baryons at the centre 

 of parent DM haloes with specific angular momentum 

II Spheroids: 
 
           - pressure-supported stellar populations 

       and (hot) ISM 
 
           - gas poor, with little star-formation 

      
           - centrally concentrated surface brightness profiles 
 
           - formation either from major galaxy mergers  

  
             or from spherical collapse of baryons towards the centre 
             of a DM halo with low specific momentum 



       Properties Measured from UV/optical: morphology 

III Composite Morphology 
 
 
          - disks with bulges 
 
              - "classical" bulge from two body minor mergers (eg NGC891) 
 
              - "pseudo bulge" from secular processes (eg bars) 
 
 
          - spheroids with disks  

       
              - eg formed by minor merger of a pure spheroid 

   with a low mass gas-rich galaxy 



       Properties Measured from UV/optical:  
       automated morphological classification  

Surface photometry fits using superposition of Sersic profiles: 

n=1 for exponential disk 
n=4 for “classical” bulge 

eg Kelvin et al. 2012 (single Sersic fit utilising “GALFIT”; Peng et al 2010) 
 

recommended algorithm for fitting composite structure is “PROFIT”; Robotham (2017)   



The low surface brightness 
          universe 
 

 (Zhang et al. 2018) 

eg NGC 2841 
observed by “Dragonfly” 

extended low surface brightness 
optical/nir emission around galaxies 
provides significant addition pair 
production opacity of the Universe    



       Properties Measured from UV/optical: redshift  

 (example spectra from GAMA, taken with AAOmega on the AAT; adopted from Hopkins et al. 2013) 







Predicted SED of coeval single age stellar population (age given in Gyr)   
               (after Mo, van den Bosch & White 2010 using data from S. Charlot) 
 
         - huge variation in Luminosity/Mass, especially in UV 
         - dramatic reddening with age  

       Properties Measured from UV/optical: colour  



   
               (Taylor et al. 2011) 
 
        

       Properties Measured from UV/optical: stellar mass  



   
          (Kelvin et al. 2012) 
 
        

The galaxy population 
in the local universe  
as a function of stellar 
mass, colour and  
morphology (sersic index) 



       Properties Measured from UV/optical: identification of galaxy groups  

 (Robotham et al. 2011) 

  eg 3d Friends-of-Friends Analysis 
  of spectroscopic redshift surveys 



                 Determination of Dynamical Masses 
             (Baryons and Dark Matter) of Galaxy Groups: 
 
                             M_dyn = A * V_disp^2 * R 
 
             - constant A calibrated by running identical FoF analysis  
                on mock observations of the GAMA light cones  

 (Robotham et al. 2011) 



       Properties Measured from UV/optical: characterisation of galaxy groups  

 (Robotham et al. 2011) 

-  40k groups over 300 sq deg 
-  excellent statistical target for 
-  experiments to detect HE and VHE 
-  radiation from an IGM 

The Group mass scale 
hosts most baryon and DM 
column and most of the  
star-formation activity 
in the Universe! 
 
The cluster mass scale 
Insignificant in comparison 



The Warm-hot IGM 
Dolag et al. (2006) 

    Spectroscopic Template for the Cosmic Web 

Robotham et al 2011 



- 

     (1) Star-Formation Efficiency in GAMA  Groups and Clusters 



N. Fanidiakis 2014 



       Properties Measured from UV/optical: presence of AGN  

 (eg Hopkins et al. 2013) 



 (Heckman & Best 2014) 



Empirical relation between black holes and spheroids    

(Kormendy & Ho 2018) 

     almost all galaxies host central massive black holes 
with mass predictable from optical surface Sersic photometry! 



Multiwavelength Emission from Galaxies 





Dust emission in combination with UV/optical and Sersic photometry =>SFR 
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Strong (differential) attenuation 
of UV/optical emission 
 
Severe impact on derived SFR 

SFR measurements challenging and 
subject to large systematic uncertainty 
due to dust obscuration of UV light 
 
Accurate corrections for dust 
obscuration require radiative transfer 
modelling 
 
Requires knowledge of full submm to 
UV SED and independent knowlege of 
geometry & orientation from Sersic 
photometry 
 
RT model applicable to large samples 
of galaxies to provide accurate SF 
rates 
 

   Popescu+2011  
 

Kelvin+2012 



NGC891 
Tau(B)=3.5 

69% diffuse 
31% localised 

Dust heated by: 
-11% bulge 
-20% old stellar disk 
-38% young stellar disk 
-31% star forming complexes 

Popescu et al. 2011, A&A 527, 109 



By products  of radiation transfer analysis 
relevant to applications in  gamma-ray astronomy: 
 
(1) UV->submm radiation field known throughout galaxy 
 
- in particular, FIR is the seed radiation field for Inverse Compton 
   below ca. 1TeV photon energy 
 
(2) Volume distribution of dust  is known  throughout galaxy 
 
- total (molecular + neutral) gas density is 
   proportional to gas metallicity * dust volume density 
  for fixed fraction of metals in dust grains. Dust emission 
  is easier to measure than radio line emission tracers of 
  gas (especially at higher redshift) 
 
- FIR astronomy naturally compliments HE/VHE astronomy!  



Contour plot showing the locus of positions at which the 
contribution from the CMB seed photons to the gamma-ray 
emission at a particular gamma-ray energy is equal to the 
contribution from diffuse ISRF photons (for case of Milky Way). 

   
               (Popescu et al. 2017) 
 
        



 (Grootes et al. 2013,2014) 

Deattenuated star-forming “main sequence” relation 
         between SFR and stellar mass for  
morphologically-selected disk-dominated galaxies 



 (Davies et al.  2016) 

Wavelength dependent – scatter 
in SFR vs M* relation for isolated 
Spiral galaxies 
 
 
 
- Spatially integrated Star formation Rate is 
  *not* steady state in spiral galaxies, even 
  for non-interacting and non-merging 
  spiral galaxies. Fluctuations on timescales 
  of ca. 50 Million years. 



Star-forming “main sequence” relation between  
       SFR and stellar mass at 1.5 < z < 2.5 

- Population of highly obscured starburst galaxies 
  appears at cosmological distances, radiating 
  mainly in the FIR through dust (so preferentially seen in FIR surveys)  
 
- Accounts for 10% of total SFR over age of universe 

(Rodighiero et al. 2011) 



Radio/submm/IR line emission as a probe 
of the ISM in galaxies 

-  21cm hyperfine transition of neutral hydrogen 

-  CO rotational lines (and other molecular tracers of H_2) 

-    significant systematic uncertainties in both estimators 

 (Kennicutt & Evans 2012) 



 (Kennicutt & Evans 2012) 

Scaling laws between Star formation and gas content 



Balance of heating and cooling in the cold neutral medium 

- Cooling primarily through collisionally heated 
  [CII] 158um fine structure line: 
 
                L_cool = 10^-32 W/H 
 
                 (Gerin et al. 2015) 
 
               =>  t_cool = 10^4 yr 
                      (for T=50K) 
 
- Heating less clear: 
 
     - either through photoelectric effect 
       powered by non-ionising UV photons 
       absorbed on dust grains (Draine 1978) 
 
     - and/or mechanical heating 
 
     - and/or low energy CR protons 
 
       (Field, Goldsmith & Habing 1969) 
              cf t_pp =  10^7/n yr 
             and u_cr = u_thermal 



Mass Budget and Radial Distribution in Spiral Galaxies 

Rotation curve from combined 
HI and H_alpha measurements 
     (Dutton et al 2005) 



Radio Synchrotron Emission: the FIR-Radio correlation 

 (Condon et al. 1991) 

massive stars -> SFR -> CRe -> radio synchrotron 
massive stars -> UV photons -> dust heating -> IR 
 
 
non-linearity in unexpected sense (for increasing 
Radio/FIR ratio with increasing luminosity) 
Potentially due to either: 
 
-  Faster escape of CRe in less massive galaxies 
     (eg Bell 2003) 
  
-  or component of secondary CRe arising in 
      denser ISM in more massive galaxies  
   



The effect of environment on star formation in disk galaxies 

 (Grootes et al. 2017) 



Conclusion: 
 
For: 
-  fixed disk morphology 
-  fixed stellar mass 
 
SFR of disk-dominated central 
galaxies is: 
 
- dependent only on stellar mass 
 
- independent of the 
   mass of the host DM halo 
 
-  the  suppression in star formation 
   activity in groups is entirely 
   due to a change in morphological 
   mix from disk-dominated to 
   spheroids  

The effect of environment on star formation in disk galaxies 

 (Grootes et al. 2017) 



The predicted galaxy population 

Stellar mass growth in hierarchically 
    evolving dark matter haloes 

Mo, van den Bosch & White 2010 

         t_ff = t_cool for 
 
M_halo/M_solar close to 10^12 
 
over a broad range of redshift  

free-fall timescale 

baryon cooling timescale 



Low mass 
Dark Matter 
Halo 
 
 
 
 
 
 
 
 
 
 
Massive 
Dark 
Matter Halo 

Тcool  < Тinfall 
 
 
 
Gas-fuelling rate = 
Inflow rate 
 
 
 
 
 
Тcool  > Тinfall  
 
 
 
 
 
Gas-fuelling rate  << 
Inflow rate 

log(MDMH/Mʘ)  
     ≈ 12 



N. Fanidiakis 2014 

Feedback (galaxy to IGM) needed to reproduce observed dependence of galaxy growth on M_halo: 
                  M_halo/M_solar = 10^12 marks maximum SF efficiency 



Mitra, Dave & Finlator 2015 

                 Galaxy growth with Feedback:  
simple quasi steady state formulation of growth of centrals 

Gas flows into and out of galaxy ISM (10 kpc scale): 

Gas flow into parent DM halo (1Mpc scale): 

Since we observe SFR independent of Mh then 



 
 
Compared to observed SFR in disk-dominated centrals as a function of M_halo 
For M_halo >10^12 (where data exists on M_halo from group dynamical masses): 
 
-   we require a stronger dependence on M_halo of 
     energy disposition in the intragroup medium 
     than predicted by this simple analytic model 
 
 -  this additional feedback should be such that SFR/M_halo is exactly 
     proportional to M_halo^-1 
 
    Such a dependence of SFR on M_halo means the large-scale (Mpc)  
    environment of disk galaxies has exactly zero effect on their growth 
    (despite density contrasts of ca. 100 in the dark matter compared to the 
      mean density of the Universe)! 
 
    Conclusions: 
 
    - Growth of stellar mass of disks seems only to depend on the stellar mass 
      of a disk! 
 
    - Environment only has an indirect effect on SFR in the universe, through 
      changing the morphological mix of galaxies from star-forming disks 
      into passive spheroids 
     

                 Galaxy growth with Feedback:  
simple quasi steady state formulation of growth of central galaxies 



             But what about satellite galaxies? At z=0 most galaxies 
                     with log(M*/M_solar) < 10.0 are satellites  

 (Grootes et al. 2017) 



Satellite galaxies 
 
Ram-pressure 
stripping 
(Gunn&Gott+78) 
 
'Strangulation'  
Kimm+08 
 
 
 
 
No gas-fuelling 
 
Quenching of SF 

Additional quenching processes limiting growth of satellite galaxies: 



Effect of central AGN on star formation in satellite disk galaxies  

 (Grootes et al. 2018) 



Effect of central AGN on star formation in satellite disk galaxies  

 (Grootes et al. 2018) 



Conclusions: 
 
For central disk galaxies: 
 
-   we require a stronger dependence on Mh of 
     energy disposition in the intragroup medium 
     than predicted by this simple analytic model 
     to account for SF in central disk-dominated galaxies 
 
 - but why should this additional feedback 
    lead to an exact invariance of SFR on Mh? 
 
For satellite disk galaxies 
 
- only a small fall off in SF activity compared to 
  ungrouped (central) disk galaxies at same stellar mass 
  Most disks have unchanged SF rates (despite the presumed 
  operation of ram-pressure stripping and starvation processes) 
 
- strongest quenching effect on satellites is presence of 
   radiative mode AGN in central galaxy 
 



 Outlook: what role do CR play in feedback 
       processes in galaxy evolution? 

- thermal balance in Cirrus 
 
- CR-driven winds  

   probably important: u_CR = u_thermal = u_rad 
   at position of Sun. Constraints from feedback 
   model for SF in disks requires t_residence_ism = 10^9yr. This 
   compares to t_residence_cr = 10^6yr   



 (Girichidis et al. 2016) 

eg: predicted effect of CR on vertical stratification of cold neutral medium 



 Outlook: what role do CR play in feedback 
       processes in galaxy evolution? 

- thermal balance in Cirrus 
 
- CR-driven winds  

   may be a driving factor: u_CR = u_thermal = u_rad 
   at position of Sun. Constraints on winds from feedback 
   model for SF in disks requires t_residence_ism = 10^9yr. This 
   compares to t_residence_cr = 10^6yr   
 
 
- to provide empirical insight there is a need to statistically characterise 
  the HE and VHE gamma-ray emission properties  of the galaxy population 
  as defined by spectroscopic redshift surveys. At present Fermi/LAT 
  has enough sensitivity, but insufficient angular resolution: 
 
  [ie for MW-like galaxies there are ca. 0.3 galaxies per square arcmin 
   to z=0.4 (i.e. on average ca 30 Milky Ways per Fermi/LAT PSF at 1GeV). 
   Current surveys are confusion, not sensitivity, limited]  


