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A bit of history

In 1980s, synchrotron emission from galaxies was 
associated with «old stars» 


✴Similarity of radial profiles; diffuse shock acceleration



Radio thermal was thought the best measure of SFR


✴Sparse data on galaxies; physics of ionized regions



Today, we accept synchrotron is driven by SF, with


✴Longer time constant than other SF tracers


✴Greater scale length (in disk) than other SF tracers



This was the result of radio-IR studies
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OUTLINE

Galaxy-scale radio emission, relation to Star Formation



Galaxy-scale infrared emission, relation to SF



The relation of radio and infrared: beyond SF



Testing and improving the framework



Open questions, opportunities
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Framework: radio emission

Main components of galaxy 
radio emission linked to SF


✴SN-> CRe + B-> Synchrotron 


✴ Ionizing stars + H-> Thermal


✴Uncertain origin-> AME


✴Scaling relations well modeled 

(e.g. Murphy 2009)



Astrophysics framework has


✴micro-physics


✴ system physics


✴environmental modifiers



Framework still not robust
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Framework: synchrotron emission

Synchrotron: Cosmic Ray electrons (CRe) and B field


✴Galaxy-wide scaling of B, CRe other sources/reacceleration, 

propagation & confinement, secondary CRe/CRp+… uncertain



Galaxy-scale phenomenology understood (Murphy+ 
2006, 2007; Tabatabaei+ 2007, 2013; Heesen+ 2014) 


✴Synchrotron spreads wider than SF sites



Few physical models (e.g. Völk 1989; Helou+ 1993; 
Lacki+ 2010; Niklas & Beck 1997)


✴Driven by relation with IR, gamma-rays 


✴Global galaxy properties/scaling critical: SF intensity, ISM 

density, scale-height, geometry


✴Open question: Are galaxies calorimeters or smart filters?
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Galaxy Synchrotron Energy Budgets

6Lacki+ 2010

Strong+ 2010

Escape

MW

SF-> SN


?re-acceleration
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Galaxy Synchrotron Energy Budgets

6Lacki+ 2010

Strong+ 2010

Escape

MW

Models differ significantly, driven by input data from radio, 
IR, gamma-rays. Empirical constraints needed on estimates

SF-> SN


?re-acceleration
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Framework: infrared emission (1)

IR(λ) = [TISM] ⋅Heating(λ)



Heating(λ) is the input heating spectrum from all stars 
(neglecting AGN)



IR(λ) is the Infrared SED, i.e. Dust Cooling  


✴allow for escaping starlight; ignore gas cooling



T is a matrix with all the coupling terms between 
Heating and Cooling


✴Cross-sections, opacities, etc


✴Geometry(local, initial), geometry(age), geometry(d/g), 

geometry(morphology), etc
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Framework: infrared emission (2)

IR(λ) = [TISM]⋅Heating(λ)  — simplifications:



Most drastic approximation is “L(IR) ⋍ k⋅SFR”



More useful for extracting information:


✴Heating = ∑ IUV(>13.6eV)+FUV(>6eV)+NUV+Vis+NIR



∑ is taken over stars in various age groups



✴ IR(λ) = ∑ SED(dust species, U range, λ)


Dust {VSG, Aromatics, LG} at U⋍0.1--106G0



✴ [TISM] links star populations to dust emission via ISM phases


!
Biggest challenge is geometry, but galaxy size helps!
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OUTLINE

Galaxy-scale radio emission, relation to Star Formation



Galaxy-scale infrared emission, relation to SF



The relation of radio and infrared: beyond SF



Testing and improving the framework



Open questions, opportunities
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Framework: radio-infrared relation 1

Strong linear relation radio-IR 
in spite of complexity in each, 
great variation in galaxy ISM 
properties, SFR, geometry, etc



Note: Luminosity range maps 
into ranges of SF intensity, ISM 
gas density, ISRF intensity, B; 
mapping is NOT 1-to-1 
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e.g. Yun+ 2001
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Framework: radio-infrared relation 2

Strong linear relation radio-IR 
in spite of complexity in each, 
great variation in galaxy ISM 
properties, SFR, geometry, etc



“Conspiracy” recognized early; 
all models require at least some 
physical parameters to be 
linked (Helou & Bicay 1993; 
Lacki+ 2010), but linkages vary 
among models
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Ekers 1991 (attr.)
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Calorimeters or smart filters? (1)

This is about “system physics”:  A universal ratio 
(common origin) of CR and UV/Vis photons does not 
guarantee constant IR/radio, even in calorimeter case
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Helou+ 1993

Lacki+ 2010

MW
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Calorimeters or smart filters? (2)

This is also about what “micro-physics” and what 
associated parameters are assumed
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Helou+ 1993

Lacki+ 2010
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OUTLINE

Galaxy-scale radio emission, relation to Star Formation



Galaxy-scale infrared emission, relation to SF



The relation of radio and infrared: beyond SF



Testing and improving the framework



Open questions, opportunities
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The framework to higher redshift

Predictions focus on radio fading at increasing z and 
on q(high-z) as test of models


✴Fading because of IC losses by CRe against CMB photons


✴Dependence on z of ISM/SFR parameters and relations
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Lacki+ 2010

Murphy 2009

MW

M82
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The framework to higher redshift

Predictions focus on radio fading at increasing z and 
on q(high-z) as test of models


✴Fading because of IC losses by CRe against CMB photons


✴Dependence on z of ISM/SFR parameters and relations 



Differences reflect model complexity, CRe loss 
channels, assumptions on galaxy properties, e.g. 
compactness vs luminosity 
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The framework to higher redshift

Predictions focus on radio fading at increasing z and 
on q(high-z) as test of models


✴Fading because of IC losses by CRe against CMB photons


✴Dependence on z of ISM/SFR parameters and relations 



Differences reflect model complexity, CRe loss 
channels, assumptions on galaxy properties, e.g. 
compactness vs luminosity 
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Murphy 2009

Schleicher+ 2013
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The Data at higher redshift

Out to z≈2-3 q=IR/radio appears unchanged, or 
decreasing(?)



Sparse data, analysis biases 
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Murphy 2009 Sargent+ 2010

No difference between LIRG & ULIRG
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The Data at higher redshift

Out to z≈2-3, q=IR/radio appears unchanged, or 
decreasing(?)



Sparse data, analysis biases 
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SFR co-moving density, radiation increases with z 


✴Concomitant increase in intergalactic CR is very likely



Galaxies will capture some of these CR, adding to 
synchrotron emission


✴Captured IG CR diffuse much more slowly inside galaxies 

Other effects at high redshift?

20
Soifer+ 2008



Helou-Bologna Radio Surveys 2015

SFR co-moving density, radiation increases with z 


✴Concomitant increase in intergalactic CR is very likely



Galaxies will capture some of these CR, adding to 
synchrotron emission


✴Captured IG CR diffuse much more slowly inside galaxies



Early rise of AGN would start the IG CR early
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SFR co-moving density, radiation increases with z 


✴Concomitant increase in intergalactic CR is very likely



Galaxies will capture some of these CR, adding to 
synchrotron emission


✴Captured IG CR diffuse much more slowly inside galaxies



Early rise of AGN would start the IG CR early

Other effects at high redshift?
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Soifer+ 2008

Madau & Haardt 2015

Assuming U(IGCR)~U(CIB), IGCR flux onto MW today 
is comparable to SN-derived CR source rate.  	


Question: Efficiency of CR capture?
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The framework to extremes

Outlier objects in correlations hold useful clues


✴Are all radio-loud galaxies AGN? 


✴Radio-quiet galaxies still not fully understood (Roussel+ 

2003, 2006): Nascent starbursts or something else?



~1% populations valuable


✴Hide easily in surveys
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Roussel 2006
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OUTLINE

Galaxy-scale radio emission, relation to Star Formation



Galaxy-scale infrared emission, relation to SF



The relation of radio and infrared: beyond SF



Testing and improving the framework



Open questions, opportunities
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Questions on physics, other agents

Understanding dynamics between U(CR), U(B), U(gas), 
U(ISRF), and possibly other U’s



Understanding magnetic field, its scalings, geometry



Understanding CR confinement, other behavior


✴Detailed simulations may be needed, e.g. Hardsastle 2013



What role for intergalactic CR? 



Wild card: AME


✴Spinning PAH hypothesis is in difficulty


✴AME close in energy importance to synchrotron!
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‘353’ is 850µm
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Parting Thought

“Astronomy is data-driven” - Roger Blandford


✴Radio astronomy is no exception


✴ “Theory a mnemonic device” — Martin Schwarzschild (attr.)


!

This is the best argument for surveying the sky with 
powerful new instruments such as SKA or precursors!
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