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* Regulate outflows and accretion of
matter

* Are important for galaxy evolution

» (GeV-protons energetically most
influential

» (GeV-electrons are observed in the
radio as cosmic-ray electrons (CREs)

Tumlinson et al. (2017)
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s A X emission

acceleration
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with measuring radio star-formation rates

151.0 Myr

* | eakage of cosmic-ray electrons from
galaxies

 Can be observed as radio haloes (ke et

2022; Stein et al. 2023)

 Cosmic ray-driven winds (Breitschwert et al. 1992,

Everett et al. 2008, Recchia et al. 2016)
 Thermal (free—free) absorption (i by caovic)

Salem & Bryan (2014)
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— Li50—SFR
— L14—SFR
SF detected at 3¢
= 6. <logio(Mi/Ms) <9.5
9.5 <logio(M./My) < 13.

SFG
Unclassified
HERGs
LERGs
Composites

logip(Stellar mass / Mg,)

Seyferts
LINERs
HERG/LERG?

Ambiguous

8.0 0.05 : : 0.20 0.30

logio (L1s0/ W Hz™ 1)

Gurkan et al. (2018)
logio(Lisg) = 1.07+0.01 % logio(w) + 22.07+0.01

Other examples: log10(L1.4) = 0.870.01x logio(y) + 21.3240.03

MANGA (talk by Jin)
GAMA (Davies et al. 2017)
CHANG-ES (Li et al. 2016)

1.1 v
ELAIS-N1 (smith et al. 2021) LlSOMHz x SFR 1 0
Vi rgo Cluster (Edler et al. 2023, and in prep)
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l0g10(SFR / M yr 1)

Gurkan et al. (2018)
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LOFAR Two-metre Sky Survey L B s g .
s NGC5474 e \

NGC3432

NGC3031
NGC4625 NGC4244
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NGC3198
NGC3003
o NGC4736 K
; > - P Py : NGC5195
NGC4125 R : : : ‘
2 - ‘ . S NGC4013

= P | B :

NGC4631 L * NGC5194

“ NGC3448

-~ 3
%
Necasso -

NGC3265

* LOFAR Two-metre Sky Survey ;- & W
(LOTSS; Shimwell et al. 2017, 2019, 2022) . o |

NGC5866 ‘ ]

i’ ©  NGC4096

g «% 2270 NGC925
NGC5297 & st

W g

| . ¢ Necaz14 ‘ & Ey - '\-i.f NGC3877
6 arcsec resolution is 300 pc at : ' voosr X L ‘

median distance of 11 Mpc B TR -
» Galaxies from KINGFISH, SINGS, e NN

and CHANG-ES
o Spitzer and Herschel infrared data (kennicutt et al. 2003, 2011)

® ngh-frequency rad|0 data frOm WSRT and JVLA (Braun et al. 2007, Wiegert et al.2015)
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super-linear with L144 ~ SFR1-4-1.5

o4 - Bisector fit
10 === Linear fit

Radio continuum luminosity: =~ 7/ Gurkans 201
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Radio luminosity (W Hz ™)

T 1) T)
SFR (Mg yr™)
Heesen et al. (2022), plot by A. Basu
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Use low-frequency radio spectral index!

steep spectrum

Spectral ageing

flat spectrum

Vo log v

" Klein and Fletcher (2015)
o, Universitat Hamburg Volker Heesen — Cosmic Rays, galaxies and LOFAR - LOFAR Family Meeting 2023 g8 /17
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- * * ) h: chaIe hf'?zgm el B: magnetic field strength
z_0ak o rause et al.
g0 e . 12 =< _ ( du ocit )Z B ~ 2gFRl1/3
e “w V. WINa VeIOCIty ~ &sFR (Tabatabaei et al. 2018, Heesen et al. 2023)
Z —0.4F ® o 10 ~ (Heckman et al. 2015, Heesen et al. 2018)
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using the mass-size scaling relation

1024
T o L = [-.SFR M"
:E ’y 144 MHz — *~C tot (Gurkan et al. 2018, Smith et al. 2021)
— 10~
= 10.5
=122 o ¥ " =
= 10 ¢ Ao 10.0 %
g .‘3.’ é . 1 ~ 1 tesc depends only on
é 102! . . 0.5 j’% H = foyn ~ 5 ¢ galaxy radius
E N 3 1 + syn
E €SC
O 102() C ° 9.0
Cd — Ly = L("SFR(;\[M,/l()m;\[. )A’ 8 5
L1 1l ] |_|_|_u.ul_l_ a
1071 10" 10

SFR (Mg yr~ 1 )
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and radio spectral inde

® oa>-065
1 ® -085<a<-0.65
®

a-< -0.85
Condon

e Local radio-SFR: [,—2.sFr0-6-0.8

—
o
|
N
|

 Radio spectral index dependence

o Steep spectrum: radio bright

(-
o
|

e

(Zsrr)rc (M yr~tkpc™?)

e Flat spectrum: radio faint

+ Global radio-SFR: L,~SFR1.1-15 ot

10~ 10~ 10~7 10~
(Zsrr)hyo (Mo yr tkpc™?)

Heesen et al. (2023) in prep.
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on the radio-SFR relatio

10709 5 Necsa Nocaras
Young CREs near the sources not || @ ez @ nocaras
affected by transport _ o Nocmes g Moo s
18. 10_2 ) » NGC3938 w— Condon
e radio—-SFR relation is almost linear = »®y o ’
W|th IV—ZSFF{O'9 (Heesen et al. 2019) >o‘
=
* Also observed in spiral arms of |

iIndividual galaxies (Dumas et al. 2011, Basu et al. 2012) | ©

-

o
&
1

Multi-frequency insight into Cosmic Ray

Electron transport in spiral galaxy NGC
6946

Julia Piotrowskal, K. T. Chyzy! + MKSP

1 Astronomical Observatory of the Jagiellonian University

1074 107 10~° 101
(Zser)hyn (Mo yr—*kpc=)

Heesen et al. (2023) in prep.
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and the local radio-SFR relation

—

» Ratio of radio-to-hybrid SFR

pd

o
—
L

n(a) = (Zgpr)rc/ (ZSFR)hyb

radio continuum / hybrid SFR surface density

e
-
o

™ |

(Zsrr)rad )/ (Zser)nyb)
(Zser)nyb (Mo yr~tkpc=2)

 Dependence on radio spectral
Index

1071 -

* Old CRE are bright, young are faint 12 -10 -08 -06 -04 -0.2

Radio spectral index (144-1365 MHz)
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on the radio-SFR relati

101 -

] Condon

 Correct radio SFR for calorimetric
efficiency

 Use parametrisation with radio 107

spectral index

I RER
1.05+0.02 :

(ESFR)RC/r](a) X (ZSFR)hyb

(Zser)ac (Mg yr-tkpc2)

: . , 104 -
e Almost linear radio—SFR relation f

a>—-065

-085<a< -0.65

a<~0.85
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Heesen et al. (2023) in prep.
Volker Heesen — Cosmic Rays, galaxies and LOFAR — LOFAR Family Meeting 2023

1074 1071

(Zser)nyn (Mo yr~tkpc=?)

15 /17



P - il N4 N, _':;'1‘;};'-‘-\( -5 x',‘ ’.’1"- > 4 ‘v"': L TR AT .:'\‘,':'i - (s D ,‘.: W PQ'V y: :* < w
w L ,:* ',\'"v‘r, ,? E W’ ':‘;4?’*"‘9 ’ } ;ﬁ' ,tg‘i I'F~ Ao r :‘:‘&f Py 2 !“\9 - &:‘;. *:L;;.v\\“ ‘,{1.&%‘:3 W v g {“’ 7 A ,g"v Pt
% s 1 (] Sy L) R R FReTN P SO L : ™ ' 8y
"\,. :‘t..\ ‘ @ ‘tﬁb w ) ” ':,. g 7,,,‘-@ 'T‘,v,z" \;"k -v‘, "tg‘”“u.’é;{;’ & ’,{ Aww s',_‘ o *:“ L .
Y o P " ¥ !‘- s \ﬁ i L 1!- i’«’-’.- 2 L) .
i Rk N SRS A, S N I Wi SRE Y 7
| % "n “‘.“‘-‘§§}""'i‘ AR g S T, S0, Lo S f -t »
- : .
)
V — "“ ‘ lllllllll
= r -
— | Y — = — —
\‘ — e e - — R
— I— |- — % — o i e T T
(=i —_— v — i, 4 — — —r—— — o e ey
o — — = e ——

for both global and local measurements

[—

-
o
oo

* Correct global radio—SFR relation
with CRE calorimetric efficiency

e Parametrisation with radio
spectral index

[—

Cd
o
o

 Same slope and normalisation as
for local radio—SFR relation

Radio luminosity (L) [W Hz™]
=

slope = 1.03 +/- 0.07

— Lyywmu, = Len(a)SFR 8.0
1020::1411!1 L1 11l L "—"""Ll )
10" 10° 10

SFR (MQ yr_l)

Heesen et al. (2023) in prep.
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and summary

* Non-linear global radio—SFR relation requires cosmic-ray escape such as
observed as galactic winds in radio haloes

» |arger galaxies have to higher calorimetric efficiencies

* Sub-linear local radio—SFR relation requires cosmic-ray transport which is
energy-independent diffusion

 Cosmic-ray electron calorimetric efficiency depends on radio spectral index

» Corrected radio—SFR relation is universal for both global and local SFRs
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