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=== This paper — SED-derived (fixed q)
== This paper — SED-derived (evolving q)
This paper — SED-derived (evolving g: a =
== = This paper — FIR-based (fixed q)
= == This paper — FIR-based (evolving q)
== MD14 Eq. 15

 Radio continuum observations are
unaffected by dust and have high
angular resolution

 However, many processes affect the
radio-SFR relation such as cosmic-
ray transport, magnetic fields, and
electron energy losses

e Therefore, need for a reliable Thykkathu +2026
calibration
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Massive stars

+ . supernova.
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approximately linear relation

 Thermal radio continuum is ideal SFR tracer (Murphy + 2011)

IRAS F23389-6139
C2 1SA

e Non-thermal emission dominates below 10 GHz
(e.g. Tabatabael + 2017)

 Radio-SFR relation (Murphy et al. 2011):

@ VWA GLEAM
. Literature
C593
ATCA peak flux density
{ ATCA (u, v) peak flux density
== Total
= = Component 1

L
_ 1.4 GH
— 6.35 X 10 22 z — g?;?/;;c;r;?ntz

\Y % W Hz-!
0.1 1 10 100 1000
Rest Frequency (GHz)

.
-3 Universitat Hamburg Volker Heesen — Nearby galaxies as probed with LOFAR — LOFAR Annual Meeting 2026

DER FORSCHUNG | DER LEHRE | DER BILDUNG




—

super-linear relation observed

* Observations show slightly to
significantly super-linear
relations

Other examples:

GAMA (Davies et al. 2017)

CHANG-ES (Li et al. 2016)
HERSCHEL-ATLAS (Gurkan et al. 2018)
Virgo Cluster (Edier et al. i2024)
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/,/”" Full sample
= —— 0.05 < z < 0.30
—— 0.30 < 2 < 0.60
—— 0.60 < 2z < 0.80
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a European radio interferometer

e 46 Dutch stations ;J.,.,,,

Effelsherg

Taute

® Unterweilenbach b

e 106 International stations

i
!
Medicina o

| ow-band dipoles (30-85 MHz
 High-band tiles (110-180 MHz
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LOFAR Two-metre Sky Survey .
Pl 7 NGC5474
: NGC4625
‘ NGC598
z data
NGC4125
NGC4631
NGC4449 *
" -
NGC3265

LOFAR Two-metre Sky Survey |
(LOTSS, Shimwell et al. 2017, 2019, 2022, 2026) | /

* LoTSS data release 2 (45 galaxies) s r

LoTSS data release 3 (70 galaxies)

NGC7331 :
v }, T
=

NGC3184

] ' > LOFAR
Spitzer and Herschel infrared data («ennicut et ai. 2003, 2011)
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use low-frequency radio spectral index!

~_

steep spectrum

flat spectrum
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° 14 h: scale height ~ r«
> * ¢ < d B: magnetic field strength
5"_()'3- ° . . 19 2 (_Krause et al_. 2018) B ~ Scpr!/3
- 5 v: wind velocity ~ 2srr (Beck 2015, Tabatabaei et al. 2018)
Z —0.4pF ¢ oJ =0 E (Heckman et al. 2015, Heesen et al. 2018)
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 Radio spectral index dependence
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Heesen et al. (2024)
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, 52
and the radio-SFR relation
‘ ~1.0
» Ratio of radio-to-hybrid SFR 15
« Dependence on radio spectral 3 2.0 §
Index E E
= —2.520
* Old CRE are bright, young are faint F o2
-3.5
, . , . , . -4.0
-12 =10 -08 =06 -0.4 -0.2
Radio spectral index (144-1365 MHz)
*
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e Are under-luminous in the radio
continuum

Challenges radio-SFR relation at low

Radio spectral index («)

—0.8
Mmasses
¢ @ global data —1.0
* |mportant to observe low mass e local data
systems T bl 12

®  Dinned local data

—2 0
log;o[SFR/(Mg yr™)]

Heesen et al, accepted
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global and local data

 Global and local data follow
approximately the same trend

* [his means we may be able to
define a unified global and local
relation

—1.0 —0.5
Radio spectral index ()
Heesen et al., accepted
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of the radf K A relation‘

e Parametrisation with radio
spectral index

« Radio-SFR relation:
logg(Li44) = alog;o(SFR) + ba + ¢

* Global and local data points lie In
a fundamental plane’

Heesen et al, accepted
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of the radf K A relation‘

e Parametrisation with radio
spectral index

« Radio-SFR relation:
logg(Li44) = alog;o(SFR) + ba + ¢

* Global and local data points lie In
a fundamental plane’

Heesen et al, accepted
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 Edge-on view of the fundamental
plane

e Almost linear radio—SFR relation

e Scatter much reduced
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Heesen et al., submitted

best fit

binned local data
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Radio spectral index («)



relatlon W|th stellar mass

e Radio spectral index depends on
mass

 Mass parametrisation:

0.23%+0.05 1.10+0.06
Luaa  _ orsrsoas | Mo SER
W Hz-! 1010M4 Mg yr~!

Good agreement with LOTSS-
DR2 wide-fields results
(Shenoy+2026)
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using the mass-size scaling relation

=115
=—10%
I
S —11.0 — Y
; L144 \Yis VA LCSFR Mtot (GUrkan et al. 2018, Smith et al. 2021)
—10% 10.5
= “®
= 10.0
~y 10 I
I 95 5 n = 1 o l tesc depends only on
z o — foyn ~ galaxy radius
£ 107 9.0 1 + 2\ syn
- €SC
-
E 119 8.9
e I— Ligamu, = L(iifﬂ(a)SFR 8.0
10~ 10" N X SFRO 05 M t(()) t27 Miot ~r%1/3

SFR (Mg yr™)
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radio spectral index
= B N2683
N2820
B | N3003
N3432
* Scale heights ratios (144 MHz / 3GHZz) - o
. . e Naons
» |Large ratios in galaxies with flat spectra N7
2 B Na217
_;E 1.5 - T N4302
" " " " L N4388
 Cosmic-ray transport in galaxies with 2| S
. - 3 - 1 N5907
winds (Stein et al. 2023) 3 Taire
1.0 | a8 .‘ !l
i L
0.5 1
O
-1.2 —1'.0 —6.8 -6.6 —6.4 —6.2 0.0

Spectral index (144 MHz / 3 GHz)

Smolinski et al, 2026
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influence o mihe radio—S}R

* Free-free absorption

 Cosmic-ray ionisation losses

 Both flatten
the spectrum
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Spiral galaxy M101
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Energy dependence

(o))
|

 Mostly non-energy dependent:
L oC V—O.25

w

F N

* |n radio haloes also non-energy
dependent (scimiot et ai 2019, stein et al. 2023)

N

—— Diffusion
Streaming

------- Energy-dependent diffusion

I  Observations

 Boron-to-carbon ratio supports this in the
M'Iky Way (E < 10 GeV) (Becker—Tjus and Mertens (2020))

-

Cosmic-ray transport length (kpc)
w

o

0 20 40 60 80 100
CRE lifetime (Myr)
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Experimental setup

Background source

Impact parameter
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Polarised light

Radio telescope

UH
_iﬁ
a1 Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILOUNG Volker Heesen — Nearby galaxies as probed with LOFAR — LOFAR Annual Meeting 2026



g\ Pl LETURMG e - B O r Y e r - - SR, US| Tt & 5 v
g ooty BLAVUTOL VAR S T R ki Ty N s R
Y - ; 3 e Sk : , c o _
‘_" % }‘ v ~ ,' IO?’. ’ b ot § ‘a Nt et VN ¥ ’d&‘ "- a . - o™ o= '
e o 3 5 S - TR T S e FIGS Ve SRR A e
a2 3e o e ‘?’ Bl - J’ - ‘t 3 e ‘z f.‘-?

~—
—

/ . (== = , ——— \ - = = = 5
»* - = = - = =

consistent with bipolar outflows

FeN
-

e EXcess rotation measure
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o At impact parameters <100 kpc near
the minor axis
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and summary

e Super(sub)-linear global(local) radio—SFR relation

» Ratio radio-to-SFR depends strongly on radio spectral index (power-law slope
of the radio continuum spectrum) for both global and local data

* Global and local data points form a fundamental plane defined by [log(L144),
log(SFR), alpha]

* Unified global and local radio-SFR relation when using radio spectral index

 Mass dependency can be derived by spectral index parametrisation with
mass
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