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Radio excess In quiescent galaxies



Radio Excess in Low-SFR Galaxies

e Radio luminosities and SFRs are
tightly correlated

Red Bars: Data (Binned)
Orange Stars : Data (Individual)

e [nterpretation : SNRs accelerate
electrons, which produce radio
emission
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e Gulrkan et al. studied this correlation
In low frequency (150 MHz) and low
SFR

10910

Blue : Expectation from SNR model

o After removing AGN, they find an
excess radio emission in low-SFR
Data from Giirkan et al. (2018) galaxies

logio (SFR [M yr~1))

e EXxcess emission is most
prominent for massive galaxies



Cause of Radio Excess?

e AGN emission may not be removed perfectly

e SFR estimate is incorrect

e There are additional sources of CR electrons that can be
important in massive and low-SFR galaxies



Cause of Radio Excess?

e AGN emission may not be removed perfectly

¢ |SFR estimate is incorrect

Note : We need to keep this
possibility in mind
e There are additional sources of CR electrons that can be
important in massive and low-SFR galaxies



Cause of Radio Excess?

e AGN emission may not be removed perfectly

e SFR estimate is incorrect

e IThere are additional sources of CR electrons that can be
important in massive and low-SFR galaxies

The reminder of this talk focuses on
this scenario
(Later mention on AGN)



@ Moon (To Scale)
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e Pulsars accelerate cosmic-ray electrons, which can produce
synchrotron radio emission



Millisecond Pulsars

_ | e A normal pulsar is born at a core-
Tauris & van den Heuvel (2006) r,, .
aMs @ e 1s0deys collapse supernova, and will be
inactive in ~ 10 Myr
Roche-lobe overflow @@ 1930 days
o e The dead pulsar accretes material
commen emvelope (8 from the companion star and spin up,
v Do o becoming again a fast-spinning pulsar
Y e (= Millisecond pulsar, MSP)

neutron star ) 2.08 days
1.3 16 ecc=0.24

e Time lag between star formation and

o MSP production

12.3 days

millisecond pulsar 150026 yhite dwarf

(PSR 1855+09)

e MSPs may have a very long spindown
time (~10 Gyr), I.e., long-lived

o Nygp o M. is naturally expected
(instead of x SFR)



MSPs as electron sources

e Normal pulsars release most of their spindown power as
relativistic pulsar wind.

e | essis known about the pulsar wind from MSPs.

e Observations suggest an efficient production of cosmic-ray
electron by MSPs

e Afew X-ray PWNe around MSPs (e.g, Lee et al. 2018)

e Hint of TeV gamma-ray emission surrounding MSPs in the
HAWC data (Hooper & Linden 2018), although also note
that MAGIC reports non-detection of the globular cluster.

e We use GeV gamma-ray observations of MSPs to infer the
total power in the galaxy.



Energy Budget

SNR, e ~ 5 X 1038<

SFR
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Energy Budget

Mg yr~!

LM n\ " M.
MSP, e ~ 2 x 10°’ e L e erg/s
1038 erg/s 0.1 0.1 1010M

Total GeV gamma-ray luminosity of all
MSPs in the Milky Way
(uncertain by a factor of ~10,
presumably from magnetosphere)

SFR
SNR, e ~ 5 x 10 ( ) erg/s




Energy Budget

SFR
SNR, e ~ 5 x 10°¢ 1 erg/s
My yr-

Ly n,\ M,
MSP. ¢ ~ 2 x 1037 [ ——M5F e e

1038 erg/s 0.1 0.1 1010M

erg/s

Total GeV gamma-ray luminosity of
all MSPs in the Milky Way
(uncertain by a factor of ~10,
presumably from magnetosphere)

" — Best-fit LF (this study)

Statistical uncertainty

- Systematic uncertainty
- Hooper & Mohlabeng (2016) LF
HH v LAT MSPs: 2PC dist. w/ mean completeness




Energy Budget

SFR
SNR, e ~ 5 x 10 1 erg/s
My yr-

Ly \ M,
MSP, e ~ 2 x 10°’ Ankael L e erg/s
1038 erg/s 0.1 0.1 1010M

P aiusrenmeriiowsy - Fraction of the MSP power
oresumably from magnetosphere that go to gamma rays

(relatively well known)



Energy Budget

- SFR
SNR,e ~ 5% 10 erg/s
Mg yr~!
LM \ " M.
MSP, e ~ 2 x 10°’ haici L e erg/s
1038 erg/s 0.1 0.1 1010M

/ /]

Total GeV gamma-ray luminosity of  Fraction of the MSP
all MSPs in the Milky Way power that go to
(uncertain by a factor of ~10, gamma rays
presumably from magnetosphere) (relatively well known)
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Energy Budget

SFR
SNR, e ~ 5 x 10 < ) erg/s

Mg yr=!

MSP,e ~ 2 x 10°

Total GeV gamma-ray luminosity of  Fraction of the MSP
all MSPs in the Milky Way power that go to
(uncertain by a factor of ~10, gamma rays
presumably from magnetosphere) (relatively well known)

Total Power of all MSPs in the Milky Way



Energy Budget

Mg yr~!

Ly \ M,
MSP, e ~ 2 x 10°’ Ankael L e erg/s
1038 erg/s 0.1 0.1 1010M

SFR
SNR, e ~ 5 x 10 ( ) erg/s

Total GeV gamma-ray luminosity of  Fraction of the MSP "
all MSPs in the Milky Way oower that go to Fraction of the MSP
(uncertain by a factor of ~10, gamma rays
presumably from magnetosphere) (relatively well known) pOWGI’ that gO tO
electrons

(unknown)



Energy Budget

Total GeV gamma-ray luminosity of  Fraction of the MSP Fraction of the MSP

all MSPs in the Milky Way power that go to power that go to
(uncertain by a factor of ~10, gamma rays electrons
presumably from magnetosphere) (relatively well known) (unknown)

Total Power of Electrons from all MSPs in the Milky Way



Energy Budget

SFR
SNR, e ~ 5 x 10 ( 1) erg/s

LMW n —1
MSP, ¢ ~ 2 x 10% i T
1038 erg/s 1

Total GeV gamma-ray luminosity of  Fraction of the MSP Fraction of the MSP

all MSPs in the Milky Way power that go to power that go to ASSU m pthn
(uncertain by a factor of ~10, gamma rays electrons
presumably from magnetosphere) (relatively well known) (unknown) NMSP X M o

MW Mass :
6 x 10'°M



Energy Budget

SNR, e ~ 5 x 10 1 erg/s

MW -1
MSP. ¢ ~ 2 % 1037 ErMSF (i)
’ 10

Total GeV gamma-ray luminosity of  Fraction of the MSP Fraction of the MSP Assumption :
all MSPs in the Milky Way power that go to power that go to Nyigp & M.
(uncertain by a factor of ~10, gamma rays electrons
presumably from magnetosphere) (relatively well known) (unknown) MW Mass :
6 x 10'°M

e Energy can be comparable for low-SFR and high-mass
sources



Schematic lllustration

log(Luminosity)
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specific SFR (sSFR) = SFR / Mass
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<«— Radio-SFR Correlation

<— Normalized by mass



Schematic lllustration

<«— Radio-SFR Correlation

log(Luminosity)
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Data Analysis



Modelling

e Model of galactic radio luminosity :

model __ 1.18
o Logio =Jsyn X lasng 1Wtasng oy +ayspM-]

. fsyn — (M*)ﬁ . Efficiency of producing synchrotron



Modelling

e Model of galactic radio luminosity :

model __ 1.18
* Liagio —fsyn X|lasnr 1 W+ Asng 2V anispM ]

SNR (Primary and Secondary)
o fsyn = (M*)ﬁ . Efficiency of producing synchrotron



Modelling

e Model of galactic radio luminosity :

model __ 1.18
. Lradio —fsyn X [aSNR,1W+aSNR,2V/ aysp M

MSP
o fsyn = (M*)ﬁ . Efficiency of producing synchrotron



Modelling

 Model of galactic radio luminosity :

del _ 1.18
o Lidio =Jsyn X lasnp W+ asnr 2w+ ayspM]
o fsyn = (M*)ﬁ . Efficiency of producing synchrotron

e Minimize likelihood to find the best-fit parameters :

| lo Lobs_erved — 1o Lmo_del 2
ZL(a,p, o) = exp [ — | 1og19 Lragio £10 Lradio
2702 20°

J observed _ j model 2 )

1 . ,
Z (Cl, ,B ) G) — exp | — | radio : radio
2102 20

e Different approaches do not change main conclusions



Comparison to LOFAR data

)

e Bins are shown for
illustration purpose.

Dashed : SNR only model
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e SNR-only model clearly
fails to explain the data.
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Comparison to LOFAR data

e Adding one parameter
significantly improve the fit.

Dashed : SNR only model e The best-fit efficiency is :

Solid : SNR+MSP model .
_—_// He = 1
: e Note that it degenerates

with a number of
uncertainties and
assumptions.
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e MSPs may inject significant
fraction of the power as
cosmic-ray e+-.

-3 -2 -1 0 1 2
log1o (SFR / Mass [10710 yr=1])




Implications



Implications : M31

e The center of Andromeda galaxy show bright radio and
gamma-ray emission despite its low SFR

e Qur best-fit model naturally explains the required cosmic-ray
electron power

 Nearby galaxies will be good way to differentiate AGN
contribution

Required CR Energy
to Explain Radio Data

Psn, (CR Energy by SNRs)

15

o] P92 3 4 5 6 7 s 91011 1213
McDaniel et al. (2019) cs(vHz) B, [uG]




Implications : M31

e The center of Andromeda galaxy show bright radio and
gamma-ray emission despite its low SFR

e Qur best-fit model naturally explains the required cosmic-ray
electron power

 Nearby galaxies will be good way to differentiate AGN
contribution

Required CR Energy
to Explain Radio Data

Our Model

Psn, (CR Energy by SNRs)

15

o] P92 3 4 5 6 7 s 91011 1213
McDaniel et al. (2019) cs(vHz) B, [uG]




Implications : CR electron/positron

HESS(Q8) - Kisaka & Kawanaka (2012)

PPB-BETS
Fermi ]
HESS(09) —=—

" GeV?]

2 -1
®, [Mm~ s sr

e |f MSPs produce CR
electron, they can also
make contribution to local
e+- flux.
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Injection from 1 GeV to 1 TeV
=1 uG
n, ~ 0.5

B

1sm

Flux ¢

10°
Energy ¢, [GeV]

e Already studied in detail by
Kisaka & Kawanaka

100

Energy E, [GeV]



Implications : Radio-IR correlation

e Do we also expect flattening in the radio-IR correlation?
e Probably No.

e Massive galaxies contain sources of radio and IR emission
that are not related to recent star formation

e Radio : Millisecond Pulsars

e IR : Dust heated by old stars

e The physics of radio-IR may be
more complicated than it looks?
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Summary



Summary

e Recent LOFAR observations find
quiescent but radio-bright galaxies

e We argue that millisecond pulsars
induces mass-dependence in the
radio-SFR correlation, explaining the
radio excess for massive low-SFR
sources

e Observations of galaxies in radio may
be important to study CR production
iIn MSPs, which is relevant for
observations of e+- and gamma rays.

Dashed : SNR only model

Solid : SNR+MSP model
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log1g (SFR / Mass [10710 yr~1])
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