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Radio emission from YSOs: free-free

gl HH 1-2 T T | P T T T

cm wavelengths prerr s , , -
Class O-11 YSO jets '
Flux density ~ 1 mly
Traces outflow

¢S, ¢ Vv% where-0.1<a<?

* a=0.6 “standard” spherical Bl
stellar wind (e.g. Panagia & Felli

1992.9
B VLA 5 GHz
19 75 ) _ (Rodriguez+ 2000)

(Hester+ 1998)

e o =0.25 “standard” collimated
jet (Reynolds 1986)
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Radio emission from YSOs: non-thermal

e Class lI-Ill coronae

* e.g. GBS-VLA Dzib+ 2013, 2015
* Gyro-synchrotron from T Tau

* e.g. Ray+ 1997/ ‘
* Synchrotron from a high-mass

YSO jet (aa~-0.7)

e Carrasco-Gonzalez+ 2010 —

 VERY FEW low-mass Class O-lI

jets have a << -0.1 indicative of
non-thermal emission

e e.g. Curiel+ 1993; Girart+ 2002
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Motivation for metre wavelengths

* New territory!

* Detect optically thick surface slope ~ ~0.1

-0.1
T,<<1,S5, cc v

* Detect non-thermal emission

S
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Giant Metrewave Radio Telescope (GMRT)

e 30, 45 m dishes
610 MHz (50 cm)

 Resolution ~5”
e FoV ~43’

e 325 MHz (90 cm)

e Resolution~9”
e FoV ~ 81’

e Target sample: L1551 IRS 5,
T Tau & DG Tau

e Epoch: December 2012
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(Ainsworth+ 2016b; Grey-scale is high resolution
CO extinction map from Dobashi+ 2005).
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L1551 IRS 5
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Spectral Energy Distributions

The GMRT measurements at 325 and 610
MHz are consistent with the free-free
power-law associated with partially optically
thin emission extrapolated from higher
frequencies for each target source.

Still haven’t detected spectral turnover.

DG Tau is doing something funny.
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DG Tau bowshock
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e Dashed contours = 325 MHz with
GMRT

* Solid contours = 610 MHz with GMRT
* Black * = optical stellar position

e Optical image: R=1, G=Ha; B = [Sl]
(TLS Schmidt, B. Stecklum, priv. com.)

* Magenta + =5 GHz VLA position
(Lynch+ 2013)

* Magenta x = 8.5 GHz VLA position
(Lynch+ 2013)

(Ainsworth+ 2014)



Equipartition magnetic field strength &
minimum energy

5 _ [3m0G@+ kL]
min —— 2 Vf
~ (0.11mG
- 3110 4/7
= G (VDY 206+ RL,
~ 4 x 10%Y erg (Longair 2011)

=» These values of B... and E ..., are needed to account for the observed radio luminosity.
=» Consistent with magnetic field values obtained from Zeeman observations toward star-
forming cores (Crutcher 1999).
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Cosmic rays from the young Sun? (1)

hV Bcrit 1/2
= — ~ 1400
! {<me> <Bmin>}

E. = yme ~ 700 MeV ~ 1 GeV

=» Low energy cosmic ray electrons

— ©  ~2x103a
e 6CBmim .
'L
toce = —— ~ 10 — 100 days
Cﬁth

Thow ~ 00 — 100 yr, fcool ~ 109 yT
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Cosmic rays from the young Sun? (2)

e Observations

* Synchrotron emission from jets of high mass (e.g. Carrasco-Gonzalez+ 2010),

intermediate mass (e.g. Rodriguez-Kamenetzky+ 2016) and low mass (e.g.
Ainsworth+ 2014) YSO systems

* Herschel observations reveal the necessity of energetic particles to produce

the chemistry observed in young protostellar systems (e.g. Ceccarelli+ 2014,
Podio+ 2014)

* Theory

 Jet shocks are possible accelerators of particles that can be easily boosted up

to relativistic energies through diffusive shock acceleration (Padovani+ 2015,
2016, 2017)
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Low Frequency Array (LOFAR)

LOFAR Cycle 1 data: November 2013

HBA (high band) observations at 150 MHz
of T Tau & DG Tau

Reduced data from core & remote stations
using the computing facilities at the Dublin
Institute for Advanced Studies (DIAS) &

\ A7) the Irish Centre for High End Computing

(ICHEC)
Rachael Ainsworth —JBCA, U o Manchester Coughlan, Ainsworth + 2017




T Tau with LOFAR

T Tau 149 MHz LOFAR
T Tau LOFAR—GMRT
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T Tau with LOFAR

T Tau Spectral Energy Distribution

Free—Free

Thermal dust

Combined

S T, v o\2 Q
) =72x10"" (= 1—e ™ -
(mJy) r2x 10 (K) (GHZ) (1=e™) (arcsec2>
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T Tau with LOFAR

T Tau Spectral Energy Distribution

Free—Free

Thermal dust

Combined

9 =3."27,D = 148 pc
EM = (1.67 £ 0.14) x 10° pccm™©
T, = (1.44£0.3) x 10*K
n=-1.83+0.01 — S, oc %17
7, =1— v =(157+27) MHz
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T Tau with LOFAR

EM = (1.67 4 0.14) x 10° pccm™°

Te

D 0
=71x107°
7110 (kpc) (arcsec) (

6 =3."27, D =148 pc
ne = (7.24+2.1) x 10°cm ™
4 3

gas

cm—

Mion = §7rfr‘ mune = (1.0 £ 1.8) X 107 Mg

)]

* Selected values of electron density (n, in
cm~3) and total ionized mass (M., in solar

on

masses) plotted against electron temperature

(T,.) and source size (8) using assuming a
spherical cloud of constant density.

* The shaded region indicates the area within
1o of the geometric mean of the deconvolved
angular source size and fitted temperature

0=3.27+2"59
T.=(1.4+0.3) x 10* K

0 (arcsec)
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Current & future work

e Characterise YSOs at very low radio frequencies (< 1 GHz)
* Observations of more YSOs with GMRT
* Class O sources: L1448, L723, Serpens, HH 1-2 (610 MHz)
 Blind survey of NGC 1333 (610 MHz)
e \VLBI Observations of T Tau and DG Tau with LOFAR HBA (150 MHz)

* Measure jet opening close to the source with international
SENEUIES

* Insight into the magnetic collimation of the jets
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HH 12

610 MHZ w GMRT
(epoch 2013.9)
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Thank you! Questions?

 Collaborators: Prof. Anna Scaife (UMAN), Prof. Tom Ray (DIAS), Dr. Dave
Green (Cambridge), Dr. Andrew Taylor (DESY), Dr. Colm Coughlan
(DIAS), Dr. Jochen Eisloffel (TLS)

* Data/plots/scripts: github.com/rainsworth
 Email: rachael.ainsworth@manchester.ac.uk
* Twitter: @rachaelevelyn
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