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ABSTRACT

The persistently bright ultra-compact neutron star low-mass X-ray binary 4U 1820—-30 displays a ~170 d accretion cycle, evolving
between phases of high and low X-ray modes, where the 3 — 10 keV X-ray flux changes by a factor of up to = 8. The source is
generally in a soft X-ray spectral state, but may transition to a harder state in the low X-ray mode. Here, we present new and
archival radio observations of 4U 1820—-30 during its high and low X-ray modes. For radio observations taken within a low mode,
we observed a flat radio spectrum consistent with 4U 1820—-30 launching a compact radio jet. However, during the high X-ray
modes the compact jet was quenched and the radio spectrum was steep, consistent with optically-thin synchrotron emission. The
jet emission appeared to transition at an X-ray luminosity of Lx3-1okev) ~ 3.5 X 10%7(D /7.6 kpc)? erg s~!. We also find that the
low-state radio spectrum appeared consistent regardless of X-ray hardness, implying a connection between jet quenching and
mass accretion rate in 4U 1820-30, possibly related to the properties of the inner accretion disk or boundary layer.
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1 INTRODUCTION

There is an observed phenomenological relationship between jet pro-
duction and the accretion process in all accreting compact objects,
howeyver, at present the exact nature of the coupling remains to be
determined. Neutron star (NS) and black hole (BH) low mass X-
ray binary (LMXB) systems act as useful observational laboratories
to study this coupling as they allow for the properties of the in-
flowing accretion flow and out-flowing jets to be observed on human
timescales. Changes in the accretion flow are typically observed in the
X-rays, while corresponding changes in the jet emission are generally
seen in the radio band. In particular, NS LMXBs offer an important
observational tool allowing for the role that stellar surface, spin, and
magnetic field play on jet production to be tested. However, due to
the relative radio faintness of NS LMXBs (e.g., Gallo et al. 2018),
our understanding of jet launching in NS LMXBs is generally less
evolved than their BH counterparts (e.g., Migliari & Fender 2006).
Jets from accreting NS LMXBs show a diverse range of behaviour
(e.g., Migliari & Fender 2006; Migliari 2011; Tudor et al. 2017,
Gusinskaia et al. 2017; Gallo et al. 2018; Russell et al. 2018; Gusin-
skaia et al. 2020), and there has been some debate as to whether NS
LMXB jets show a similar pattern of behaviour to BH systems (see,
e.g., Migliari & Fender 2006; Marino et al. 2020) NS and BH LMXBs
can launch two types of jets depending on the state of the source: a
steady compact jet or a bright transient jet (e.g., Migliari & Fender
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2006), depending on the mass accretion rate (7i7) and structure of the
accretion flow. At lower 71 during the harder X-ray spectral states the
compact jet is characterised by optically-thick synchrotron emission
exhibiting a flat to inverted radio spectrum (@ ~ 0, where the radio
flux density, S, , is proportional to the observing frequency, v, such
that S, o« v¥; Blandford & Konigl 1979). At higher 2, when the
source is softer, the compact jet emission can be quenched (Migliari
et al. 2003; Tudose et al. 2009; Miller-Jones et al. 2010; Gusinskaia
etal. 2017) and a transient jet is launched, although jet quenching is
sometimes not observed (Rutledge et al. 1998; Kuulkers et al. 2003;
Migliari et al. 2004; Migliari 2011). Recent results from BH LMXBs
suggest that jet quenching at radio frequencies results as the jet spec-
tral break, which is the break from optically-thick to optically-thin
synchrotron emission for the highest energy synchrotron spectra,
evolves below the radio band (e.g., Russell et al. 2020), implying
that the jet acceleration region shifted away from the compact object
(e.g., Markoft et al. 2001, 2005). A similar evolution of the jet spec-
tral break is thought to occur in NS systems (Diaz Trigo et al. 2018).
Around this time the short-lived, rapidly-flaring transient jet can be
launched, exhibiting a steep radio spectrum (@ ~ —0.7) originating
from ejected discrete (optically-thin) synchrotron emitting plasma
(e.g., Fender 2006). Later, as the accretion rate reduces the source
transitions back to the hard state and the compact jet re-establishes.

4U 1820-30is an ultra-compact NS LMXB located in the globular
cluster NGC 6624, at ~ 7.6 kpc (Kuulkers et al. 2003). This persis-
tently X-ray bright object displays a ~170d accretion cycle (e.g.,
Priedhorsky & Terrell 1984; Chou & Grindlay 2001), where the X-
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ray luminosity evolves between Loy, ~ 8x1036(D /7.6 kpe)2 ergs™!
and Lijgp ~ 6 x 1037(D/7.6kpc)? ergs™! (3-10keV) (e.g., Pried-
horsky & Terrell 1984; Simon 2003; Wen et al. 2006), which we refer
to as low and high X-ray modes, respectively. Generally in a soft X-
ray state, 4U 1820-30 can sometimes transition to a hard state at
its lowest mass accretion rates (during low modes, e.g., Tarana et al.
2007, Titarchuk et al. 2013).

Here, we present broadband radio observations of 4U 1820-30
taken during its high and low X-ray modes. Observations and analysis
are given in Section 2. Section 3 reports the results from the radio
observations and connecting the observed changes to the accretion
flow. Conclusions are in Section 4.

2 OBSERVATIONS
2.1 Radio

All radio results are given in table 1 of the online supplementary
information.

2.1.1 VLA

In total, we present eight radio observations of 4U 1820-30 from
the Karl G. Jansky Very Large Array (VLA). The VLA observed
4U 1820-300n2018-12-09 (MJD 58461; project code 18A-194) and
2020-07-07 (MJID 59037, project code 20A-255), with data taken at
L-band (1-2 GHz), C-band (4.5-5.5 and 7-8 GHz), and K-band (18—
19 and 25-26 GHz), where all bands were observed within a 2-hour
window but not simultaneously. For these radio observations 3C286
was used for bandpass and flux calibration, and J1820—-2528 was used
for phase calibration. The VLA also observed NGC 6624 five times
between 2018 May 22 — 28 (MJDs 58260, 58261, 58262, 58265, and
58266) under project code 18A-081 (Shishkovsky et al. 2020). Those
data were recorded at X-band (8 — 12 GHz), with durations of 1 or
2 hours. Flux and bandpass calibration were done using either 3C286
or 3C48 and phase calibration used J1820—-2528. Due to flaring of
3C48 at the time of these VLA observations a 10% uncertainty
was added in quadrature to the measured errors for those epochs.

Using the Common Astronomy Software Application (casa ver-
sion 5.1.2; McMullin et al. 2007), data were edited for radio fre-
quency interference (RFI) and systematics, before being calibrated
following standard procedures. L-band and C-band observations
were imaged with a Briggs robust parameter of O to balance sen-
sitivity and resolution. K- and X-band data were imaged with natural
weighting to maximise sensitivity. To characterise the radio spectral
behaviour the L- and C-band observations were separated into 4 X256
and 4 x 512 MHz sub-bands, respectively. The X-band observations
were separated into 4x1 GHz sub-bands. The radio flux density of
the target was determined by fitting for a point source in the image
plane using a Gaussian with a full width half maximum set to the
synthesised beam of the observation.

2.1.2 ATCA

The Australia Telescope Compact Array (ATCA) observed
NGC 6624 on 2006-07-05 (MJD 53921), 2006-07-23 (MJD 53939),
and 2006-08-08 (MJD 53955) under project code C1559. These ob-
servations were recorded simultaneously at 4.80 and 8.64 GHz, with
104 MHz of bandwidth at each central frequency. ATCA also ob-
served the target field on 2015-04-24 (MJD 57136) and 2015-04-25
(MIJD 57137) under project code C2877 (see Tremou et al. 2018,
Tudor et al. in prep.). These two later observations were carried

MNRAS 000, 1-5 (2015)

out at central frequencies of 5.5 and 9 GHz, and recorded using the
Compact Array Broad-band Backend (CABB; Wilson et al. 2011)
providing an increased bandwidth of 2 GHz at each central frequency.
All ATCA observations used PKS 1934—-638 for primary calibration
and 1822-36 for phase calibration. Data were edited, calibrated, and
imaged (using a natural weighting) as described above.

2.2 X-ray
2.2.1 MAXI, Swift-BAT, and RXTE-ASM

Daily count rates in the 2-20 keV band were obtained from the Mon-
itor of All-sky X-ray Image (MAXI) X-ray telescope (Matsuoka et al.
2009) website! . To estimate the X-ray flux at the time of the radio ob-
servations, we downloaded the X-ray spectral and rmf files from the
MAXI website. The data were then analysed using xspec (version
12.8; Arnaud 1996) from the heasoft software package (version
6.21). Wilms et al. (2000) and Verner et al. (1996) were used to
account for line-of-sight abundances and photoionisation cross sec-
tions. The 2 — 20 keV X-ray spectra were modelled with an absorbed
power-law (tbabs X powerlaw) within xspec. The Ny was fixed to
3 x 102! cm=2 (Bloser et al. 2000). The photon index was left free,
resulting in best fits of ~ 2 for all epochs (in agreement with
results presented by Titarchuk et al. 2013). While more com-
plex models are required to understand the accretion geometry of NS
LMXBs, the low-sensitivity of the MAXI data and small changes in
the X-ray spectrum over this energy range meant that the data are rea-
sonably well fit by a simple absorbed power-law (x? = 734 with 685
degrees of freedom), such that they provided reasonable estimates on
the 2 — 20 keV flux. More complex models provided similar fluxes.

Swift Burst Alert Telescope (Swift-BAT) Hard X-ray Transient
Monitor (Krimm et al. 2013) daily count rates (15-50keV) were
obtained from the Swift-BAT website?.

X-ray count rates from 2006 could not be obtained from MAXI
as it was not yet employed. For these times, the Rossi X-ray Timing
Explorer All-Sky Monitor (RXTE-ASM) 2—-12 keV light curve was
extracted from the ASM Light Curves webpage3.

3 RESULTS AND DISCUSSION

4U 1820-30 cycles between its high and low X-ray modes every
~170 days (e.g., Priedhorsky & Terrell 1984; Simon 2003). The
changes in the X-ray brightness are a consequence of an evolving
mass accretion rate and accretion flow structure (Wijnands et al.
1999; Cornelisse et al. 2003; Zdziarski et al. 2007). This source is
also a known radio emitter (e.g., Fruchter & Goss 2000; Migliari
et al. 2004; Diaz Trigo et al. 2017). In this work, we report on radio
observations of 4U 182030 taken during both its high and low X-ray
modes showing a dramatic change in the observed jet emission.

3.1 X-ray modes and origin of the radio emission

To determine the X-ray mode of 4U 1820—30 at the time of the radio
observations, we inspected MAXI, Swift-BAT and RXTE-ASM light
curves, which clearly show the X-ray modulations (for example, see
Figure 3 in the online information). In almost all cases, MAXI data
were used to determine the X-ray mode, where the mid-line between
the maxima and minima of the periodic light curve occurs at a 2-20

! http://maxi.riken.jp/top/index.html
2 https://swift.gsfc.nasa.gov/results/transients/
3 http://xte.mit.edu/ASM_lc.html
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Figure 1. Radio emission from 4U 1820—-30 during its high and low X-ray modes. All data are provided in the online information. Fits to each epoch are shown,
where dash-dotted lines were used for radio observations taken during high X-ray modes and solid lines were used for low X-ray modes. Radio spectral indices
(a) for each epoch are provided in the legend. Due to the radio results showing little difference for the 2018 high mode data, for clarity, we only show the fit
to these observations stacked together (which gives @ = —1.32 + 0.54). Non-detections are shown as three-sigma upper limits (determined as three times the
image noise). For all observations, when the source was in a high X-ray mode the radio spectrum appeared steep (@ ~ —1), while during low X-ray modes the
radio spectrum was flat (@ = —0.15), indicating a dramatic change in the jet between the X-ray modes.

keV MAXI count rate of ~1 photonscm™2s~!. For the three 2006
ATCA observations, the X-ray mode was estimated from count rates
reported by Titarchuk et al. (2013).

Due to contamination from the nearby pulsar PSR 4U1820-30A
(~0.22"" away; Perera et al. 2017), we first explored the broadband 1—
25 GHz radio emission from the source position with multi-frequency
VLA observations. Like Migliari et al. (2004), we find that the
emission below 4 GHz is dominated by the nearby steep spectrum
(@ ~ —2) radio pulsar, while higher radio frequencies show the flatter
spectrum radio emission from 4U 1820-30 (see online information,
Figure 4). Hereafter, we only discuss higher frequency (= 4 GHz)
radio emission associated with 4U 1820-30.

3.2 An evolving radio jet between the high and low modes

Our broadband 4-26 GHz VLA observations of 4U 1820—-30 taken in
2018 during a low X-ray mode show a relatively flat radio spectrum
(@ = —0.25 £ 0.18; Figure 1), consistent with optically-thick syn-
chrotron emission from a self-absorbed compact jet. During the 2020
high X-ray mode the radio spectrum was steeper (@ = —1.0 = 0.4)
and we did not detect radio emission at 22 GHz. This steep radio
spectrum is consistent with optically-thin synchrotron emission in-
dicating that the compact jet had switched off at these higher X-ray
luminosities. The observed radio emission either originated from a
quenched compact jet (where we are now seeing the optically-thin
synchrotron emission), or from discrete jet ejecta in a transient radio
jet (e.g., Fomalont et al. 2001; Fender et al. 2004; Migliari & Fender
2006). To determine if the jet changes are consistent for all high
and low X-ray modes, we analysed archival VLA and ATCA radio
observations (Figure 1).

3.2.1 Low X-ray modes

In addition to our 2018 VLA observation, there were four additional
ATCA radio observations taken during low X-ray modes (two in
2006 and two in 2015). 4U 1820-30 was detected in both 2015
observations and one 2006 observation, exhibiting a relatively flat
radio spectrum with radio spectral indices of @ ~ —0.15, consistent
with a compact radio jet.

The 2015 ATCA observations of 4U 1820—-30 were taken during a
relatively hard X-ray spectral state, i.e., toward the typical island state
(IS) of atoll sources (see Figure 2). These are the first reported radio
detections from this source outside of the full soft state (as described
by Titarchuk et al. 2013). Interestingly, while the jet emission may
have been marginally brighter (by a factor of ~1.5 — 2) at this time
(see also Tremou et al. 2018), the radio spectrum (@ = —0.15) was
consistent with other low X-ray mode radio observations. Further
simultaneous radio and X-ray (spectral and timing) data are needed to
accurately identify the X-ray state and to compare the radio emission.

For the two low-mode ATCA observations taken in 2006, the ob-
servations occurred prior to the ATCA bandwidth upgrade (Wilson
et al. 2011) meaning that the sensitivity was poor and 4U 1820-30
was only detected in one frequency band (detected at 8.64 GHz but
not at 4.8 GHz) on 2006-07-23, and not at all on 2006-08-08 (Fig-
ure 1). Using the 4.8 GHz upper-limit and 8.64 GHz detection implied
a flat spectral index on 2006-07-23, where o > —0.1.

3.2.2 High X-ray modes

For the high X-ray modes, we analysed an additional six VLA ob-
servations and two ATCA observations. In all cases where good
constraints could be placed on the radio spectrum, the spectrum was
steep such that @ ~ —1.
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Figure 2. Hardness intensity diagram of 4U 1820-30 (grey markers), in-
dicating the timing of radio observations. Magenta diamonds show radio
observations with a steep radio spectrum, while the green squares represent a
flat radio spectrum. The approximate location of the island (IS), lower banana
(LB), and upper banana (UB) spectral branches are displayed (as depicted by
Titarchuk et al. 2013), as well as the evolution of the mass accretion rate
m. The numbers correspond to each observational epoch (see legend). We
include the ATCA (high mode) and ALMA (low mode) observations from
Diaz Trigo et al. (2017), marked with a x. The 2006 ATCA detections are not
shown due to MAXI not being available, but support the conclusions here.

The six VLA observations were taken over 6 days in 2018, fol-
lowing an X-ray maximum as the X-ray brightness decreased. For
all of these six VLA observations faint radio emission was detected
from 4U 1820-30 (Figure 1). Unfortunately, the faintness of these
detections meant that we were not able to identify any progressive
changes to the radio emission (should they exist) between each epoch
as the source evolved towards a low X-ray mode. While the measured
radio spectrum of each individual epoch could have been consistent
with ~flat, stacking these six observations together provided much
tighter constraints on the spectral index, where @ = —1.25 + 0.45,
inconsistent (at ~ 2.9 o) with a flat radio spectrum.

ATCA also observed 4U 1820-30 during a high X-ray mode in
2006. Unfortunately, due to the low sensitivity of those radio observa-
tions we were unable to rule out a flat radio spectrum (¢ = —0.6+0.8).

In addition, Diaz Trigo et al. (2017) reported on ATCA (5.5/9 GHz)
and ALMA (302 GHz) observations from 2014, where the ALMA
observations were taken 10 days prior to the ATCA observations.
Those observations produced puzzling results, where 4U 1820-30
was detected at 5.5 and 302 GHz, but not at 9 GHz (despite the 5.5
and 302 GHz results indicating that the source should have been de-
tected at 9 GHz). The 9 GHz non-detection was attributed to either
atmospheric or systematic effects, or even an additional previously
unknown bright millimetre (mm) source close to the position of
4U 1820-30 (to account for the bright 302 GHz emission). However,
analysing the MAXI X-ray light curves at the time of the ATCA and
ALMA observations revealed that, despite occurring only 10 days
apart, the two jet observations occurred within different X-ray modes,
where the ALMA observations were taken in a low mode and the
ATCA taken in a high mode (corresponding to points 11 and 7, re-
spectively, in Figure 2). Therefore, our results imply that the 9 GHz
non-detection was a result of a steep radio spectrum at the time of the
ATCA observations (using the 236 uJy beam~'5.5 GHz radio detec-
tion and assuming an @ = —0.7 radio spectrum, 4U 1820—-30 should
have been ~ 167 uJy beam™! at 9 GHz, below the 200 uJy beam™!
upper-limit reported). The standalone ALMA data from Diaz Trigo
et al. (2017) suggested a flat/inverted mm spectrum (o = 1.7 + 1.5)
with no strong intra-observational fading or brightening, implying
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emission from a compact jet. Comparing typical radio flux densities
of 4U 1820—-30 with the bright (400 uJy) ALMA detection suggests
a radio to mm spectral index of > 0.15 (as noted by Tremou et al.
2018).

3.3 Quenching of the compact jet emission

Radio observations of 4U 1820—-30 have shown a dramatic change
in the jet emission between the source’s high and low X-ray modes.
These radio observations indicate that 4U 1820—30 launches a steady
compact jet during its low X-ray modes but not during its high X-
ray modes (Figure 1), indicating that the jet is quenched at those
times. We also constrain the timescale of the jet quenching to be
less than 10 days. For NS LMXBs, recent results have shown com-
pact jet quenching occurring in less than 2 days (Diaz Trigo et al.
2018), with even shorter constraints for BH systems (Russell et al.
2020). No bright radio flaring was observed, where the observed
5 GHz radio flux densities only varied by a factor of ~2 for all obser-
vations. Therefore, while we currently favour a scenario where the
high-mode steep-spectrum radio emission arises from the quenched
compact jet (following the jet break evolving below the radio band as
the jet’s first acceleration zone moves away from the compact object;
e.g., Russell et al. 2014), further high cadence radio observations (or
sensitive high-resolution very long baseline interferometric radio ob-
servations) around the transition are required to identify whether this,
or a transient jet are responsible for the observed radio emission. At
present, the shortest timescale we can place on the launching, flaring,
and fading of any transient jet ejecta is <10 days (see Section 3.2.2).

3.3.1 Connection to the accretion flow

In BH transients, compact jet quenching is typically associated with
a transition from the hard to the soft X-ray spectral state. In NS
LMXBs, in particular in atoll-type sources, the jet quenching sce-
nario is not so clear, with the jet quenching observed in some sources,
but not others (e.g., Migliari 2011; Gusinskaia et al. 2017, for fur-
ther discussion). In 4U 1820-30, we have observed compact jet
quenching that appears to be strongly connected with the accre-
tion rate, where the jet emission transformed at an X-ray flux of
~5.1x10%rgs™! em™2 (3-10 keV), corresponding to a transition
luminosity of ~ 3.5 x 1037 (D /7.6 kpc)2 erg s~1(3-10 keV).

Connecting the observed source evolution with the typical atoll-
type spectral branches: at its lowest mass accretion rate 4U 1820-30
the X-ray spectrum is hardest (within the IS; Figure 2), then as the
average mass accretion rate increases the source initially softens
before rising at a constant hardness through the lower banana (LB) to
the upper banana (UB) branch, with the transition of the jet occurring
somewhere around the LB state (Figure 2). In atoll-type sources
as the mass accretion rate rises (from the LB to UB branch), the
electron temperature of the Comptonising medium (the boundary
layer) remains almost constant while the optical depth increases. A
change in the boundary layer, along with a simultaneous decrease
of the inner disk radius (e.g., Gierlifiski & Done 2002) could be
responsible for the jet changes.

In comparison, in Z-type NS LMXBs, which only show soft X-
ray states (but do show some changes in the X-ray hardness), the
NS black-body temperature increases by a factor of ~2 when i rises
within the normal branch, giving an increase of the radiation pressure.
Moreover, transient radio jets are launched during this progression
(Migliari & Fender 2006). In a unified model for NS LMXBs, Church
etal. (2014) proposed that in both atoll and Z-type sources an increase



of the radiation pressure may be responsible for disrupting the inner
disk and launching transient jets, implying a connection between the
jets and the inner accretion disk.

A possible coupling between the jet emission and the boundary
layer is an interesting prospect. Such a connection was discussed in a
study of the dwarf nova SS Cyg, where the observed radio emission
brightened around the time that material first reached the boundary
layer and radio flaring was observed when the optical depth of the
boundary layer increased such that it became optically-thick to itself
(Russell et al. 2016). That study speculated that the boundary layer
may provide a vertically-extended region required for jet launching,
analogous to BH and NS LMXBs, where the WD and NS systems
have a boundary layer while BH LMXBs contain a geometrically-
thick accretion flow (i.e., corona; e.g., Zdziarski & Gierlifiski 2004).

4 CONCLUSIONS

4U 1820-30 periodically cycles between high and low X-ray accre-
tion modes. Using new and archival radio observations of this system
during each of these modes, we report on dramatic changes to the jet
emission. In all observations where good constraints could be placed
on the radio spectrum, 4U 1820-30 launched a flat-spectrum com-
pact jet during its low X-ray modes, which was quenched during the
high X-ray modes. In the latter case, the radio spectrum was consis-
tent with optically-thin synchrotron emission from either a quenched
compact jet where the jet break had evolved below the radio band jet,
or possibly a transient jet. The changes in the jet appear to be strongly
linked to the X-ray luminosity, and hence the mass accretion rate, sug-
gesting a connection to the composition of the inner accretion flow
or boundary layer and not the X-ray spectral state. The observations
reported here suggest that the radio emission transforms rapidly at an
X-ray luminosity of Lx(3-10kev) ~ 3.5 ¥ 1037(D/7.6kpe)? ergs™L.
High cadence radio and X-ray observations around and after the
transition are required to determine precisely when the jet transition
occurs, discriminate between the quenched compact jet and transient
jet scenario, and identify the specific changes in the accretion flow
that may be driving the jet evolution. In particular, X-ray monitoring
that includes spectral and X-ray timing information is necessary.
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