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ABSTRACT
We present the results of Very Large Array, Australia Telescope Compact Array, and Swift
X-ray Telescope observations of the 2015 outburst of the transient neutron star X-ray binary
(NSXB), EXO 1745−248, located in the globular cluster Terzan 5. Combining (near-) simul-
taneous radio and X-ray measurements, we measure a correlation between the radio and X-ray
luminosities of LR ∝ L

β
X with β = 1.68+0.10

−0.09, linking the accretion flow (probed by X-ray lu-
minosity) and the compact jet (probed by radio luminosity).While such a relationship has been
studied in multiple black hole X-ray binaries (BHXBs), this work marks only the third NSXB
with such a measurement. Constraints on this relationship in NSXBs are strongly needed, as
comparing this correlation between different classes of XB systems is key in understanding the
properties that affect the jet production process in accreting objects. Our best-fitting disc–jet
coupling index for EXO 1745−248 is consistent with the measured correlation in NSXB 4U
1728−34 (β = 1.5 ± 0.2) but inconsistent with the correlation we fit using the most recent
measurements from the literature of NSXB Aql X-1 (β = 0.76+0.14

−0.15). While a similar disc–jet
coupling index appears to hold across multiple BHXBs in the hard accretion state, this does not
appear to be the case with the three NSXBs measured so far. Additionally, the normalization of
the EXO 1745−248 correlation is lower than the other two NSXBs, making it one of the most
radio faint XBs ever detected in the hard state. We also report the detection of a type-I X-ray
burst during this outburst, where the decay time-scale is consistent with hydrogen burning.

Key words: stars: individual: EXO 1745−248 – stars: neutron – ISM: jets and outflows –
globular clusters: individual: Terzan 5 – radio continuum: stars –X-rays: binaries.

1 INTRODUCTION

The accretion process on to compact objects and the production
of relativistic jets are fundamentally connected. Low-mass X-ray

� E-mail: tetarenk@ualberta.ca

binaries (XBs), which contain a stellar mass compact object, such as
a black hole (BH) or neutron star (NS), accreting from a companion
star, are ideal candidates to study this relationship, as the rapid
(day–week) outburst time-scales of these systems allow us to track
accretion and jet behaviour in real time.

Multiwavelength studies of XBs have linked changes in the ac-
cretion flow (probed by spectral and variability properties of the
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X-ray emission) to those in the jet (probed by radio emission; e.g.
Migliari & Fender 2006; Tudose et al. 2009; Miller-Jones et al.
2012; Corbel et al. 2013). In black hole X-ray binary (BHXB)
systems, a phenomenological model has been put forward to ex-
plain this connection, where changes in mass accretion rate are the
catalyst driving changes in jet behaviour (Tananbaum et al. 1972;
Blandford & Konigl 1979; Vadawale et al. 2003; Fender, Belloni &
Gallo 2004a; Fender, Homan & Belloni 2009). In the hard X-ray
accretion state, an optically thick, steady, compact jet is present.
As the mass accretion rate increases during the rise of the outburst,
the jet velocity and power are also thought to increase (although
this has not yet been directly proven from observational data, as
measurements of jet velocity in the hard state are difficult to make).
When the source makes the transition from hard to soft accretion
states at higher luminosities, the system launches discrete, optically
thin, relativistically moving ejecta, possibly as a result of internal
shocks in the jet flow produced by the changes in jet velocity. The
compact jet is quenched as the source moves into the softer accre-
tion state, and then re-established as the source moves back into the
hard state (where the jet is re-established well before quiescence;
Kalemci et al. 2013).

Similar to BHXBs, neutron star X-ray binary (NSXB) outburst
behaviour is also thought to be governed by mass accretion rate
(e.g. Homan et al. 2010). In terms of the connection between inflow
and outflow, NSXB and BHXB systems display both similarities
and differences (Migliari & Fender 2006). A steady, compact jet
is observed in NSXBs at lower X-ray luminosities (<0.1Ledd) in
hard accretion states (i.e. island accretion states; Migliari et al.
2010), and discrete jet ejections have been found at higher X-ray
luminosities (typically seen in Z sources persistently accreting at
high fractions of Eddington; e.g. Fomalont, Geldzahler &Bradshaw
2001; Fender et al. 2004b; Spencer et al. 2013), as seen in BHXBs.
However, BHXBs tend to be much more radio loud than NSXBs
at the same X-ray luminosity (Fender & Kuulkers 2001; Migliari
& Fender 2006). While this could imply that NS jets are less pow-
erful, Kording, Fender & Migliari (2006) suggest that jet power is
comparable in NS/BH systems, and properties such as the mass of
the compact object or radiative efficiency are responsible for the
different radio luminosity levels. Additionally, NSXB jets do not
all appear to be fully quenched in softer accretion states as they
are in BHXBs (Migliari et al. 2004). While commonalities could
indicate that the physical mechanism (possibly related to the mass
accretion rate) powering the jets in both classes of system is similar,
differences suggest that the nature of the compact object still may
play an important role. Analysing and quantifying the similarities
and differences between these systems is key to understanding the
properties that affect the jet production process (e.g. mass, spin,
existence of a surface or event horizon) across all scales.

A key observational tracer of the accretion-jet connection in XBs
is the correlation found between radio and X-ray luminosities in
the hard state (LR ∝ L

β
X, where β represents the disc–jet coupling

index, e.g. βBH ∼ 0.6; Corbel et al. 2003, 2013; Gallo, Fender
& Pooley 2003).1 This non-linear correlation is consistent with
scale-invariant jet models, where a self-absorbed synchrotron jet is
coupled to an accretion flow, total jet power is a fixed fraction of the
accretion power, and X-ray luminosity depends on mass accretion

1 We note that Coriat et al. (2011) present evidence for two different tracks in
this correlation for BH systems, a radio-loud and radio-quiet track, although
recent work by Gallo et al. (2014) found that a two-track description is only
statistically preferred when luminosity errors are <0.3 dex.

rate (Falcke & Biermann 1995; Heinz & Sunyaev 2003; Markoff
et al. 2003). Further, through the addition of a mass parameter,
this correlation has been extended across the mass scale to include
AGN, the supermassive analogues of BHXBs (Merloni, Heinz &
Di Matteo 2003); log (LX) = ξRlog (νLR) − ξMlogMBH + B, where
the coefficients ξR = 1.45 ± 0.04, ξM = 0.88 ± 0.06, and B =
−6.07 ± 1.10 (Falcke, Kording & Markoff 2004; Plotkin
et al. 2012).

The LR ∝ L
β
X correlation has been shown to hold in multiple

BHXBs from quiescent luminosities as low as 10−9 Ledd to out-
burst luminosities as high as 10−2 Ledd, above which the compact
jet is quenched (we note that while the correlation holds tightly in
individual systems, there is more scatter when the whole sample
of BHXBs is considered together; Gallo et al. 2014; Plotkin et al.
2016). However, our knowledge of this correlation in individual NS
systems is limited. Two NSXBs (4U 1728−34 and Aql X-1) have
measured correlations, including data spanning only one order of
magnitude in X-ray luminosity (Migliari & Fender 2006).While 4U
1728−34 shows a correlation of LR ∝ L1.5

X (Migliari et al. 2003),
consistent with what we would expect from radiatively efficient
accretion due to the NS’s surface, there have been conflicting re-
sults for this correlation in Aql X-1. Tudose et al. (2009) measured
LR ∝ L0.4

X for Aql X-1, which is more consistent with radiatively
inefficient accretion flows (like those seen in BHXBs). However,
Tudose et al. (2009) took Aql X-1 data from a mixture of accretion
states; Migliari & Fender (2006) show that the correlation is con-
sistent with LR ∝ L1.4

X when including only data taken in the hard
accretion states for both Aql X-1 and 4U 1728−34 [we note that the
Migliari & Fender (2006) correlation only included two data points
fromAql X-1, while the data from the full hard state coverage of the
outburst, presented in Miller-Jones et al. (2010), are more consis-
tent with a flatter correlation). Including data from softer accretion
states could account for the differing disc–jet coupling indices be-
tween Aql X-1 and 4U 1728−34, although we direct the reader
to the discussion section of this paper for an updated correlation
for Aql X-1 and discussion of this discrepancy. Further, three tran-
sitional millisecond pulsars (tMSPs; binary NS systems that have
been found to switch from a rotation-powered pulsar state to an ac-
creting XB state) have recently been shown to all lie on a shallower
correlation, LR ∝ L0.7

X , distinct from hard state NSXBs and much
more consistent with BHXBs (Deller et al. 2015). In addition to the
disc–jet coupling index, the intrinsic normalization of this correla-
tion clearly varies between BHXBs, NSXBs, and tMSPs as groups,
and between individual BHXB systems (Gallo et al. 2014). More
well-measured correlations, including normalization and disc–jet
coupling indices, are needed to determine which NSXB behaviour
is the norm, and determine the mechanisms driving the difference
between the correlations of hard state NSXBs and tMSPs. Here we
report on the third individual NSXB radio/X-ray correlation mea-
sured to date, from data taken during the 2015 outburst of the NSXB
EXO 1745−248, located in the globular cluster Terzan 5.

1.1 Terzan 5: EXO 1745−248

Terzan 5 is a massive (∼106 M�; Lanzoni et al. 2010) glob-
ular cluster located in the Galactic Centre region (distance of
5.9 ± 0.5 kpc; Valenti, Ferraro & Origlia 2007), with a high
stellar density, leading to a very high stellar encounter rate (the
highest measured so far; Bahramian et al. 2013). This cluster con-
tains three transient X-ray sources confirmed to be accreting NSs,
EXO 1745−248 (Terzan 5X-1), IGR J17480−2446 (Terzan 5X-2),
and Swift J174805.3−244637 (Terzan 5 X-3; Wijnands et al. 2005;

MNRAS 460, 345–355 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/460/1/345/2608812 by U
niversity of Alberta Library user on 11 O

ctober 2018



Disc–jet coupling in EXO 1745−248 347

Bordas et al. 2010; Strohmayer & Markwardt 2010; Degenaar &
Wijnands 2012; Bahramian et al. 2014), as well as several other
detected quiescent X-ray sources (Heinke et al. 2006). Historically,
X-ray activity was first detected from Terzan 5 in 1980, in the form
of multiple X-ray bursts, indicating the presence of an outbursting
NSXB (Makishima et al. 1981; Inoue et al. 1984). Subsequent X-
ray activity was observed in 1984, 1990, 1991, 2000, 2002, 2010,
2011, and 2012, where activity in 2000 and 20112 was attributed
to EXO 1745−2483 (Heinke et al. 2003; Altamirano et al. 2012;
Serino et al. 2012; see table 1 in Degenaar & Wijnands 2012 and
references therein for a review of past X-ray activity in Terzan 5).

On 2015 March 13, renewed X-ray activity from Terzan 5 was
detected (Altamirano et al. 2015) by the Swift Burst Alert Tele-
scope (BAT; Krimm et al. 2013) transient monitor. While the X-
ray position from follow-up Swift X-ray Telescope (XRT) observa-
tions (Bahramian et al. 2015) was consistent with EXO 1745−248,
IGR J17480−2446, and several other quiescent X-ray sources
(Heinke et al. 2006), the spectrum showed a higher than typical
hydrogen column density, NH = 4 ± 0.8 × 1022, for sources in
Terzan 5 (Bahramian et al. 2014), consistent with previous obser-
vations of EXO 1745−248 (Kuulkers et al. 2003). Linares et al.
(2015) measured a refined SwiftXRT source position centred on the
known X-ray position of EXO 1745−248 (2.2 arcsec error circle)
further suggesting that the outbursting source in Terzan 5 was in fact
EXO 1745−248. Tremou et al. (2015) detected a radio counterpart
with observations by the Karl G. Jansky Very Large Array (VLA).
These radio observations, which localized the source within 0.4 arc-
sec of the published Chandra coordinates (source CX3 in Heinke
et al. 2006), and later optical observations that identified the optical
counterpart during this outburst (Ferraro et al. 2015), confirmed the
identification by Linares et al. (2015).

We obtained multiple epochs of (near-) simultaneous VLA, Aus-
tralia Telescope Compact Array (ATCA), and Swift XRT observa-
tions during the 2015 outburst of EXO 1745−248. In Section 2, we
describe the data collection and reduction processes. In Section 3,
we present a refined radio position of EXO 1745−248, measure-
ments of the jet spectral index, and the radio/X-ray correlation in
this source. Section 4 contains an interpretation of this correlation,
comparison to other NS and BH XB sources, and an analysis of
an X-ray burst detected in one of the Swift XRT observations. A
summary of the results is presented in Section 5.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 X-ray Observations

We monitored the outburst of EXO 1745−248 multiple times per
week with Swift XRT following its detection in 2015. This paper
considers only those observations that aremost relevant to analysing
the radio/X-ray correlation and accretion state transition. We sum-
marize these observations in Table 1 and Fig. 1; these consist of
two observations in photon counting (PC) mode, which produces
2D images, and 19 observations in windowed timing (WT) mode,
which collapses data to one dimension for fast readout.

We used HEASOFT 16.6 and FTOOLS4 (Blackburn 1995) for all data
reduction and analysis. All Swift XRT observations were repro-

2 The 2011 outburst showed superburst activity (Altamirano et al. 2012).
3 We note that it is not known whether the Terzan 5 outbursts in the early
1980s and 1990s are associated with EXO 1745−248.
4 http://heasarc.gsfc.nasa.gov/ftools/

cessed via xrtpipeline, and xselect was used to manu-
ally extract source and background spectra. We used xrtmkarf
to produce ancillary response files. Finally, we performed spec-
tral analysis using XSPEC 12.8.2 (Arnaud 1996) in the 0.3–10 keV
band for PC mode data and the 0.6–10 keV band for WT mode
data.

Our PC mode observations in this campaign were heavily piled
up due to the high count rate of the source. Thus, we followed
the UK Swift Science Data Centre pile-up thread5 and extracted
source spectra from an annulus (13–70 arcsec for the first PC mode
observation and 20–100 arcsec for the second PC observation),
excluding the piled-up region in these observations. The PC mode
observations only showed evidence for one bright source.

For heavily absorbed sources, WT data show low-energy spectral
residuals, which can cause spectral uncertainties in the �1.0 keV
region.6 These residuals mostly affect grade 1 events and above, and
events below ∼ 0.6 keV. Thus, for our WT mode data, we extracted
spectra only from grade 0 events and excluded events below 0.6 keV.

We extracted a spectrum from each observation separately and
performed spectral fitting.Ourmainmodel for spectral analysis is an
absorbed power law (TBABS*PEGPOWERLAW in XSPEC), where
we assume the cross-sections from Verner et al. (1996) and abun-
dances fromWilms, Allen &McCray (2000). We use a comparison
of Swift/BAT and Monitor of All Sky Image (MAXI) light curves
(Fig. 1) to aid in defining which observations are in the hard/soft
accretion state. This comparison reveals a large drop in the hard flux
simultaneous with a rise in the soft flux, indicative of a hard-to-soft
state transition on MJD 57131. Thus, for spectra from Swift/XRT
observations after this point, we tried both absorbed power law and
absorbed disc blackbody (TBABS*DISKBB in XSPEC) models, and
chose the fitwith lowerχ2 for this study.Although a two-component
model (e.g. DISKBB+PEGPOWLAW) is often used to fit NSXB
soft states, we are only interested in identifying the dominant com-
ponent (as opposed to performing a detailed characterization of the
spectrum) and obtaining a flux estimate. Thus, we only fit simple
one-component models for the purpose of this work.

We note that the MAXI and Swift/BAT data do not clearly show
the soft-to-hard state transition, probably because it occurred at a
lower luminosity where the S/N of these instruments is low. How-
ever, all observed XB outbursts return to the hard state at luminosi-
ties above 1035 erg s−1 (Maccarone 2003; Tetarenko et al. 2016),
so we conclude that it is extremely likely that the last two Swift
data points, and the ATCA measurement between them, occurred
during the hard state. The power-law index measured for the June
21 observation, which was more consistent with the hard state ob-
servations than the soft state observations, supports this conclusion.
Swift/XRT observations and results of our spectral analysis are re-
ported in Table 1.

We also detected an X-ray burst during theMarch 25 observation,
which is discussed in detail in Section 4.2.

2.2 Radio observations

2.2.1 VLA

Terzan 5 was observed with the VLA (Project Code: 14B-216) in
three epochs, 2015 March 19, March 24, and April 12. The array
was in the B configuration, with a resolution of 0.6 arcsec, and

5 http://www.swift.ac.uk/analysis/xrt/pileup.php
6 http://www.swift.ac.uk/analysis/xrt/digest_cal.php#abs
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Table 1. Summary of Swift XRT observations and fluxes of EXO 1745−248.

Obs ID Exp. Mode Date MJDa Count rate NH �b kTc F1–10
d, e χ2

ν dof
time (s) (2015) (counts s−1) (1022 cm−2) (keV) (10−10 erg s−1 cm−2)

Hard state

32148017f 1965.36 PC Mar 17 57098.7491 0.73+0.03
−0.02 4.41+0.85

−0.74 1.12+0.22
−0.21 – 3.77+0.26

−0.23 1.01 44

32148021 1188.47 WT Mar 21 57102.8797 9.11+0.19
−0.22 3.36+0.20

−0.19 1.24+0.08
−0.07 – 14.19+0.32

−0.32 1.09 117

32148023 771.57 WT Mar 23 57104.0629 7.33+0.26
−0.29 3.01+0.29

−0.27 1.31+0.11
−0.10 – 10.61+0.36

−0.34 1.07 62

32148024g 898.50 WT Mar 25 57106.2081 9.12+0.20
−0.22 3.11+0.22

−0.21 1.22+0.08
−0.08 – 13.73+0.36

−0.35 1.09 90

32148024 323.36 WT Mar 25 57106.2564 8.66+0.25
−0.27 2.65+0.37

−0.33 1.13+0.15
−0.14 – 12.49+0.56

−0.55 0.87 30

32148025 513.67 WT Mar 26 57107.8624 7.84+0.24
−0.26 3.17+0.38

−0.35 1.20+0.14
−0.14 – 11.84+0.45

−0.44 1.00 44

32148025 534.59 WT Mar 26 57107.9322 7.21+0.24
−0.27 2.85+0.33

−0.31 1.16+0.13
−0.13 – 11.48+0.43

−0.43 1.01 42

32148026 302.78 WT Mar 28 57109.5274 7.86+0.25
−0.26 2.44+0.41

−0.37 0.94+0.16
−0.15 – 11.79+0.56

−0.55 1.29 42

32148027 344.07 WT Apr 02 57114.4467 7.76+0.29
−0.33 2.43+0.38

−0.34 1.00+0.15
−0.15 – 11.15+0.52

−0.51 0.95 46

32148029 764.11 WT Apr 06 57118.1135 9.47+0.25
−0.27 2.09+0.20

−0.18 0.87+0.08
−0.08 – 13.74+0.37

−0.38 1.21 80

32148030 443.32 WT Apr 12 57124.3745 25.84+0.57
−0.63 2.13+0.15

−0.14 0.86+0.07
−0.07 – 38.96+0.87

−0.86 1.08 99

32148031 704.54 WT Apr 13 57125.8931 12.18+0.60
−0.66 2.20+0.18

−0.18 0.90+0.08
−0.08 – 29.05+0.74

−0.73 1.04 98

32148032f 849.08 PC Apr 14 57126.4853 6.34+0.10
−0.09 2.07+0.21

−0.20 0.84+0.09
−0.09 – 43.41+1.33

−1.31 1.11 48

Soft stateh

32148033 615.82 WT Apr 20 57132.2902 95.13+1.63
−1.74 2.47+0.05

−0.05 – 2.62+0.07
−0.06 121.39+1.19

−1.19 1.26 100

32148033 579.58 WT Apr 20 57132.6898 110.15+1.01
−1.09 3.37+0.09

−0.09 1.53+0.04
−0.04 – 158.37+1.96

−1.91 1.38 107

32148034 385.78 WT Apr 22 57134.1423 106.36+1.15
−1.20 2.44+0.06

−0.06 – 3.76+0.18
−0.16 140.70+1.76

−1.75 1.35 45

32148034 290.99 WT Apr 22 57134.2161 113.53+1.26
−1.39 2.95+0.15

−0.14 0.93+0.06
−0.06 – 184.63+3.01

−2.96 0.93 36

32148035 376.85 WT Apr 24 57136.4053 80.21+1.10
−1.17 3.37+0.17

−0.16 1.53+0.07
−0.07 – 112.37+2.27

−2.18 1.32 31

32148036 988.60 WT Apr 26 57138.1412 66.57+1.12
−1.20 2.52+0.05

−0.05 – 3.13+0.09
−0.09 81.7+0.08

−0.08 1.41 71

Hard state

32148053 1106.30 WT Jun 21 57194.6817 0.14+0.03
−0.04 1.66+1.17

−0.84 1.44+0.74
−0.62 – 0.32+0.06

−0.05 1.19 9

32148054i 79.91 WT Jun 24 57197.8643 0.09+0.06
−0.03 – – – 0.09+0.11

−0.06 – –

aAll MJD values quoted represent the mid-point of the observations.
b� represents the power-law photon index.
c T represents the DISKBB temperature.
dUncertainties are quoted at the 1σ level.
e1–10 keV flux; see footnote 11 for discussion of why this X-ray band is chosen.
fNote that this observation was piled up; please see Section 2.1 for details.
gNote that this observation contained an X-ray burst; please see Sections 2.1 and 4.2 for details. We excluded the burst interval when performing our
spectral analysis of this observation.
hNote that soft state measurements are not included in our radio/X-ray correlation analysis. We show them here for comparison purposes and to clearly
show the transition between the hard and soft state.
iDue to the limited exposure time of this observation, the flux for this observation is determined by using the model fits from the previous observation.

we had 25.9 min on source for each epoch. All observations were
made with the 3-bit samplers in X band (8–12GHz), comprised
of two basebands, each with 16 spectral windows of 64 2 MHz
channels each, giving a total bandwidth of 2.048 GHz per base-
band. Flagging, calibration, and imaging of the data were carried
out within the Common Astronomy Software Application (CASA)7

package ( McMullin et al. 2007) using standard procedures. When
imaging we used a natural weighting scheme to maximize sensi-
tivity, two Taylor terms (nterms=2) to account for the large frac-
tional bandwidth, and did not perform any self-calibration. We used
3C 286 (J1331+305) as a flux calibrator and J1751−2524 as a
phase calibrator. Flux densities of the source were measured by
fitting a point source in the image plane (Stokes I with the IMFIT
task), and, as is standard for VLA X band data, systematic errors of
1 per cent were added. All flux densitymeasurements are reported in
Table 2.

7 http://casa.nrao.edu

2.2.2 ATCA

During the 2015 outburst of EXO1745−248, Terzan 5was observed
with the ATCA (Project Code: C2877) in two epochs, 2015 April 16
and June 23. The array was in the 6A configuration (resolution of
1.89/1.16 arcsec at 5.5/9 GHz) in the first epoch, and the 6D config-
uration (resolution of 1.91/1.16 arcsec at 5.5/9 GHz) in the second
epoch. We had 8.0 h on source for both epochs. All observations
were carried out at 5.5 and 9 GHz simultaneously, where each fre-
quency band is comprised of 2048 1-MHz channels, giving a total
bandwidth of 2.048 GHz per frequency band. Flagging and calibra-
tion were carried out with the Multichannel Image Reconstruction,
Image Analysis and Display (MIRIAD) software (Sault, Teuben &
Wright 1995), using standard procedures. We used 1934−638 as a
flux calibrator and 1748−253 as a phase calibrator. Imaging of the
data was carried out within CASA using a Briggs weighting scheme
(robust=1) and two Taylor terms (nterms=2). We did not perform
any self-calibration. Flux densities of the source were measured
by fitting a point source in the image plane (Stokes I with the
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Figure 1. X-ray light curves of the 2015 outburst from EXO 1745−248 as seen by Swift/XRT (top), MAXI/GSC (middle; http://maxi.riken.jp, Matsuoka et al.
2009), and Swift/BAT http://swift.gsfc.nasa.gov/results/transients/ (bottom; Krimm et al. 2013). Swift/XRT fluxes are derived from spectral fitting (see Section
2.1). To calculate luminosity in the top panel, we assumed a distance of 5.9 kpc. The blue dashed line shows the apparent hard-to-soft state transition at MJD
57131. Vertical bars in the top panel indicate the time of radio observations by the ATCA (green) and VLA (red). The blue arrow in the top panel indicates the
time of the detected X-ray burst, and the green arrow in the bottom panel indicates the time of the first detection of the outburst in Swift BAT. Note that while
we only use the hard state measurements in our radio/X-ray correlation analysis, we show some of the soft state measurements near the times of our radio
observations to clearly show the hard-to-soft state transition and the luminosity at that transition.

Table 2. Summary of radio frequency observations and flux densities of EXO 1745−248.

Telescope Date MJDa Freq. Fluxb, c Spectral
(2015) (GHz) (µJy beam−1) indexd

VLA Mar 19 57100.43155 9.0 28.7 ± 6.0 –
VLA Mar 19 57100.43155 11.0 22.8 ± 8.0 − 1.20 ± 1.97
VLA Mar 24 57105.53915 9.0 47.8 ± 6.0 –
VLA Mar 24 57105.53915 11.0 30.3 ± 8.0 − 2.20 ± 1.4
VLA Apr 12 57124.40413 9.0 238.1 ± 8.3 –
VLA Apr 12 57124.40413 11.0 247.6 ± 9.3 0.15 ± 0.26
ATCA Apr 16 57128.75694 5.5 372.0 ± 7.0 –
ATCA Apr 16 57128.75694 9.0 340.0 ± 7.8 − 0.18 ± 0.06
ATCA Jun 23 57196.60938e 5.5 <17 –
ATCA Jun 23 57196.60938e 9.0 <19 –

aAll MJD values quoted represent the mid-point of the observations.
bUncertainties are quoted at the 1σ level.
cRadio flux density, where uncertainties quoted include the 1 per cent systematic errors appropriate to both VLA
X-band observations and the ATCA 3/6 cm observations.
dAll spectral indices given use the formalism, fν ∝ να , where α is the spectral index.
eThe source was not detected in these observations; fluxes presented here are 3σ upper limits.

IMFIT task), and, as is standard for ATCA data, systematic errors
of 1 per cent were added. All flux densitymeasurements are reported
in Table 2.

3 RESULTS

3.1 Radio source position

Through stacking all three epochs of our VLA data in the uv-plane,
we measure a refined radio position of EXO 1745−248 to be the

following (J2000):

RA : 17h48m05.s224 67 ± 0.000 84 ± 0.01

Dec. : −24◦46′47.′′666 ± 0.033 ± 0.06

where the quoted error bars represent the statistical error fromfitting
in the image plane and the nominal systematic uncertainties of
10 per cent of the beam size, respectively.

This source position is within 0.33 arcsec of the published X-ray
location of EXO 1745−248 (CX 3 in Heinke et al. 2006; RA/Dec.
errors 0.002 s/0.02 arcsec), and within 0.10 arcsec of the optical
location of EXO 1745−248 (Ferraro et al. 2015; RA/Dec. errors
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0.01 s/0.2 arcsec). The radio source is clearly unassociated with the
two other previously identified NSXBs in Terzan 5; it is 2.4 arc-
sec away from IGR J17480−2446 (CX 24 in Heinke et al. 2006;
RA/Dec. errors 0.005 s/0.09 arcsec) and 10.3 arcsec away from
Swift J174805.3−244637 (Bahramian et al. 2014; RA/Dec. errors
0.02 s/0.2 arcsec).

3.2 Jet spectral indices

To obtain the jet spectral indices, we fit (linearly in log space) a
power law to the derived radio flux densities (between the two base-
bands in the VLA data and between 5.5 and 9 GHz in the ATCA
data) against frequency at each epoch (fν ∝ να , where α is the spec-
tral index). All spectral index measurements are reported in Table 2.
In the March 19 and April 12 VLA epochs, the spectral index mea-
surements are consistent with a flat (α = 0) or slightly inverted (α >

0) spectrum, although, in the March 24 VLA epoch and the ATCA
epoch on April 16, the spectral index appears to be more consistent
with a slightly steeper index (α < 0). However, both the March 19
and March 24 VLA epochs have large uncertainties (due to the low
signal-to-noise ratio and small lever arm in frequency) that make
it impossible to conclusively distinguish between steep, flat, or in-
verted spectra. A flat or slightly inverted spectrum, commonly seen
from compact jets during hard accretion states in BHXBs (Fender
et al. 2001) and someNSXBs (e.g.Migliari & Fender 2006;Migliari
et al. 2010), is believed to be produced as the result of the superpo-
sition of many different synchrotron components originating from
different regions along the jet (e.g. Blandford & Konigl 1979).

3.3 Radio X-ray correlation in EXO 1745−248

To fit the radio/X-ray correlation in EXO 1745−248, we use radio
and X-ray luminosities (spanning ∼1 dex in X-ray luminosity8)
at 10 GHz (combined baseband measurements) and 1–10 keV,
respectively,9 and a Markov chain Monte Carlo (MCMC10) fitting
algorithm. To properly account for uncertainties in both distance
(5.9 ± 0.5 kpc; Valenti et al. 2007) and flux, we build a hierarchical
model within our MCMC, where we include distance as an addi-
tional parameter. This in turn allows us to calculate luminosities
using our measured fluxes/uncertainties and samples drawn from
the distance distribution (i.e. a Gaussian with mean of 5.9 and stan-
dard deviation of 0.5), and then perform a linear fit in log space on
these luminosities. Although many previous studies only compare
the X-ray measurements closest in time to the radio measurements,
our method takes a more conservative approach to data that is not
strictly simultaneous. In particular, as our XRT X-ray observations
were not strictly simultaneous with the VLA radio observations, we
use an MCMC linear interpolation method to estimate X-ray fluxes
at the times of the radio observations. However, as the X-ray flux of
outbursting NSXBs can vary on time-scales of less than a day (the

8 While our radio observations span ∼3 dex in X-ray luminosity, our lowest
luminosity point only has an upper limit on radio luminosity and thus is not
very constraining.
9 In previous studies that compute the radio/X-ray correlation, the X-ray
energy band used can vary from author to author, but in this work we choose
the 1–10 keV band, as we have found that this band is most commonly used
in the recent literature: e.g. Gallo et al. (2014), Corbel et al. (2013), and
Deller et al. (2015).
10 In this work, all of our codes use the EMCEE PYTHON package to implement
the MCMC algorithms (Hogg, Bovy & Lang 2010; Foreman-Mackey et al.
2013).

Table 3. Radio and interpolated X-ray fluxes of EXO 1745−248 used in
the radio/X-ray correlation analysis.

MJD F10GHz
a, b F1–10 keV

a, c

(µJy beam−1) (10−10 erg s−1 cm−2)

57100.43155 23.2 ± 5.0 8.02+0.41
−0.40

57105.53915 40.0 ± 4.0 12.78+0.67
−0.69

57124.40413 245.3 ± 5.6 38.78+0.82
−0.89

57128.75694 340.0 ± 7.8 41.89+1.39
−1.47

57196.60938d <19 0.20+0.13
−0.11

aUncertainties are quoted at the 1σ level.
b10 GHz radio flux from combining the two basebands.
cInterpolated X-ray fluxes in the 1–10 keV band.
dThe source was not detected in this observation; the flux presented here is
3σ upper limit.

maximum separation between our radio and X-ray observations),
our linear interpolationmethodmay underestimate the uncertainties
on the interpolated X-ray fluxes. Therefore, we conservatively scale
the uncertainties on the interpolated X-ray fluxes to cover the full
flux range of the neighbouring X-ray data (see Table 3 for radio and
interpolated X-ray fluxes used in our MCMC fitting).

We follow Gallo et al. (2014) when performing our MCMC fit
with the following functional form:

(logLR − logLR,c) = ξ + β(logLX − logLX,c), (1)

where LR and LX are radio (10 GHz) and X-ray (1–10 keV) lumi-
nosity, respectively, centring values LR, c = 3.89 × 1028 erg s−1 and
LX, c = 8.38 × 1036 erg s−1 are the geometric means of the simulta-
neous radio and X-ray luminosity measurements (not including the
upper limit data point), ξ represents the normalization constant, and
β represents the disc–jet coupling index. To include the upper limit
data point in our fit, and better constrain the normalization and disc–
jet coupling index, we add a condition in our log probability that
does not allow solutions where, at the X-ray luminosity of the upper
limit data point, the corresponding radio luminosity would exceed
the upper limit value. Our best-fitting parameters are normalization
ξ = 0.94+0.14

−0.13 and disc–jet coupling index β = 1.68+0.10
−0.09, where un-

certainties are quoted at the 15th and 85th percentiles (as done in
Gallo et al. 2014; also see Fig. 2).

4 DISCUSSION

In the framework of scale-invariant jet models coupled to an ac-
cretion flow, X-ray luminosity scales with mass accretion rate
(LX ∝ Ṁq ),11 total jet power is a fraction of the accretion power
(Qjet = f Ṁc2), and the jet luminosity scaleswith jet power, accord-
ing to (Falcke & Biermann 1995; Heinz & Sunyaev 2003; Markoff
et al. 2003)

Lν ∝ Q
η
jet. (2)

11 Although this is a standard assumption in many papers, we point out two
caveats for NSXBs. First, this assumes that the bolometric correction (in
the hard state) remains constant so that the X-ray luminosity measured over
limited energies is representative of the bolometric luminosity. Secondly,
there may be multiple mass accretion rates (e.g. that in the disc versus that
in a radial inflow) contributing to the X-ray luminosity of an NSXB, and it
is unclear which of these would impact jet production.
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Disc–jet coupling in EXO 1745−248 351

Figure 2. Radio/X-ray correlation during the hard accretion state of the
2015 outburst of EXO 1745−248. The dash–dotted line indicates the best
fit using our MCMC techniques (see the text for best-fitting parameters
and uncertainties). The shaded regions represent the 1σ (dark blue) and 3σ
(light blue) confidence intervals of the regression. Note that we do include
the upper limit data point in our fit. The luminosities displayed here are
calculated assuming a distance of 5.9 kpc.

Here, η = 2p−(p+6)α+13
2(p+4) depends on the power-law index of the elec-

tron energy distribution (p) and the jet spectral index (α). When the
jet is observed in the radio regime, this in turn implies

LR ∝ L
η/q
X , (3)

where radiatively efficient flows display q = 1, and radiatively
inefficient flows display q = 2–3.

In the previous section, we reported a disc–jet coupling index of
1.68+0.10

−0.09 for EXO 1745−248, which is consistent with a radiatively
efficient accretion flow (possibly due to the NS surface; seeMigliari
& Fender 2006 and references therein for discussion) coupled to a
steady, compact jet (i.e. values of q = 1, 2 � p � 3, −0.7� α � 0.1
will produce values of 1.4 < η < 2.0 within the confidence interval
we derived for EXO 1745−248).

4.1 Comparison to other NS and BH systems

While several BHXBs have measured disc–jet coupling indices
[e.g. Gallo et al. (2014) combine data from 24 different BHXB
systems to yield a best-fitting disc–jet coupling index of 0.61 ±
0.03], to date there are only two individual NSXBs with previously
measured disc–jet coupling indices, Aql X-1 and 4U 1728−34.
Migliari et al. (2003) report a disc–jet coupling index of 1.5± 0.2 in
4U 1728−34, while different works report conflicting correlations
for Aql X-1. The Aql X-1 data used to fit the correlation in Tudose
et al. (2009) originate from mixed accretion states. While Migliari
& Fender (2006) find that 4U 1728−34 and Aql X-1 are well fitted
together with a disc–jet coupling index of 1.40 ± 0.23, this fit only
includes two data points from Aql X-1. More recently Migliari,
Miller-Jones & Russell (2011) reported that Aql X-1 is fitted by a
disc–jet coupling index of ∼0.6 (with no errors reported).

Therefore, we combined the most recent hard state Aql X-1 data
from the literature, including the two measurements from Migliari
& Fender (2006), as well as measurements from Miller-Jones et al.
(2010), but excluding data with radio upper limits or hard X-ray

colour12 <0.75. We find a disc–jet coupling index of 0.76+0.14
−0.15. This

new Aql X-1 result is not consistent with the 4U 1728−34 result,
and suggests that the use of mixed accretion state measurements
in Tudose et al. (2009) is not the sole cause of the flatter disc–jet
coupling index. Instead, the disc–jet coupling index of Aql X-1 is
more consistent with those of BHXBs. However, this correlation
in Aql X-1 is only measured over ∼0.8 dex, and we note that
Corbel et al. (2013) observed temporary excursions from the typical
radio/X-ray correlation in BHXB GX 339-4 when measured over
<2 dex in X-ray luminosity.

Our measurement for EXO 1745−248 is much more consistent
with 4U 1728−34, rather than Aql X-1 or the BHXBs (see Fig. 3),
where the EXO 1745−248 and 4U 1728−34 indices are what is
expected from the model presented above for a radiatively efficient
accretion flow coupled to a compact jet. Interestingly, Aql X-1
has (only once) shown evidence of X-ray pulsations (Casella et al.
2008), suggesting that it may be more similar to the AMXPs or
tMSPs.

Deller et al. (2015) recently combined radio and X-ray mea-
surements for three tMSPs to fit a correlation of LR ∝ L0.7

X over
∼3 dex in X-ray luminosity, which occupies a region of the
radio/X-ray plane distinct from all the hard state NSXBs, like EXO
1745−248 (see Fig. 3).Given that there is only one data point for this
correlation in each individual tMSP, we are forced to only consider
the correlation of this entire sample, although, given the correlation
in BHXBs, we might expect the sample correlation to have a larger
scatter than one might find in an individual source. The disc–jet
coupling indices of tMSPs as a group are much more consistent
with Aql X-1 than with EXO 1745−248 or 4U 1728−34. Deller
et al. (2015) suggest that tMSPs are undergoing a propeller accretion
mode, where the pressure of in-falling material is balanced by the
magnetic field of the NS, and the NS’s rotation accelerates the inner
disc, in turn causing the majority of the material to be ejected in
outflows as opposed to falling inwards. This theory can explain the
radiatively inefficient jet-dominated states seen at lower accretion
rates in tMSPs (i.e. the tMSP correlation,LR ∝ L0.7

X ), which display
a similar disc–jet coupling index as those of BHXBs, just at fainter
radio luminosities (the offset between BHXBs and tMSPs could be
due to differing jet power, radiative efficiency, compact object mass,
or jet launching mechanisms). However, it is unknown whether this
jet-dominated state occurs in all NSXBs or if entrance into this state
is solely dependent on intrinsic NS characteristics such as magnetic
field strength or spin period. In the currently published NSXB sam-
ple (excluding tMSPs), only one correlation measurement (i.e. our
lowest luminosity point in EXO 1745−248) probes X-ray luminosi-
ties �1035 erg s−1. However, this measurement only has an upper
limit on radio luminosity. While this data point appears not to be
consistent with the tMSP correlation, we are unable to definitely de-
termine whether this point lies on the extrapolation of our hard state
NSXB best-fitting correlation at lower X-ray luminosities or per-
haps is part of an intermediate regime where the disc–jet coupling
index flattens out during the transition between a steeper and flatter
index (as seen in the multiple BHXBs, H1743−322; Coriat et al.
2011, XTE J1752−223; Ratti et al. 2012, and MAXI J1659−152;
Jonker et al. 2012).

From Fig. 3, it is also clear that EXO 1745−248 has a lower
normalization compared to the other hard state NSs, Aql X-1 and
4U 1728−34, by about a factor of 5 in radio luminosity at the same

12 Hard X-ray colour is defined in Miller-Jones et al. (2010) as the count
rate ratio between the 9.0–16.0 and 6.0–9.7 kev bands.
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Figure 3. Radio/X-ray correlation for different types of accreting stellar mass compact objects. Data points from the literature include BHs (Miller-Jones et al.
2011; Gallo, Miller & Fender 2012; Ratti et al. 2012; Corbel et al. 2013; Gallo et al. 2014), hard state NSs (Migliari & Fender 2006; Miller-Jones et al. 2010),
tMSPs, and accreting millisecond X-ray pulsars (AMXPs; Hill et al. 2011; Papitto et al. 2013; Deller et al. 2015). Note that to convert between different radio
bands, we assume a flat radio spectral index. The dot–dashed lines show the best-fitting relations for BH (β = 0.61, black; Gallo et al. 2014) and hard state NS
systems (β = 1.40, cyan; Migliari & Fender 2006). The new measurements of EXO 1745−248 reported in this paper (highlighted in red; luminosities assume
a distance of 5.9 kpc) are more radio quiet and/or X-ray loud when compared with the other hard state NS measurements. Note that error bars are not included
in this plot for clarity.

X-ray luminosity. Among transient XBs measured in the hard state
at LX > 1036 erg s−1, EXO 1745−248 is the most radio faint source
reported to date. This differing normalization may be analogous
to what is seen in BH sources, where different individual sources
appear to have different normalizations (Gallo et al. 2014). We note
that while this difference could arise from having a well-known
distance for EXO 1745−248 compared to more uncertain distances
to Aql X-1 and 4U 1728−34, the distances to Aql X-1 and 4U
1728−34 would have to increase by a factor of 3 if this were a
distance effect alone, which seems unlikely. On the other hand, a
factor of 5 lower in radio luminosity at a given X-ray luminos-
ity requires masses lower by a factor of about 10 if the sources
follow the Fundamental Plane of BH accretion. Since NSs do not
have such a large range of masses, mass alone cannot explain the
lower luminosity of EXO 1745−248, unless NSs and BHs follow
very different fundamental planes of accretion. Further, Migliari
et al. (2011) found a possible relation between spin frequency
and jet power, with faster spinning NSs being more radio lumi-
nous. Based on its X-ray burst properties (Section 4.2), we expect
EXO 1745−248 to have a typical spin (200–600 Hz). However,
Migliari et al. (2011) did not include the recent results from tMSPs.
At LX ∼ 1036 erg s−1, the tMSP M28I (254 Hz; Papitto et al. 2013)
has a significantly higher radio luminosity than Aql X-1 (550 Hz;
Watts et al. 2008). While this compares a tMSP to an NS, we take

this as evidence that spin alone also cannot explain how radio loud
an NSXB will be. Thus, it seems likely that a combination of fac-
tors (e.g.mass, spin, inclination,magnetic field, radiative efficiency)
may be required to produce a given radio luminosity.

This highlights the need for more radio/X-ray measurements of
NSXBs, especially at the lower end of the luminosity spectrum,
to answer these open questions. However, we note that obtaining
such observations is very difficult, given that these NSXB sources
decay very quickly (time-scales of the order of a few days) through
this desired luminosity range of 1034–1036 erg s−1, necessitating
intensive monitoring of these sources.

4.2 X-ray burst analysis

During our analysis, we observed the presence of an X-ray burst,
which we use here to further constrain the properties of this NSXB.
Swift XRT detected an X-ray burst from Terzan 5 on 2015 March
25, with a net peak count rate at 04:56:42 UT of about 120 counts s−1

(0.5–10 keV), on top of the persistent emission (∼10 counts s−1).
From the 0.5 s time resolution light curve, we estimate a rise time
of 1.8 s (defined as the time to go from 25 per cent to 90 per cent
of the net peak count rate). The burst lasted for about 25 s and
then reached a ‘plateau for another ∼25 s, at a level higher than the
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Figure 4. Time-resolved spectroscopy of the detected type-I X-ray burst.
An absorbed blackbody model was used to fit the data. We found evi-
dence indicating slow cooling during the burst decay; however, we found
no evidence of photospheric radius expansion. Panels from top to bottom:
Swift/XRT count rate, bolometric luminosity, temperature, apparent radius,
reduced chi-squared of the spectral fit.

pre-burst count rate. About 50 s after the burst onset, the observation
was interrupted (see Fig. 4).

To study the spectral evolution of the X-ray burst, we extracted a
series of 3-s-long spectra fromWTXRT data, using a 100 s interval
before the burst to subtract the persistent (source plus background)
emission. We used a 20 pixel radius region to extract the spectra,
and verified that excluding the innermost 2 pixels (to correct for
potential pile-up) leads to consistent results.We created an exposure
map and ancillary response file and used the latest response matrix
from the calibration data base.We grouped the resulting spectra into
a minimum of 5 counts per channel, and fitted those spectra with
more than 50 net counts in total with an absorbed blackbody model
(TBABS*BBODYRAD in XSPEC, with the column density frozen at
the value derived from the persistent emission; 3 × 1022 cm−2).
We find a slow decay in temperature along the burst decay (‘cool-

ing tail’), from∼2.9 to∼1.4 keV, identifying this unequivocally as a
thermonuclear event. The burst bolometric peak luminosity was (10
± 4)× 1037 erg s−1, the apparent emitting radius between 3 and 5 km
(without colour or redshift corrections), and the total radiated en-
ergy about 1.0 × 1039 erg (see Fig. 4). The persistent (0.5–10 keV)
luminosity during the observation where the burst occurred was
(5.6 ± 0.1) × 1036 erg s−1 (about 5 per cent of the Eddington limit
for a bolometric correction factor of 2 andLEdd =2.5×1038 erg s−1).
The peak of the 2015 outburst occurred on April 22, at about

10 times higher LX, i.e. not far from 50 per cent LEdd (for a 1.4M�
NS). Despite good Swift coverage (∼5 ks) of the following two
weeks, when LX dropped by about a factor of 2, no other bursts were
detected. This burst behaviour resembles that ofmost thermonuclear

bursters, where bursts virtually disappear at mass accretion rates
above 10 per cent Eddington.

A second burster in Terzan 5, IGR 17480−2446, displays dras-
tically different behaviour, namely a copious number of thermonu-
clear bursts at mass accretion rates between 10 and 50 per cent
Eddington (Linares et al. 2012). The atypical behaviour in
IGR J17480−2446 has been attributed to its slow (11 Hz) spin
(Cavecchi et al. 2011; Linares et al. 2012). Under this interpre-
tation, the typical bursting behaviour of EXO 1745−248 would
imply that it contains a rapidly rotating NS (∼200–600 Hz), like
most low-mass NSXBs.

Galloway et al. (2008) define a burst time-scale as τ =
EBurst/FPeak, where EBurst is the total fluence during the burst and
FPeak is the peak flux of the burst. Following their definition, we find
a burst time-scale of ≈22 s for EXO 1745−248. The 21 bursts seen
by RXTE early in the 2000 outburst of EXO 1745−248 showed long
burst durations (τ ∼ 25 s) and other characteristics of H burning.
However, two bursts seen later in the outburst were shorter (τ ∼
10 s), suggesting pure He (the explanation of this change in be-
haviour is not clear; Galloway et al. 2008). Therefore, we conclude
that the measured time-scale of this burst indicates that the donor is
likely hydrogen-rich.

5 CONCLUSIONS

In this paper, we present the results of our observations of the Terzan
5 NSXB EXO 1745−248 during its 2015 outburst at radio and
X-ray frequencies, with the VLA, ATCA, and SwiftXRT. Our (near-
) simultaneous radio and X-ray measurements, all taken during the
hard accretion state, allow us to construct and fit the radio/X-ray
correlation for this source (LR ∝ L

β
X, where β represents the disc–

jet coupling index), which links the accretion flow to the relativistic
jet in XBs. In contrast to the multiple BHXBs with a measured cor-
relation, only two NSXBs have a measured radio/X-ray correlation,
Aql X-1 (LR ∝ L0.76

X ) and 4U 1728−34 (LR ∝ L1.5
X ). Additionally,

an ensemble of tMSPs has been shown to follow a correlation,
LR ∝ L0.7

X , much more consistent with BHXBs. As such, more
measurements from NSXBs are needed to disentangle the different
correlations. This work marks the third NSXB where the radio/X-
ray correlation is measured in a single source, and the first where
the distance is well known.

To fit the radio/X-ray correlation in EXO 1745−248, we devel-
oped a newMCMC-based technique. We find a best-fitting normal-
ization and disc–jet coupling index for the radio/X-ray correlation in
EXO 1745−248 of ξ = 0.94+0.14

−0.13 and β = 1.68+0.10
−0.09, respectively,

where (logLR − log LR, c)= ξ + β(logLX − log LX, c), with centring
values LR, c = 3.89 × 1028 erg s−1 and LX, c = 8.38 × 1036 erg s−1.

This disc–jet coupling index is consistent with what we would
expect for a compact jet coupled to a radiatively efficient accretion
flow (presumably due to the NS surface), rather than a radiatively
inefficient flow (as thought to exist in most BHXBs and possibly
tMSPs). Empirically this index is consistent with the index for
NSXB 4U 1728−34, but inconsistent with our measured index for
NSXB Aql X-1. Therefore, a similar radio/X-ray correlation in the
hard accretion state does not appear to hold across all three NSXBs
measured so far, as it does in the BHXB population. However, all
three NSXB correlations are measured over a smaller lever arm in
X-ray luminosity (∼1 dex) when compared to BHXBs.

Notably, we find that EXO 1745−248 is much more radio faint
when compared to 4U 1728−34 and Aql X-1, where neither dis-
tance,mass, or spin considerations alone appear to be able to account
for the discrepancy.
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Finally, we detected an X-ray burst during this outburst. Through
performing time-resolved spectral analysis, we find evidence of
cooling during the decay of this burst and that the burst time-scale
is consistent with hydrogen burning, suggesting that this was a
hydrogen type-I X-ray burst.
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