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ABSTRACT

The high-mass X-ray binary LS I 4-61°303 exhibits variability in its radio and X-ray emissions, ranging from minute to hour
time-scales. At such short time-scales, not much is known about the possible correlations between these two emissions from
this source, which might offer hints to their origin. Here, we study the relationship between these emissions using simultaneous
X-ray and radio monitoring. We present new radio observations using the Arcminute Microkelvin Imager Large Array telescope
at two frequency bands, 13—15.5 and 15.5-18 GHz. We also describe new X-ray observations performed using the XMM-Newton
telescope. These X-ray and radio observations overlapped for five hours. We find for the first time that the radio and X-ray
emission are correlated up to 81 per cent with their few per cent variability correlated up to 40 per cent. We discuss possible
physical scenarios that produces the observed correlations and variability in the radio and X-ray emission of LS I +61°303.

Key words: magnetic reconnection —radiation mechanisms: general —stars: jets—Radio continuum: stars — X-rays: binaries —
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1 INTRODUCTION

Microquasars are X-ray binaries with emission dominated by ac-
cretion/ejection processes, observed at X-ray and radio wavelengths
(Mirabel & Rodriguez 1999). In microquasars, variability on minute—
hour time-scales is investigated since the first observation of short-
term radio variability in the black hole system V404 Cyg by
Han & Hjellming (1992). In the black hole candidate GX 339-
4, Corbel et al. (2000) reported short-term radio oscillations of
~130 min at two independent radio frequencies with the higher radio
frequency oscillations leading the lower frequency oscillations by
few minutes. This radio emission was preceded by X-ray emission
by ~167 min. Tetarenko et al. (2019) showed time lags in the X-ray
and radio emission of Cyg X-1 on the order of tens of minutes. In
the well-studied source GRS 19154105, Fender & Pooley (1998)
reported oscillations of period of 26 min for simultaneous radio
and infrared observations with infrared emission leading the radio
emission. Mirabel & Rodriguez (1999) discussed the oscillations at
different wavelengths as expanding magnetized clouds of relativistic
particles. At high resolution, Fender et al. (1999) mapped the spatial
morphology of the ejection of plasmoids in GRS 1915+105. Between
two of the mapped ejections, single dish monitoring showed quasi-
periodic oscillations (QPOs) of 20—40 min. Plasmoids or blobs can
originate in events of magnetic reconnection occurring in the jet
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itself (e.g. Petropoulou, Giannios & Sironi 2016; Sironi, Giannios &
Petropoulou 2016) or occurring in the accretion disc (Yuan et al.
2009). In one large reconnection region, because of instabilities
such as tearing instabilities, multiple reconnection events may occur
generating a sequence of flares or QPOs (Massi & Poletto 2011;
Petropoulou et al. 2016). To understand if this phenomenon is
observed in the accretion disc or the jet, simultaneous X-ray and
radio observations become a diagonostic tool.

LS 1+461°303 is a radio-emitting high-mass X-ray binary with the
X-ray and radio properties typical of accreting black holes with radio
jet, i.e. microquasars: the distinctive relationship between the X-ray
luminosity and X-ray photon index (Massi, Migliari & Chernyakova
2017), and the characteristic flat radio spectrum (Zimmermann,
Fuhrmann & Massi 2015). In LS T 461°303, Taylor et al. (1992)
observed a step-like pattern in the total radio flux density with time-
scale of 1000 s. Peracaula, Marti & Paredes (1997) did the first timing
analysis and found microflares associated with the early decay of the
radio outburst with a period of 1.4 h. Longer time-scale radio QPOs of
15 h have been detected by Jaron et al. (2017) at three different radio
frequencies. In the X-ray regime, Harrison et al. (2000) observed
variability on time-scales similar to those seen in the radio by
Peracaula et al. (1997). Chernyakova et al. (2017) reported variability
time-scales of 1000 s in X-ray emission, which are similar to those
observed in radio by Taylor et al. (1992). More recently, Nosel et al.
(2018) detected QPOs for both radio (P ~ 55min) and X-ray (P
~ 2.4h) wavelengths, albeit at different epochs. But the relationship
between simultaneous radio and X-ray emission remains unexplored.
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To probe this relationship between X-ray and radio emission in the
system LS I +61°303, the source was observed in 2017 August at
several wavelengths for a month with a sampling rate of hours (Massi
etal. 2020), and for a time interval of few hours, it was observed with
a high sampling rate of few minutes. In this paper, we report on the
radio and X-ray results of this high sampling rate monitoring, aimed
to investigate the relationship and variability in the radio and X-ray
emission of LS I 4-61°303. In Section 2, we describe the new radio
and X-ray observations of LS I +-61°303. In Section 3, we describe
the analysis methods employed on the data and in Section 4 we
present our results. We conclude and discuss our results in Section 5.

2 OBSERVATIONS

LS I +61°303 was observed extensively with the Effelsberg 100-
m telescope about every 12 h from 2017 August 16 until 2017
September 13 (MJD 57981.7436 until MJD 58009.3814) at three
frequencies, 2.64, 4.85, and 10.45 GHz. The light curves obtained
are shown in the top panel of Fig. 1. The bottom axis represents

r—1

P orb
int( ), where 7o = MJD 43366.275 and orbital period Py, =

26.496083 4 0.0028 d (Gregory 2002). The eccentricity of the source
has not been firmly established (see Kravtsov et al. 2020). Extensive
study on this data is presented in Massi et al. (2020). Below is the
description of the radio and X-ray observations performed at a higher
sampling rate.

time and the upper axis represents the orbital phase, ¢or, =
t—1

2.1 AMI-LA

Radio observations of the source were performed with the AMI-
LA (Zwart et al. 2008) using the upgraded correlator as described in
Hickish et al. (2018). The observations were performed continuously
for almost 11h from 2017 August 18—-19 (MJD 57983.9823 until
MIJD 57984.4362). The observations were performed about every
1.9 min. The bright point-like source J02284-6721 was observed in
an interleaved fashion every 700 s throughout the observation. The
observation was carried out at two frequency bands: 13-15.5 and
15.5-18 GHz.

Datareduction was performed using CASA' (McMullin et al. 2007).
The standard calibration source 3C286 was used to set the flux
density scale, using the Perley & Butler (2013a) flux scale together
with a correction for the / + Q polarization measured by AMI-LA
derived from the polarization measurements from Perley & Butler
(2013b). The interleaved calibration source J0228+6721 was used
for phase calibration, and LS I +61°303 was also self-calibrated in
phase assuming a point source model, adequate for the ~ 30 arcsec
resolution AMI-LA data. An amplitude correction for atmospheric
emission and absorption calculated using the ‘rain gauge’ noise injec-
tion system was also applied. After these calibrations, a small spectral
index deviation correlating with a change in atmospheric properties
was observed on both the calibrator and the source, and was therefore
attributed to a change in atmospheric/instrumental properties and
this interval between MJD 57984.2772 and MJD 57984.3200 was
removed. For comparing with the XMM—-Newton observations, as
described in the next section, the 5 min integrated light curves are
shown in the bottom panel of Fig. 1 (the red circles and the black
squares). The errors reflect the standard deviation. Correlations and
timing analysis described in Sections 3 and 4 were performed either

Uhttps://casa.nrao.edu/
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on the two independent radio bands or on the flux obtained by fitting
over the entire band in order to improve the signal-to-noise ratio.

2.2 XMM-Newton

In this work, we use XMM-Newton observation (Obs. Id.
0795711501) of almost 6h taken on 2017 August 19. The X-ray
data are simultaneous with the radio data for ~ 5Sh. To analyse it,
we used the XMM—Newton Science Analysis software?
v.18.0.0. Known hot pixels and electronic noise were removed,
and data were filtered to exclude episodes of soft proton flares. The
total clean exposure is ~23ks. The light curve was extracted for
EPIC-pn camera from a 40 arcsec radius circle centred at the position
of LS I +61°303 and the background was extracted from a nearby
source-free region of 80 arcsec radius. The obtained light curve in
the 0.3—-10 keV energy range with 5 min time binning is shown in the
bottom panel of Fig. 1 (the blue diamonds).

3 DATA ANALYSIS

To study the relationship between the light curves, we analysed them
using the discrete correlation function (DCF; Edelson & Krolik 1988;
Hufnagel & Bregman 1992). This method is used to find correlations
and possible time lags in unevenly sampled light curves thatis usually
the case for astronomical observations and it provides meaningful
uncertainty to the correlation coefficients (e.g. Fender et al. 2002;
Chidiac et al. 2016; Patifio-Alvarez et al. 2018). Given a time series,
a and b with a(i) and b(j) being the individual data points of the time-
series, initially the unbinned discrete correlation function (UDCF) is
calculated for all possible time lags, At; = t; — t; as

(a(i)) —a)(b(j) — b)

2.2
0,0

UDCF;; = 1)

where @ and b are the respective mean of the time series and o2 and

o} are their variance. The UDCF is then binned in time taking 7 as

the centre of the bin and M as the number of pairs in each bin,
T+AT/2

DCF(r) = - > UDCF;(1). )

T-At/2

The error for each bin is given by

T+AT/2
3 [UDCF,- - DCF(r)]

T—AT/2

2

3)

opcr(T) = M—1
The normalization (mean and standard deviation of respective light
curves) assumes that the light curves are statistically stationary,
which is not true for variable data. To make the light curve stationary,
the mean and standard deviation are calculated using only the
points that overlap in a given time-lag bin, thus making the DCF
bound between [—1, +1] interval (White & Peterson 1994). Also as
mentioned in Edelson & Krolik (1988), to keep the normalization
correct, we need to omit the zero lag pairs (i.e. pairs where i = j).
For a more quantitative study, we performed least-squares fit of a
Gaussian to the DCF profiles. Thus, to estimate the time-lag between
emission at two frequencies, a Gaussian function of the following
form is fit to the DCF:

- -1y
DCF(t) = A xexp| ——— |, “4)

5]

Zhttps://www.cosmos.esa.int/web/XMM-Newton/what-is-sas
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Figure 1. Top: Radio light curves of LS I +61°303 as observed with the Effelsberg telescope at 2.64, 4.85, and 10.45 GHz (see Massi et al. 2020). The
green-shaded region represents the time interval of observation of LS I +-61°303 by AMI-LA telescope at 13—15.5 and 15.5-18 GHz band, which is clearly
during the beginning of the decay of the radio outburst. Bottom: Radio light curve of LS I +-61°303 as observed with the AMI-LA telescope at frequency band
of 13-15.5 and 15.5-18 GHz with units listed on the left vertical axis. Simultaneous X-ray light curve is also shown as observed by the XMM-Newton telescope
in the energy range 0.3—10 keV (see right vertical axis). Each data point corresponds to an integration time of 5 min.
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where A is the peak DCF value, T'is the time-lag at peak of DCF, and
w is the width of the Gaussian function. As a conservative approach
we use the width, w as an error on the time-lag (see Alexander 2013;
Chidiac et al. 2016).

In Fig. 1 (bottom panel), we note that there are small variability of
few mJy and countss~! superimposed over the long-term decaying
trend of the radio and X-ray light curves, respectively. The analysis
of these small variations require the removal of the long-term trend
from the light curves (e.g. see Fender et al. 2002; Jaron et al. 2017).
In order to remove the long-term trend from the data, we subtraced a
piecewise linear function from the data. For the radio light curves, we
fit the linear function first from MJD 57983.9823 to MJD 57984.2772
and then from MJD 57984.3200 to MJD 57984.4362. For the XMM
data, the fit was applied to the whole interval.

In order to find the statistical significance of the variability, we
calculate the fractional variability (Vaughan et al. 2003) of the
detrended data as

2 _ 52
Foar = wa (5)

f2

where $? is the variance of the light curve, o2 is the mean square
error, and X~ is the mean flux of the light curve. The error in the
fractional variability is estimated as

- 2 -
1 O T
ert(Fuy) = | =— 5| + (6)

2N \ Fyye X X N xx*

The detrended data were then analysed using the Lomb-Scargle
periodogram, which is a powerful tool to find and test the signif-
icance of weak periodic signals in unevenly sampled data (Lomb
1976; Scargle 1982). Fischer-randomization test is used to test the
significance of the found periodic signal, where the flux is permuted
thousand times and thousand new randomized time series are created
and their periodograms calculated (Linnell Nemec & Nemec 1985).
The proportion of permuted time series that contain a higher peak
in the periodogram than the original periodogram at any frequency
then gives the false alarm probability, p of the peak. If p < 0.01,
the period is significant and if 0.01 < p < 0.1 the period is
marginally significant. In order to check if the found period is a
true period and it is not generated due to sampling, the sampling
function is analysed. The flux density are assigned a constant value
equal to one. This function is further analysed using the Fourier
transform.

4 RESULTS

The radio and X-ray light curves are shown in the bottom panel
of Fig. 1. We see that the radio emission displays a decaying
trend with the flux density decreasing from around 120 mly to
95 mlJy in ~11h observation. In fact, as shown in the top panel
of Fig. 1, the observation with the AMI-LA telescope took place
during the beginning of the decay of the large radio outburst of LS
I +61°303. The X-ray light curve also shows a general decaying
trend in its counts s~'. Fig. 2 shows the radio spectral index,
a = log (S1/52)log (v/v,), which is negative throughout the 11h
observation. In this section, we first discuss the results of the
correlation analysis of the simultaneous radio and X-ray data and
then of the variability.

To find the strength of association between the two time series, we
calculated the Spearman correlation (ry). For 13-15.5/15.5-18 GHz,
rs = 0.94, for 13-15.5 GHz/0.3-10 keV, r, = 0.84 and for 15.5-
18 GHz/0.3—10keV, ry = 0.83. All correlations have a p-value<0.001
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Figure 2. Spectral index variations with time for radio data of LS T 461°303
obtained with the AMI-LA telescope and integrated every 5 min.
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Figure 3. Discrete cross-correlation function of the total flux of (a) 15.5—
18 GHz and 13-15.5 GHz and (b) 13-18 GHz/0.3-10 keV. The blue curves
represent the Gaussian fit to the data with fit parameters given in Table 1.
Positive time lag hints that the radio emission precedes the X-ray emission
but the lag is consistent with zero within Gaussian dispersion.

which means that it is very unlikely to get this result by chance.
Squaring the coefficients for the radio/X-ray data yields the strength
of correlation r> ~ 0.7, i.e. 70 percent of the variability in one
frequency is due to the variability in the other frequency.
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Table 1. Best-fitting parameters of the Gaussian function fitted to the DCF
in Fig. 3 according to equation (4). A is the amplitude of the Gaussian, 7T is
the time-lag, and w represents the width. The error in brackets of time-lag T
represent the fit errors. Although using a conservative approach, the error on
time-lag is given by the Gaussian width, w.

Frequency A T (min) w (h) Xred
13-15.5/15.5-18 GHz 0.94 £+ 0.01 1.2[+12] 40+£01 02
13-18 GHz/0.3-10keV ~ 0.81 £0.01 252 [£24] 19£0.1 0.3

To further quantify this, we also compute the discrete cross-
correlation functions (DCF). Fig. 3(a) shows the cross-correlation
between the two radio bands, i.e. 13—-15.5 and 15.5-18 GHz. The
blue curve represents the Gaussian fit to the data with fit parameters
given in Table 1. We see that the two frequency bands are strongly
correlated up to 94 per cent with zero time-lag. Cross-correlations
between simultaneous radio and X-ray data are shown in Fig. 3(b).
We find that the radio band is strongly correlated with the X-ray.
The DCF peaks at 81 per cent with a time-lag of ~25min and a
conservative error estimate of ~ 2 h.

To further analyse the data, we work with the detrended light
curves. The fractional variability amplitude of the radio frequencies is
~ 64.0 £ 0.2 per cent and that of the X-ray is ~ 15.0 &= 5.0 per cent.
The normalized detrended flux for both the radio and X-ray emission
(normalized with respect to the maximum flux density in their
respective light curves) are shown in the top panel of Fig. 4 and
a zoom-in of the same for the 5h simultaneous observations is

shown in the bottom panel of Fig. 4. There is variability with varying
amplitude. Qualitatively, the variability at both radio frequencies
seems to coincide with the variability in the X-rays (see Fig. 4). We
perform the cross-correlation analysis using the simultaneous X-ray
and radio data of the detrended light curves. Fig. 5(a) shows the
cross-correlation between the two radio bands. The DCF peaks at
around zero time lag with a coefficient of 0.30 & 0.04. There is also
a correlation at negative time lag of 2.0 &= 0.1 h and positive time lag
of 1.7 & 0.1 h with DCF coefficients of 0.10 £ 0.04 and 0.13 £ 0.04,
respectively. These secondary peaks hint at a possible periodicity
in the radio data. The cross-correlation between the detrended radio
and X-ray data is shown in Fig. 5(b). The DCF of radio band with
X-ray peaks around zero lag with a coefficient of 0.36 £ 0.10. The
same DCEF pattern is also evident when we correlate the X-ray data
with the two independent radio bands (Figs 5c and d). The DCF of
both radio bands with X-ray peaks around zero lag with a coefficient
of 0.45 £+ 0.10 and 0.42 £ 0.10 for 13-15.5 GHz/0.3-10 keV and
15.5-18 GHz/0.3-10 keV, respectively.

As mentioned earlier, the radio and X-ray light curves show
variability. The 5 h simultaneous observations of radio and X-ray data
do not reveal significant features in the Lomb—Scargle periodogram.
Therefore, we further use the full 11 h radio data. Top panel of Fig. 6
shows the Lomb-Scargle periodogram for 13—18 GHz radio band,
with a dominant and significant peak at 1.75 £ 0.10 h, corresponding
to the secondary peaks in the DCFs. The phase averaged data folded
with a period of 1.75 h are shown in the middle panel of Fig. 6. As
shown in the bottom panel of Fig. 6, we see a dominant feature in the
sampling function at about 1.7 min, i.e. the sampling rate. No feature
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Figure 4. Detrended and normalized light curves for comparison. Top: For the entire duration of the observations of about 11h with 13-15.5 GHz, 15.5—
18 GHz, and 0.3-10 keV represented by the red circles, the black squares, and the blue diamonds, respectively. Bottom: Zoom-in of the light curves only for the

simultaneous radio and X-ray observations of 5 h.
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is present at the found period of 105 min (i.e. 1.75h) due to which
we know that the found period is not an effect of the sampling. This
confirms that the radio frequency has a QPO of 1.75 = 0.10 h.

5 CONCLUSIONS AND DISCUSSION

We observed LS I +61°303 with the AMI-LA telescope for around
11h at two radio frequency bands, 13—-15.5 and 15.5-18 GHz. We
also observed it with the XMM-Newton telescope for about 6 h
at energy range of 0.3-10keV, 5h of which was simultaneous
with the radio observations. Both radio and X-ray show variability
superimposed over the long-term trend.

We find that the radio and X-ray emission are correlated up to
81 per cent. In the detrended light curves, i.e. after the removal
of the long-term trend, the variability in X-ray and radio emission
are correlated up to 40 per cent. The radio variability overlaps
with the X-ray variability. The DCF analysis hints that the radio
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emission leads the X-ray emission by ~25 min, but within Gaussian
dispersion they have zero time-lag. The better signal-to-noise ratio
and longer observation time interval of radio data allow us to
establish by Lomb-Scargle periodogram QPOs with a period of
1.75 £ 0.10h in LS T 461°303.

The significant radio/X-ray correlation implies that both the radio
and X-ray emission are due to the same electron population. But
are these emissions due to the same or different physical processes?
Our simultaneous radio/X-ray observations were performed during
the beginning of the decay of a major radio outburst interlapsed by
optically thin flares (also see Massi et al. 2020). Optically thin out-
bursts in microquasars are explained due to shocks and/or magnetic
reconnection events (Romero et al. 2017 and references therein).

Multiple reconnection events lead to multiple ejection of plas-
moids of different size, whose period can vary from minutes, hours
to days (Petropoulou et al. 2016; Sironi et al. 2016). On the basis of
these models, the magnetic reconnection and consequent formation
of plasmoids can occur at two locations in X-ray binaries. The first
location is magnetic reconnection in the accretion disc (Yuan et al.
2009) and the consequent travelling of plasmoids into the jet. Mirabel
et al. (1998) showed that in GRS 19154105 the ejection of electrons
from the accretion disc were first observed in the X-rays, then in the
infrared and finally in the radio band. These kind of observations,
interpreted as accretion disc ejections, are expected during the onset
of an outburst and not during its decay. Infact, in Nosel et al. (2018),
we studied the location of QPOs along the orbit of LS I +61°303.
Statistically, it was found that the X-ray QPOs are present during the
onset of the steady radio jet. Possibly those X-ray variability were
associated with ejection of plasmoids from the accretion disc. Other
than the accretion disc, the magnetic reconnection events can also
occur in the jet itself (Petropoulou et al. 2016; Sironi et al. 2016).
In the jets, radio emission is due to the synchrotron process, with
relativistic plasma injected in quasi-periodic fashion. However, X-
ray emission can be either due to synchrotron emission (Markoff,
Nowak & Wilms 2005) or due to up-scattering of the low-energy
radio photons via inverse Compton scattering, i.e. synchrotron self-
Compton (SSC) (e.g. fig. 3 in Romero et al. 2017). If the X-ray
emission leads the radio emission, it would imply a synchrotron
origin and if the radio emission leads the X-ray emission, it would be
due to SSC scattering. A similar phenomenon, i.e. the radio emission
leading the X-ray emission by about 2 weeks, was observed in the
blazar PKS 1510-089 by Marscher et al. (2003) and explained as SSC
emission (Marscher et al. 2010 and references therein). In our ob-
servations, the found time-lag between the radio and X-ray emission
hints that the radio emission leads the X-ray emission but within
Gaussian dispersion it could have zero time-lag. Future sensitive
observations covering longer time intervals are clearly mandatory to
confirm which physical process dominates at these frequencies.
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