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Materials and Methods 

XMM-Newton observations  
Between 4 November and 4 December 2011 we were awarded six XMM-Newton 
observations (identifiers #1-#6) of about 6 hours duration each in the energy band 0.2 - 
10 keV. Table S1 lists the effective exposure times and instrumental setup of the 
simultaneously used CCD detectors of the European Photon Imaging Camera (EPIC): the 
PN (18) and the MOS-1+2 detectors (19). These observations were performed 
simultaneously with the GMRT at 320 MHz and LOFAR at 140 MHz, firstly to 
guarantee that we would recognize all abrupt (on time scales of seconds) radio mode 
changes, but also to be able to study the timing, spectral and polarization characteristics 
of PSR B0943+10 during the X-ray observations.  We did not use the last XMM-Newton 
observation, which suffered from many solar soft proton flares, resulting in a high 
background. 

 
GMRT setup and mode determinations 
The observations with the GMRT, located near Pune in India, were conducted in the 
same way as an earlier 8-hour session (35) using 20 of the 30 antennas, 14 in the central 
square and 2 each in the three arms, for ease and stability of the phasing.  Short 
interruptions of the PSR B0943+10 observations were needed every 2-3 hours for re-
phasing on a continuum radio source.  The array was first phased on the flux calibrator 
3C147 and then slewed to a phase calibrator 0837–198 and 1021+216 close to PSR 
B0943+10 to check for phase stability and re-phasing as required.  A bandwidth of 33.33 
MHz was used (limits 306 - 339.33 MHz) and the data were recorded using the pulsar 
mode of the GMRT software backend (36) at a time resolution of 0.98304 ms split into 
256 channels.  After de-dispersion, sections of the data with baseline variations due to 
broad band interference were mitigated using running mean subtraction as well as 
flattening of the baseline on a pulse-to-pulse basis.  Displays of the processed 
observations in short averages then provided the needed modal transition times. 
Figure 1, panel C (in main text) shows an example of a Q- to B-mode transition measured 
with the GMRT at 320 MHz. In this figure, the disappearance of the weak precursor in 
the B-mode after the transition is clearly visible. 

 
LOFAR setup and mode determinations 

The LOFAR data were acquired by combining the 12 most centrally located high-band 
antenna sub-stations  (the 'Superterp' HBAs, Fig. 1 in (37)) located in Exloo, The 
Netherlands. These 12 sub-stations receive the same clock signal, which greatly 
facilitates the coherent, 'in phase', addition of their signals. A coherent beam was formed 
on the position of PSR B0943+10 and tracked throughout the observation. A second 
beam was formed on nearby pulsar PSR B0950+08 to serve as a reference beam for 
system sensitivity and radio frequency interference checks. For each beam, the dual-
polarization array signal was transformed on-line to the four Stokes parameters. These 
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were sampled every 0.32 ms, for a total bandwidth of 46.875 MHz split into 3840 
channels (38).  

For each of the 6 epochs, the data were folded with an ephemeris from the Jodrell Bank 
long-term timing program (17). Per 1-minute sub-integration, the profile signal-to-noise 
ratio was calculated versus time, and compared to the expected LOFAR sensitivity curve. 
Simultaneously, the pulse profile was plotted versus time and phase (Fig. 1, Panel A). In 
the intensity plots, mode changes were initially identified by eye. We could see the times 
of mode switches with an accuracy of a few seconds. However, we determined in 10-
second resolution plots the UT times for all mode changes generally to 1-minute 
accuracy, sufficiently accurate for the selection of the X-ray data. The visual inspection 
of the intensity plots, and the coincidence testing between the PSR B0943+10 and PSR 
B0950+08 data, allowed for the flagging of two ~5-min sections of broadband radio 
frequency interference in 42 hours of data. 
Table S2 lists time windows used in this work. In the useful XMM-Newton observations 
(#1 - #5) the B- and Q-mode each appeared for roughly equal amounts of time. 
 

X-ray spatial analysis  
Even though PSR B0943+10 is a weak X-ray source (14), our long observations detected 
it easily. In a detailed spatial analysis, we produced maximum-likelihood-ratio maps, 
which give in each sky bin the ratio of the likelihood that a source is located in that bin in 
addition to background (in this case assumed to be a flat background level) over the 
likelihood that just the background (no source) is present, a test statistic for the presence 
of a source (39). With this method we clearly detected PSR B0943+10 in each of the five 
XMM-Newton observations using events from the PN detector, and consistently when 
selecting events from the MOS-1+2 detectors. Using the sensitive area arfgen-1802 and 
redistribution matrix rmfgen-1561 (implemented in XMMSAS-20110223-1801-1100 
(40)) for the XMM-response, the derived flux values ranged from the previously 
published value (14) up to more than twice that value, providing significant evidence for 
time variability.  In the next step we separately analyzed events that arrived in the radio 
B- and Q-mode time windows (Table S2).  The detection significance for a similar 
exposure is twice as high in the radio Q-mode as in the B-mode, and the count rate is 
more than a factor two higher in the Q-mode than in the B-mode, shown in Fig. S1 for the 
PN detector.  This provides us with evidence for simultaneous mode switching in the 
radio and X-ray bands.                      

 
X-ray timing analysis. 

We searched for pulsations in the X-ray data for events detected during the radio Q-
mode, in which we had more than twice the number of source counts detected in the B-
mode.  In order to maximize our statistics, we selected all events within a radius of 15" 
from the source position (see Fig. S2) for the PN, MOS-1+2 detectors. We verified that 
this radius gives the optimum signal-to-noise ratio for the XMM point-spread functions. 
The event arrival times at the satellite have been converted to arrival times at the Solar 
System Barycenter adopting our new accurate X-ray source position which has a 
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negligible statistical error and a systematic uncertainty of at most 1".  Folding these event 
arrival times using an updated Jodrell Bank ephemeris (fixed X-ray source location, see 
Table S3) yielded a 6.6-σ signal adopting the Z1

2 test (Rayleigh test) and revealed a broad 
pulse profile (see top panel Fig. 2B). The profile can be fitted equally well with a 
sinusoid or a flat background with a Gaussian shaped pulse. The latter Gaussian pulse 
template reaches its maximum at phase 0.98 ± 0.02 with σ = 0.20 ± 0.05 and is an 
excellent fit to the 0.5 - 2 keV pulse shown in Fig. 2.  We found that X-ray pulsations 
were detected significantly only in the 0.5-2 keV energy band: 1.2 σ for 0.2-0.5 keV and 
1.9 σ for 2-10 keV.  
The X-ray events detected during the radio B-mode do not show any evidence for a 
pulsed signal (1.2 σ for the integral 0.2-10 keV), as can also be seen in the top panel of 
Fig. 3A. This is an additional manifestation of X-ray mode switching in a radio pulsar, 
this time revealed in its X-ray timing properties. 
 

X-ray spectral analyses  
We first present the results for the total (i.e. pulsed and un-pulsed) X-ray emission in the 
X-ray-bright, radio-quiet Q-mode. We again use the maximum-likelihood analysis, 
applying this to the two-dimensional counts sky maps in different energy bins measured 
with the EPIC PN detector and separately to the summed counts maps for EPIC MOS-
1+2. The latter maps have only slightly lower statistics than the PN counts maps and give 
independent results. The maximum likelihood analysis delivers a count(-rate) spectrum, 
which can  be de-convolved assuming different source input spectra in model fitting. An 
additional important parameter is the hydrogen column density in the source direction 
(NH), causing significant absorption below 2 keV. We fixed NH at 4.3 x 1020 cm–2 for all 
model fits, the value used in the first study of PSR B0943+10 (14). We verified that NH 
values reported in the literature, differing by up to ~35 %, influenced the model-fit 
parameters only within their 1σ uncertainties.  
Figure 3A shows the unabsorbed (i.e. corrected for absorption by the hydrogen column 
density) total X-ray photon spectrum in the radio Q-mode. The filled symbols are the flux 
values for the PN data and the open symbols for the MOS-1+2 data. The best model fitted 
to both sets of flux values simultaneously is the sum of a component with a power-law 
shape (broken line) and one with a BB-shape (dotted line). This fit was an improvement 
at the 4.1 σ level with respect to a fit with a single PL, and 3.5 σ relative to a single BB-
model fit. All spectral parameters for the three model fits (BB+PL, BB, PL) are given in 
Table S4. The contributions of the two components in the X-ray band 0.5 - 8 keV are 
equal, each ~7.5 x 1015 erg cm–2 s–1 , to be compared with the value of 4.4+1.8

–1.5  x  10–15 
erg cm–-2 s–1 reported in the first detection (14) for a PL fit to the total spectrum with the 
same index Γ=2.6+0.7

–0.5. This suggests that in this early observation of 20-ks duration 
PSR B0943+10 was predominantly in the B-mode, when the X-ray flux is low. 
The spectrum of the pulsed component in the Q-mode can be determined by first deriving 
the pulse excess counts above a flat background level in the pulse profiles for differential 
energy bins. These excess counts were derived by fitting with the template Gaussian 
profile derived in the 0.5 - 2 keV energy band (parameters given above). We verified that 
there is no significant variation in profile shape over the total X-ray band. A single BB 
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model gave an excellent fit, a PL model was acceptable only at the 3% level (main 
discrepancy at 0.2 - 0.5 keV energies; see also in Table S5 the lack of evidence for pulsed 
emission below 0.5 keV). Figure 3B shows the reconstructed unabsorbed photon 
spectrum of the pulsed component with the best fit model superposed. Full details of the 
two model (BB and PL) fits are given in Table S4.  
The spectral parameters of the thermal component in the best fit (PL + BB) to the total Q-
mode spectrum and the thermal pulsed spectrum in the Q-mode appear to be statistically 
consistent (∆ flux is 0.1 σ and ∆kT=2.5 σ). In other words, this means that the Q-mode 
total X-ray emission consists of an un-pulsed component with a non-thermal PL 
spectrum, and a pulsed component with a thermal BB spectrum. This is also reflected in 
the variation of the pulsed fraction with energy (see Table S5). It is important to note that 
XMM-Newton is very sensitive in the low-energy interval 0.2-0.5 keV, and PSR 
B0943+10 is detected at a high significance in the sky maps in this energy band, e.g. in 
just the PN sky map at a level of 12 σ. Therefore, the non-detection of a pulsed signal 
below 0.5 keV is not due to a lack of sensitivity of XMM-Newton. 
Finally, the total X-ray spectrum in the radio B-mode can be derived in analyses of 
counts sky maps as explained above for the total spectrum in the Q-mode. In this case the 
counting statistics are low, and it is not possible to discriminate between a single PL and 
a BB model, both give good fits (Table S4 and Fig. S2). Figure 3C shows the un-pulsed 
total B-mode spectrum assuming a PL spectrum. We selected this fit for the composite 
Fig.3, because we find it indicative that the total un-pulsed X-ray emission in the radio B-
mode has a spectrum statistically identical to the un-pulsed PL component in the Q-mode 
(∆ flux is 0.05 σ and ∆Γ is 0.8 σ). This would lead to the conclusion that the mode 
switching from B- to Q-mode means the addition of a new thermal component consistent 
with 100% pulsation in the X-ray domain, and no change in the un-pulsed non-thermal 
component. If one would assume on the other hand, the B-mode un-pulsed X-ray 
spectrum to be thermal (BB with kT = 0.250±0.006 keV, and flux = 5.36±0.78) 10–15 erg 
cm–2s–1, see Table S4), then in the mode switching the un-pulsed thermal component in 
the B-mode has to be replaced in the Q-mode by an un-pulsed power-law component and, 
in addition, a new pulsed thermal component has to be added. We consider the first 
interpretation of the B-mode spectrum most likely. 
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Fig. S1. Maximum-likelihood-ratio sky maps for X-ray energies 0.2-10 keV showing 
evidence for the detection of PSR B0943+10 with the PN CCDs aboard XMM-Newton in 
the two radio-defined modes. Panel A: for events selected in the radio B-mode time 
windows a 9.9 σ detection significance and count rate (0.44 ± 0.07)x10–2 counts/s. Panel 
B:  for events in the radio Q-mode a  20 σ detection and more than twice the count rate 
(1.08 ± 0.08)  10–2 counts/s. The contour values give the variance of the detection 
significances in number of σ's, assuming one degree of freedom. The + symbol gives the 
best location for PSR B0943+10 derived from these XMM-Newton observations (see 
Table S3). 
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Fig. S2. Unabsorbed total (i.e. pulsed and un-pulsed) X-ray photon spectra of PSR 
B0943+10 from spatial analyses of events selected in the radio B-mode time windows for 
the XMM EPIC PN CCDs (filled symbols) and MOS1+2 CCDs (open symbols). Panel 
A: flux values assuming an underlying PL source spectrum, the solid line show the best 
fit. Panel B: flux values for a BB spectrum, the solid line shows the best thermal fit. Note: 
the measured count rates are the same for both figures, but the de-convolved flux values 
depend on the assumed source spectrum. Both spectral shapes give equally good fits to 
the measured count-rate spectra (see Table S4). 
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Table S1. XMM-Newton effective (corrected for dead time) observation times (kilo 
seconds) in November and December 2011 for the PN, MOS-1 and MOS-2 CCDs of 
EPIC. The first row gives the observation identifier and day. The selected detector 
modes, indicated in the last column, allow spatial and pulsar-timing studies. Observation 
#6 suffered from too many solar proton flares and has not been used in this work. 

 

OBSID, date 
(day/month)/ 
CCDs 

#1 

4/11 

#2 

6/11 

#3 

21-
22/11 

#4 

27-
28/11 

#5 

1-2/12 

#6 

4/12  

 
Detector 
mode 

EPIC PN 15.3 24.2 23.0 20.7 20.8 19.0 Full 
Frame 

EPIC MOS-1 21.7 25.9 24.7 22.3 22.5 20.7 Small 
Window 

EPIC MOS-2 21.7 25.9 24.7 22.4 22.5 20.7 Small 

Window 
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Table S2. B- and Q-mode time windows identified in both our GMRT and LOFAR 
observations, covering completely our XMM-Newton observations with observation 
identifiers (OBSID)  #1 to #5. The last column marks the UTC start and end times of 
individual B- and Q- modes with an accuracy of a minute, sufficiently accurate for the X-
ray selections. 
 
 

XMM  
OBSID 

Radio  
mode 

Day Start - end  
UTC 

#1 Q 
B 

Q 
B 

2011-11-04 
2011-11-04 

2011-11-04 
2011-11-04 

00:55 - 01:45 
01:45 - 05:35 

05:35 - 06:03 
06:03 - 07:25 

#2 Q 
B 

2011-11-06 
2011-11-06 

00:55 - 07:10 
07:10 - 08:35 

#3 Q 
B 

2011-11-21 
2011-11-22 

23:30 - 06:10 
06:10 - 07:00 

#4 Q 
B 

2011-11-27 
2011-11-28 

23:30 - 02:40 
02:40 - 06:15 

#5 Q 
B 

2011-12-01 
2011-12-02 

23:00 - 01:53 
01:53 - 06:00 
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Table S3. Jodrell Bank ephemeris of PSR B0943+10 valid during our XMM-Newton 
observations with the improved source position from our X-ray observations. 
 
 
 
 α 2000 09h 46m 7s.787 

δ 2000 09o 52' 0''.76 

Epoch (TDB) 54226 

ν 0.910989538329 Hz 

dν/dt –2.94219 x 10-15 Hz s–1 

d2ν/dt2 –1.39 x 10-25 Hz s–2 

Start (MJD) 52573 

End  (MJD) 55880 

Solar System Ephem. DE200 
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Table S4. Spectral parameters with 1σ errors for the best model fits to the X-ray spectra 
for:  i) the radio Q-mode windows of the total emission measured in the sky map, ii)  the 
radio Q-mode of the pulsed emission measured in the pulse profiles, and  iii) the radio B-
mode windows of the total emission. The model spectra are black body (BB), power law 
(PL); the normalization of the PL is at 1 keV. The column density NH has been fixed at 
4.3 x 1020 cm–2. The unabsorbed fluxes (F) and isotropic luminosities (L) for the BB and 
PL components are calculated for the energy interval 0.5 - 8 keV and a source distance of 
630 pc. 

 

 
 
 
 

Mode 

total / 
pulsed 

Q 

total 

Q 

total 

Q 

total 

Q 

pulsed 

Q 

pulsed 

B 

total 

B 

total 

Model BB+PL BB PL BB PL BB PL 

BBnorm           
x 104

 

1.44±0.27 3.94 ± 0.23  0.81±0.11  1.61±0.16  

BB (kT) 
keV 

0.277±0.012 0.249±0.003  0.319±0.012  0.250±0.006  

PLnorm            
x 106 

2.30±0.49  4.74±0.27  2.47±0.37  2.06±0.21 

PL, Γ    
(αE–Γ ) 

2.60±0.34  2.44±0.08  1.97±0.18  2.29±0.16 

FBB x 1015 

erg cm–2 s–1 
unabsorbed  

7.52±2.20 12.88±1.01  7.81±1.64  5.36±0.78  

LBB         
1029 erg s–1 

3.6±1.0 6.1±0.5  3.7±0.8  2.5±0.4  

FPL x 1015 

erg cm–2 s–1 
unabsorbed  

7.55±1.81  16.49±1.10  11.21±2.21  7.69±1.00 

LPL        
1029 erg s–1 

3.6±0.9  7.9±0.5  5.3±1.1  3.7±0.5 

χ2
red / dof 0.81 / 20 1.44 / 22 1.67 / 22 0.38 / 3 3.17 / 3 0.88 / 10 0.74 / 10 
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Table S5.  Pulsed fractions of PSR B0943+10, when the pulsar is in the radio Q-mode, as 
a function of energy, defined as the ratio of the integrated flux in the pulse profile over 
the total (i.e. pulsed and un-pulsed) flux of the point source measured in the sky maps. 
Errors are 1 σ.   
 
 
   Energy interval  

       keV 
   Pulsed 
   fraction 

    0.2 - 0.5 0.10 ± 0.15 

    0.5 - 0.8 0.44 ± 0.16 

    0.8 - 1.3 0.62 ± 0.14 

    1.3 - 2.0 0.60 ± 0.17 

    2.0 - 10 0.72 ± 0.53 
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