
How accurate is phase referencing at L-band? An assessmentVLBA Scienti�c Memo No. 18Shami Chatterjee (shami@spacenet.tn.cornell.edu)January 1999ABSTRACTAstrometric observations on PSR B0919+06 with standard phase referencing to a noddingcalibrator are compared to observations using an in-beam calibrator. The obtained positionsagree well for one observation, and disagree for the other one, leading us to conclude thatnodding calibration will su�ce on some occasions but not on others, depending on theionospheric conditions. Without in-beam calibration, 4-5� is the maximum distance to usefulnodding calibrators at 1.4 GHz.Phase referencing has become a standard VLBI observing technique for weak sources at higherfrequencies (above 3 GHz), as it preserves absolute positional information while allowing extendedcoherence times. Pulsars, because of their steep spectral fall-o�, are best observed at L-band (1.4to 1.7 GHz) or lower frequencies. Unlike tropospheric e�ects at higher frequencies, the dominante�ects here are ionospheric: thus phase referencing at L-band poses a di�erent set of challenges.In order to obtain positional accuracy for weak (�few mJy) pulsars at the milliarcsecond level,phase connection techniques must be used in VLBI astrometry. Here the position of the pulsaris measured with respect to a stationary background calibrator, using alternating scans on thepulsar and calibrator to extend coherence times on the pulsar.This method assumes that the calibration derived for the stronger calibrator source can betransferred to the pulsar, across a few degrees of sky and a few minutes of time. This is, of course,an approximation, and the ultimate positional accuracy achieved using this method depends onmany factors, including the angular separation between the calibrator and source, the temporalswitching cycle, the spread in frequency, etc.One way of greatly improving this calibration is to use an in-beam calibrator, a weak source in thesame primary beam as the target pulsar. Standard phase referencing, followed by self-calibrationon the in-beam source, provides calibration at the sky position and times of interest, reducing thetime separation across which the calibration is transferred to zero, and the angular separation toa few arcminutes instead of a few degrees.We have used such an in-beam calibrator (10 mJy) for astrometry on the pulsar B0919+06 (4mJy), and achieve sub-milliarcsecond precision in the measured proper motion (Fomalont et al.1998, submitted to AJ). In this report, we use that data and compare the accuracy achieved usingnodding calibration only, to that achieved with in-beam calibration.Data processing and calibrationInformation about the targets and their observed 
uxes are collected in Table 1. The targetswere observed with the VLBA on two days (Day 1: 1998 March 26, BC078A and Day 2: 1998March 30, BC078B) for 50 minutes around UT 05:00. This was meant to provide two independentdata points at nearly the same epoch, and here it allows a check on the consistency of the twocalibration methods.



{ 2 {Table 1: Observed pulsar, calibrator and in-beam sourceTarget Name Distance from psr FluxPulsar B0919+06 J0922+0638 - 3-4 mJy obsNodding Calibrator J0914+0245 4 degrees 350 mJyIn-beam Calibrator J0923+0638 12 arcmin 7-8 mJy obsEight observing frequencies (VLBA baseband channels, or IFs in AIPS) were used, at 1.41, 1.42,1.44, 1.48, 1.531, 1.54, 1.61 and 1.62 GHz, with 8 MHz bandwidth at each IF. Data was one bitand right circular polarized, with a switching cycle of two minutes on the nodding calibratorand three minutes on the pulsar/in-beam calibrator. At the correlator, each IF was split into 16channels and the data were averaged for 2 seconds.Each data set was correlated twice, once at the nominal in-beam calibrator position and once atthe nominal pulsar position. Processing involved a-priori amplitude calibration using the systemtemperatures, instrumental phase correction with the pulse cal tones, and data 
agging basedon anomalous high amplitudes, followed by fringe �tting and self-calibration on the noddingcalibrator. For a pulsar without an in-beam calibrator, this is as far as we can go: this constitutesthe \nodding calibrator only" calibration path.For the \in-beam calibrator" path, we proceed to map the in-beam data with nodding calibration,followed by a round of phase-only self-calibration at the detected position of the in-beam calibrator.All IFs were averaged and a 5 minute solution interval was used. This produces a set of phasecorrections that accounts for the e�ect of the di�erential ionosphere between the calibrator andpulsar (and in-beam) pointing directions. These phase corrections for the two days are plotted inFigure 1: notice that there are large phase o�sets at most antennas, though their variation withtime is slow.
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-100Fig. 1.| Phase corrections generated by self-calibration at the in-beam calibrator position. Data for oneIF (1.41 GHz) on days 1 and 2. Los Alamos (antenna 5) was the reference antenna.1All data at 1.53 GHz and some channels at 1.54 GHz were 
agged because of extreme interference on both days.



{ 3 {Imaging and AnalysisThe pulsar data, with and without in-beam calibration, was mapped using the standard ClarkCLEAN (task IMAGR in AIPS) with a tight clean box around the observed peak in the dirty map.The quality of the data after nodding calibration di�ered signi�cantly on the two days. Therewas no problem in identifying the in-beam source or the pulsar on day 1, but on day 2, thein-beam calibrator image split up into multiple blobs, implying that nodding calibration wasnot as successful as on day 1. The reason for this is not clear: it probably re
ects a disturbedionosphere during the second day's observing. However, self-calibration of the in-beam data forday 2 at the position of the in-beam source determined from day 1 produced a satisfactory image,with a consistent 
ux value.With in-beam calibration, there is no ambiguity about the pulsar position, and the mappingis nearly trivial. Given the variation in data quality, the agreement in pulsar positions seen inFigure 2 is also reassuring.
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{ 4 {the increased similarity of the ionospheric path.A single component Gaussian was �tted to the cleaned maps in all four cases (task JMFIT inAIPS), to assess what accuracy phase referencing with the nodding calibrator alone would provide.The �tted positions and associated errors are summarized in Table 2: the results back up thequalitative discussion above. In particular, the two in-beam calibrated results are almost identical,and the di�erence is consistent with the measured multi-epoch proper motion (0.9 mas over 4days). One \nodding calibrator only" map agrees well with this position, while the other issigni�cantly in error.Table 2: Fit results: position o�sets measured from RA 09:22:14.0000 Dec 06:38:22.700.Data Calibration O�set RA O�set Dec Peak 
ux Commentsfrom (mas) (mas) (mJy)Day 1 With in-beam 31.1 � 0.15 45.9 � 0.31 3.9 � 0.2 |Nodding cal only 31.0 � 0.30 42.5 � 0.56 2.0 � 0.2 Position agreesDay 2 With in-beam 30.3 � 0.15 46.7 � 0.34 3.0 � 0.2 Shift matches proper motionNodding cal only 23.4 � 0.74 28.2 � 0.98 1.0 � 0.2 Position not consistentConclusionsA few straightforward conclusions can be drawn from this exercise. First, using an appropriatein-beam calibrator can eliminate almost all ionospheric e�ects, even in cases where the data qualityis poor, as on day 2. Thus an in-beam calibrator can allow consistent astrometry at 1.4 GHz.Second, phase referencing to a nodding calibrator alone will also allow astrometrically meaningfulobservations, provided that the ionosphere is cooperative, or can be eliminated in some way.While the formal errors are higher without an in-beam calibrator due to the reduced peak 
ux,the �t result for day 1 is consistent with the positions determined using in-beam calibration. Onthe other hand, if ionospheric e�ects at one or more antennas render the data poor, as in day 2,then it is di�cult to draw meaningful conclusions about the pulsar 
ux or position.This provides further justi�cation for our observing strategy of sampling the same epoch withtwo closely spaced observations on di�erent days: it is reasonable to expect that an uncorrelatedionosphere over two days will allow a better estimate of the errors in the astrometric position.Our choice of nodding calibrator, in-beam calibrator and temporal switching cycle was appropriatefor astrometry: with either the in-beam calibrator or the pulsar at the 10 mJy level, the othercould be as weak as 2 mJy, and one could go further a�eld for a nodding calibrator (up to 6-8�).However, without an in-beam source, our choice (4-5�) is probably an upper limit for the distanceto a nodding calibrator, and shorter angular distances would be better.



{ 5 {

Center at RA 09 22 13.98740  DEC 06 38 22.4440

BOTH: J0922+06  IPOL  1509.984 MHZ  0919-CL3.IMAP.1
PLot file version 2  created 17-NOV-1998 09:20:51

Grey scale flux range= -1.063 3.792 MilliJY/BEAM
Cont peak flux =  3.7916E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

-1 0 1 2 3
M

ill
iA

R
C

 S
E

C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240

Center at RA 09 22 13.98740  DEC 06 38 22.4440

CONT: J0922+06  IPOL  1509.984 MHZ  0919-CL3.ICLN.1
PLot file version 1  created 16-NOV-1998 14:33:50

Cont peak flux =  3.7783E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240Fig. 3.| Day 1: Dirty and cleaned maps for B0919+06 using in-beam calibration. Contours from 0.5 mJy.
Center at RA 09 22 13.98740  DEC 06 38 22.4440

BOTH: J0922+06  IPOL  1509.984 MHZ  0919-CL2.IMAP.1
PLot file version 2  created 17-NOV-1998 09:36:58

Grey scale flux range= -1.030 2.045 MilliJY/BEAM
Cont peak flux =  2.0450E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

-1 0 1 2

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240

Center at RA 09 22 13.98740  DEC 06 38 22.4440

CONT: J0922+06  IPOL  1509.984 MHZ  0919-CL2.ICLN.2
PLot file version 1  created 16-NOV-1998 14:34:01

Cont peak flux =  2.0358E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240Fig. 4.| Day 1: Dirty and cleaned maps after phase referencing to a nodding calibrator only. In spite oflower peak 
ux and higher residuals, the �tted position is consistent with Fig. 3: phase referencing succeeds.



{ 6 {

Center at RA 09 22 13.98740  DEC 06 38 22.4440

BOTH: J0922+06  IPOL  1509.984 MHZ  0919B-CL3.IMAP.1
PLot file version 1  created 25-NOV-1998 14:40:08

Grey scale flux range= -0.967 2.852 MilliJY/BEAM
Cont peak flux =  2.8518E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

0 1 2
M

ill
iA

R
C

 S
E

C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240

Center at RA 09 22 13.98740  DEC 06 38 22.4440

CONT: J0922+06  IPOL  1509.984 MHZ  0919B-CL3.ICLN.1
PLot file version 1  created 25-NOV-1998 14:38:38

Cont peak flux =  2.9278E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240Fig. 5.| Day 2: Dirty and cleaned maps for B0919+06 using in-beam calibration. Contours from 0.5 mJy.
Center at RA 09 22 13.98740  DEC 06 38 22.4440

BOTH: J0922+06  IPOL  1509.984 MHZ  0919B-CL2.IMAP.1
PLot file version 1  created 25-NOV-1998 14:41:10

Grey scale flux range= -0.856 1.207 MilliJY/BEAM
Cont peak flux =  1.2070E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

-0.5 0.0 0.5 1.0

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240

Center at RA 09 22 13.98740  DEC 06 38 22.4440

CONT: J0922+06  IPOL  1509.984 MHZ  0919B-CL2.ICLN.1
PLot file version 1  created 25-NOV-1998 14:38:24

Cont peak flux =  1.1597E-03 JY/BEAM 
Levs = 5.000E-04 * (-2, -1.40, -1, 1, 1.400, 2,
2.800, 4, 5.600, 8)

M
ill

iA
R

C
 S

E
C

MilliARC SEC
250 240 230 220 210 200 190 180

330

320

310

300

290

280

270

260

250

240Fig. 6.| Day 2: Dirty and cleaned maps after phase referencing to a nodding calibrator only. The imageis broken up into blobs and the �tted position is not consistent with Fig. 5: phase referencing fails here.


