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It is desirable for EHT observations of weak sources to join properly low- and high- band in
order to improve the SNR of the detections.

One of the tools that is available to perform this task is the HOPS task fourmer. Fourmer joins
two scans into one, then the resulting scan data can be used by fourfit.

Suppose that, for example, we want to join scans 086-1634 LOW and 086-1634 HIGH of
experiment 3429. The root files of each scan are BLLAC.wtuitm and BLLAC.wvorim,
respectively. To join the scans we could type:

fourmer 3429/086-1634 LOW/BLLAC.wtuitm 3429/086 1634 HIGH/BLLAC.wvorim

which would produce a new root file and new type-1 files in the current directory. The new scan
will be named 086-1634 JOIN and the files should be placed in a new directory called 086-
1634 JOIN under the 3429 directory. We had better do a loop in the case that we have a large
number of scans. For this particular experiment I have written a python script (fourmer-
loop.py), so we can type

echo "086-1634" >> 3429.scans

python fourmer-loop.py

which produces the same result as the former sentence. The scans we want to join must be listed
in the file 3429.scans. This script can be easily edited for another experiment as it is
indicated in the script code.

Once the scans are joined, we use fearfit (a hacked version of fourfit) to create fourfit control
files for every baseline of a particular scan. Control files are constructed with the script
fearfit-make-cf.sh. For our particular example we could type:

DATADIR=working directory

fearfit-make-cf.sh expn=3429 target=BLLAC prefix=SF ref=S rem=F \
cfdir=cfs words=\"’interpolator iterate’\" 086-1634_JOIN



which would produce a fourfit control file named SF-086-1634 JOIN.cf in the directory
cfs.

The control file includes manual pc phases and delay offsets in order to flatline the multiband
delay. A control file created in this way for a particular scan can be used to do the fringe-
searching in all scans on same day and baseline.

To evaluate the control file created above we use the script fearfit-scan-cf.sh as
follows:

fearfit-scan-cf.sh odir=Test-SF cfdir=cfs prefix=SF ref=S rem=F \
3429/*JOIN/BLLAC*

that would fourfit all joined scans on BL Lac of experiment 3429 and generate fringe plots in the
directory Test-SF.

Looking at the resulted fringe plots we can notice that a single control file does not work well for
all scans, and a gap between low- and high band is sometimes obtained (see Figure 1). Do all
baselines show a gap? How the gap depends on time? In order to answer these questions I have
created fourfit control files for scan 086-1634 on BL Lac and baselines SF, SP, TJ and PF. A
total of 16 scans on BL Lac of about 300 seconds of integration time were recorded on day 086.
The resulted cross-power spectra taken from the fringe plots that were obtained with the script
fearfit-scan-cf.sh are shown in figures 2 to 5. The scan ID is indicated in the top of
each subplot in the figures. We see that there is not a gap in baselines SP and TJ, but it is clearly
visible in baselines SF and PF.

In figure 6 the magnitude of the gap (phase difference between high- and low-bands) is plotted
as a function of time. Most of the scans for baseline SF have big gaps, of about 50 degrees or
even more (the same occurs for baseline PF). Baselines SP and TJ have phase gaps very close to
zero, as is seen in the plots and in the corresponding cross-power spectra (polarization was
flipped at station J during scan 086-153400 resulting in noisy phases on baseline TJ).

The above analysis suggests us that station F (phased-CARMA) is introducing errors that prevent
the coherently integration through the joined bands on baselines including that station. In order
to remove the phase gap we could set the Isb offset keyword of fourfit. This parameter
represents an additive phase in degrees, for the LSB relative to the USB. Following the example
described above, we could fearfit the set of joined scans and store the channel-by-channel phases
in order to compute the Isb offsets:

export HOPS_FEARFIT PCPHASE VERB=0

fearfit -t -p -b SF -c cfs/SF-086-1634_JOIN.cf 3429/*JOIN \
set interpolator iterate >> fearfit.out

which would do the fringe-searching on every scan and send the channel-by-channel phases and
some additional output to the file fearfit.out. For every scan the Isb offset can be obtained
as the phase of the channel q minus the phase of channel o. The python script



1sb offset 3429.py will read the file fearfit.out and print this phase difference, as
well as the scan ID to the terminal. Next we add in our control file the Isb offsets as follows:

if station F and scan 086-151400 lsb_offset 236.88
if station F and scan 086-152400 1lsb_offset 22.27

if station F and scan 086-153400 1lsb offset 255.7

if station F and scan 086-154400 lsb_offset 60.85
if station F and scan 086-155400 1lsb_offset 300.93
if station F and scan 086-161400 lsb_offset 326.3
if station F and scan 086-162400 1lsb offset 134.66
if station F and scan 086-163400 1lsb offset 359.94
if station F and scan 086-165000 lsb offset 333.74
if station F and scan 086-170000 1lsb_offset 129.49
if station F and scan 086-172000 1lsb_offset 230.59
if station F and scan 086-173000 lsb_offset 33.2

if station F and scan 086-174000 lsb_offset 264.44
if station F and scan 086-175000 1lsb_offset 58.54

if station F and scan 086-180000 lsb_offset 282.43
if station F and scan 086-181000 lsb_offset 98.91

Notice that, because we are using manual pc phases and delays offsets from scan 086-163400
and applying to all data, the Isb offset is zero for this scan.

To see the results we can type:

fearfit -t -p -b SF -c cfs/SF-086-1634 JOIN.cf 3429/*JOIN \
set interpolator iterate

The resulted cross-power spectra phases are shown in Figure 7. Because the phase offsets
between low- and high-band are being introduced by station F, the same Isb offsets could be
added to control file PF-086-1634 JOIN.cf, so we could type:

fearfit -t -p -b PF -c cfs/PF-086-1634_ JOIN.cf 3429/*JOIN \
set interpolator iterate

The Isb offsets work equally well as seen in Figure 8.

It was noticed that, for this particular experiment, the Isb offsets are increasing with time at a
constant rate of around 0.332 deg s™' = 0.922 mHz. It was also found that this systematic effect
originates in an offset of 30.51758 Hz in the USB at CARMA, which was present during all
sessions of the run. Because of the VLBI processing, the phase repeats every 60 seconds, then an
offset of 30.51758 Hz corresponds to 1831.0548 rotations in 60 seconds or a phase change of
0.0548 rotations in 60 seconds = 0.91333 mHz.

The Isb offsets can then be obtained by assuming a linear divergence of the phase difference
between low- and high-band. This can be seen in Table 1. For all scans on BL Lac, baseline SF
and day 086, I compare the SNR and amplitude that I get by using Isb offsets estimated in the
way described above (columns 2 y 3), with the SNR and amplitude that result using Isb offsets
obtained assuming a linear divergence of the phase difference between bands (columns 4 y 5).
The relative discrepancy between SNRs and amplitudes is given in columns 6 and 7. We see that
for most of the scans this relative discrepancy is less than 1% and ~2% in the worst case.



Finally, I have calibrated separately low- and high-bands. I have used fringex, average, and
search to estimate amplitudes and closure phases segmented at 5 seconds with incoherently
determined rates and delays.

If SNRjoy and SNRy;en are the SNR of the detections at low-band and high-band, respectively, it
is expected that if we join both bands then the SNR increases by a factor of 2", assuming
SNRiow = SNRyign. As I have obtained these two quantities separately I can estimate the expected
SNR as ) 5 11/2

[SNR§,,,, + SNRhigh]

and compare with the measured SNR of joined bands.

In Figure 9 black data points correspond to the expected SNR and blue data points to the
measured SNR. We see that both quantities are very similar.

The closure phases are compared in Figure 10 for triangles FSP (CARMAF(L)-SMT(L)-
SMA(L)) and TJQ (SMT(R)-JCMT(R)-SMA(R)). We see consistent closure phases between
low-band (green), high-band(red) and joined bands (blue). Figure 10 also shows closure phases
for triangles GTQ (CARMAF(R)-SMT(R)-SMA(R)) and JGT (JCMT(R)-CARMAF(R)-
JCMT(R)), where we see good agreement between polarizations.



Mk4/hdw. fearfit 3.9 rev 868 _ BLLAC.xbsfec, 086-1800_JOIN, SF
_,Multibond delay (us) SMTOL - CARMAFL, fgroup U, pol LL
—-0.015 —0.01 —5x10 0 5x10 0.01 0.015

T T T T T T T Fringe quality 2
Error code E
SNR 89.1
Int time 297.763
Amp 1.714
2 Phase 3.5
32 PFD 0.0e+00
. Delays (us)
¢ SBD -0.002556
o MBD 0.000792
Fringe rate (Hz)
0.093189
lon TEC 0.00
Ref freq (MHz)
- = e = 229345.0000
?x 0 0 T.5x10 2x10 AP (sec) 1.000
ns/s)
T

3

amplitude

—-2x10" —1.5x10" -10" —-5x10" 0 )
delay rate (

o

o i ] 2 Exp. mmO013
iy fl ] e ) __ Exper# 3429
© [ ] A et N 48 9 Yriday 2013:086
S_t [ 1 03 w1 O Start 180002.00
= [ 1 E Lleeeeeaenen v ot serreeeeeend o7 Stop 180500.00
. [\ S % FRT 180230.00

Sorl Y. \ ] 5] o 118 £ Corr/FF/build
N ] / W | ©2013:102:034331
o b= N \WAVANSOS o I | g 2013:279:015252
-0.2 -0.1 0 0.1 0.2 -20 0 20 I 2013:278:084419

singleband delay (us) Avgd. Xpower Spectrum (MHz) RA & Dec (J2000)
22h02m43.2914s

Amp. and Phase vs. time for each freq., 7 segs, 49 APs / seg (49.00 sec / seg.), time ticks 60 sec +42°16'39.980"
a b cde f gh i j k I mnogqgrs tuvwxyz ADBCD EAI

o
0
RN R LY L L L AL L L L L L L L LML mmmm v mmmtmymmmtmmmrsuommmnanvnnnnoumunnynmnnnsimmmmiamnnnys
<+ J J o 149
0] . . N P AP S N 1 =
5 A RN KA i SR AT S DL A p I vl . PN (VAT B PR DR R )
2 A - '.:. T ool tl. NI 4 i . v Lo ot Tl R E A R T o
= J Al (TS | |- I L IRER TARE TARE O LA T ., st 4o O
cNE T 1N ol Y T N R A S I S SR ol Sl V] o
g Lol o] | VAT B B AN HY B I 4 V C e
] . o ' 04 4 b P | v J ] e Y] Ye
. . . . o
3 &
u O AR TR R
Validity
R TR
Bi U
ias SF
L
U
Level S F
L
T B N RN e - RS 3 . N KN N 0 g x RERRS N
5 S N S - S NI RS . N . RS O o+ i° S F
9 B el e T A AR R PR R S D B A . Fel L L4 .18
B fleniber o R e I o ook e . el N I et ol 2
L e e et P el el L Pt 0 Ll 4 bl T e L e b e EL el
228861.0828913.0228045 082897 ceeo073, 229169.0820201 29393 CB29425.0829457. o P9649.0820681.0B297 13.029745.0829777.0B29809.CBreq (MH2) Al
72 47 14 143 141 125 284 20 334 445 462 521 505 689 613 541 553 596 516 -400 323 208 231 -134 -27 54 46 120 45 218  Phase as
23 21 22 23 23 19 23 23 21 20 21 22 21 21 13 21 22 21 20 21 28 20 21 19 20 21 20 19 21 20  Ampl 21
28 332 931 30 331 3 32 382 B2 3833 931 34 333 935 40 334 930 329 933 29 331 330 0 331 29 31 331 B2 382 331 Svdbox 27

UL 0298 0208 0298 0298 01298 0298 0298 0298 0298 0298 0298 0298 0298 0298 0298 29800 2980 2980 29800 2980 29800 20800 2980 2080 2080 2980 2080 2080 2980 29800 APsused
S 1000 1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 1000 -1000 -1000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 PCfreqs
F 1000 -1000 1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 1999 1999 199 1999 1999 1999 1990 1969 1999 1999 1999 1999 1999 1999 1999  PCfreqs

SF 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00  PCphase

SF 710 380 1640 1600 1440 1270 960 760 600 340 300 130 150 70 390 530 -1400 1150 50 880 1720 720 220 -1260 1310 320 600 -1480 -510 -1380 ManlPC
S 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 PCamp
F 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

UAGLL UAFLL UAELL UADLL UACLL UABLL UAALL UASLL UABLL UATLL UAGLL UASLL UAGLL UASLL UAZLL UB2HU UBBHU UB4HU UBSHU UBGHU UBTHU UBBHU UBSHU UBAHU UBBHU UBCHU UBDHU UBEHU UBFHU UBGHU Chan ids

N 32 ,33 30 ,31 28 ,29 26 ,27 24 ,25 22 ,23 20 ,21 18 ,19 16 ,17 14 ,15 12 ,13 10 ,11 8,9 6.7 4.5 4.5 6.7 8.9 10 ,11 12 ,13 14 15 16 ,17 18 ,19 20 ,21 22 ,23 24 ,25 26 ,27 28 ,29 30 ,31 32 ,33 Tracks

UAGLL UAFLL UAELL UADLL UACLL UABLL UAALL UASLL UABLL UATLL UAGLL UASLL UAMLL UASLL UAZLL UB2HU UBSHU UB4HU UBSHU UBGHU UB7HU UBBHU UBSHU UBAHU UBBHU UBCHU UBDHU UBEHU UBFHU UBGHU Chanids

32,3330 3128 ,20 26 ,27 24 2522 ,23 20 21 18 1916 ,17 14 1512 1310 11 8,9 6,7 4,5 4,5 6,7 8,9 10,1112 ,13 14 ,15 16 ,17 18 .19 20 ,21 22 ,23 24 ,25 26 ,27 28 ,20 30 ,31 32 ,33 Tracks
Group delay (usec) -5.87570209969E+02 Apriori delay (usec) -5.87571002057E+02 Resid mbdelay (usec) 7.92088E-04 +/- 6.4E-06
Sband delay (usec) -5.87573558017E+02  Apriori clock (usec) -8.0414236E-01 Resid sbdelay (usec) -2.55596E-03 +/- 9.7E-05
Phase delay (usec) -5.87571002015E+02 Apriori clockrate (us/s) -9.0200000E-06 Resid phdelay (usec) 4.21498E-08  +/-  7.8E-09
Delay rate (us/s) -1.42834882177E-01 Apriori rate (us/s) -1.42835288505E-01 Resid rate (us/s) 4.06328E-07 +- 9.1E-11
Total phase (deg) -164.5 Apriori accel (us/s/s) -1.84547828626E-06 Resid phase (deg) 35  +- 0.6

RMS  Theor. Amplitude 1.714 +/- 0.019 Pcal mode: MANUAL, MANUAL Pcal period (AP’s) 9999, 9999

ph/seg (deg) 459 1.7 Search (1024X128) 1.716 Pcal rate: 0.000E+00, 0.000E+00 (us/s) sb window (us) -0.250 0.250
amp/seg (%) 48.6 3.0 Interp. 1.138 Bits/sample: 2 SampCntNorm: enabled mb window (us) -0.016 0.016
ph/frq (deg) 36.9 3.5 Inc. seg. avg. 2.215 Sample rate(MSamp/s): 64 dr window (ns/s) -0.002 0.002
amp/frq (%) 24.3 6.1 Inc. frq. avg. 2.080 Data rate(Mb/s): 3840 nlags: 32  t_cohere infinite ion window (TEC) 0.00 0.00
S:az 0.0 el 0.0 pa 0.0 F:az 0.0 el 0.0 pa0.0 u,v (fr/asec) 0.000 0.000 iterative interpolator

Control file: /home/gortiz/data/cfs3429_iterateSF/SF-086-1634_JOIN.cf  Input file: /home/gortiz/data/3429report/3429/086-1800_JOIN/SF..xbsfec  Output file: Suppressed by test mode
Samplers: abcdefghijkimno grstuvwxyzABCDE

Figure 1: Fringe plot for BL Lac on day 086. For this particular scan we see a gap in phase
between low- and high-band.



Figure 2: Cross-power spectra phase for baseline SF. The scan at which the control file is being
evaluated is indicated at the top of each spectrum.

Figure 3: Cross-power spectra phase for baseline SP. The scan at which the control file is being
evaluated is indicated at the top of each spectrum.



Figure 4: Cross-power spectra phase for baseline TJ. The scan at which the control file is being
evaluated is indicated at the top of each spectrum.

Figure 5: Cross-power spectra phase for baseline PF. The scan at which the control file is being
evaluated is indicated at the top of each spectrum.



Figure 6: Phase gap size as a function of time for BL Lac on day 086. Baselines are (from top to
bottom) SF, SP, TJ and PF. The phase gap size was obtained from the cross-power spectrum of
the fringe plot output.



Figure 7: Cross-power spectra phase for baseline SF after the Isb offset keyword has been set.

Figure 8: Cross-power spectra phase for baseline PF after the Isb offset keyword has been set.



Figure 9. SNR as a function of time on day 086. Short scans have, as expected, lower SNR. Key
to the colors: measured SNR of joined bands (blue); [SNR7,,, + SNR},,] 12 (black).

Figure 10. Closure phases of BL Lac as a function of time on day 086. Key to the colors: low-
band (green); high-band (red); joined bands (blue).



Table 1. Amplitudes and SNRs reported by fourfit for scans on BL Lac, baseline SF. Columns 2
and 3 were obtained using Isb offsets estimated as a phase difference between low -and high-
band channels. Columns 4 y 5 were obtained using Isb offsets obtained assuming a linear
divergence of the phase difference between bands.

Scan time  Amp; SNR; Amp, SNR; |Amp,—Amp,//Amp; |SNR;-SNR;|/SNR;
0

x 107 x 107 % %
086-151400 2.75 161.7 2.75 162.8 0.0 0.68
086-152400 2.91 171.8 2.90 170.9 0.34 0.52
086-153310 4.19 74.87 4.19 75.13 0.0 0.35
086-153400 3.34 1964 3.35 197.3 0.3 0.46
086-154310 4.48 80.99 4.48 80.65 0.0 0.42
086-154400 3.15 186.2 3.14 185.5 0.32 0.38
086-155310 3.94 71.06 3.95 71.44 0.25 0.53
086-155400 2.35 1394 235 1393 0.0 0.07
086-161310 3.72 67.19 3.73 67.32 0.27 0.19
086-161400 2.78 1644 2.78 164.4 0.0 0.0
086-162310 4.49 81.29 4.52 81.90 0.67 0.75
086-162400 2.67 157.6 2.69 159.0 0.75 0.89
086-163310 3.43 61.97 3.43 61.97 0.0 0.0
086-163400 1.84 108.9 1.84 108.9 0.0 0.0
086-164910 4.19 75.61 4.19 75.59 0.0 0.03
086-165000 2.08 123.0 2.09 123.2 0.48 0.16
086-165910 4.30 77.27 431 77.67 0.23 0.52
086-170000 1.74 102.6 1.75 103.4 0.57 0.78
086-171910 4.25 76.81 4.33 78.19 1.88 1.8
086-172000 1.98 117.7 2.00 118.5 1.01 0.68
086-172910 4.68 83.77 4.68 83.76 0.0 0.01
086-173000 1.77 103.8 1.77 103.8 0.0 0.0
086-173910 4.48 80.28 4.50 80.50 0.45 0.27
086-174000 2.07 121.8 2.09 122.6 0.97 0.66
086-174910 4.91 88.06 4.91 88.25 0.0 0.22
086-175000 2.95 1719 2.94 172.5 0.34 0.35
086-175910 4.78 85.64 4.81 85.80 0.63 0.19
086-180000 2.03 119.1 2.03 119.2 0.0 0.08
086-180910 4.53 80.66 4.52 80.86 0.22 0.25

086-181000 2.31 133.2 230 133.7 0.43 0.38




