Sensitivity estimation for Total Power Array continuum mapping

Executive summary

We estimated the expected sensitivity of the Total Power Array continuum mapping as a function of map
size and total on-source time, using the empirical relation between the thermal noise and the sensitivity
achieved in test observations (achieved/thermal ~ 4 per baseband). The results are shown in Figs. 1-8.

1 Estimation of statistical (thermal) noise

Here we consider a Lissajous mapping of a 2a X 2a square region on the sky at a scanning frequency of
fscan- The on-sky z and y offsets from the field center at a time ¢ can be written as (omitting the constant
phase offset(s))

(z,y) = (asin(wgt), asin(wyt)) (1)

where w, =~ wy & 27 fscan, and hence (dot representing time derivative)

T = awy cos(wyt) (2)
= wpva?—a2 (3)
y = wyy/a?—y? (4)
therefore the probability of the antenna pointing being within a unit area around (z,y) is
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where const = w,w, /72 is determined so that [, [?, P(z,y)dzdy = 1.
The thermal noise becomes highest at the center of the map because the antennas move fastest there.
The time an antenna spend on a cell at the center of the map is

temon = P(0,0)d’tos (8)
d2
53108 (9)

where tog and d are the total on-source time per antenna! and the cell size, respectively. If we employ
the “standard” gridding convolution function used for Total Power Array data reduction (the prolate
spheroidal function with a support radius of 6d, d = HPBW/9), the effective integration time for a cell
(per antenna, per polarization) is

teel,ON,GC = 41tcen ON (10)

1Overheads are not included. Typical overheads are: a pointing scan (a few minutes), Tiys scans (~ 30 seconds each),
and intra-scan latencies (several-ten seconds each). Therefore, if an execution block takes 1 hour and we measure Tyys every
10 minutes, the total observing time including overheads would be ~ 1.1 X tog or so.



where the factor 41 comes from the extent of the gridding convolution function?. If there are Ny

antennas in the array and Npo polarizations are used, the expected thermal noise per baseband (BB) is

Tsys
Oth,BB 11
i \/BBBNantholtcell,ON,GC ( )
N 0.49 a Tiys (12)
d\/BBBNantholtOS

where Ty and Bpp ~ 1.8 GHz are the system noise temperature and the bandwidth of a BB, respectively.

2 Sensitivity achieved in blank-sky mapping

We made test observations of blank sky to measure the noise level which the real system can achieve,
Oreal- Table 1 summarizes the observing and mapping parameters. The ratio between oyca and oy, BB
ranges between 2.7 and 4.5. Here we adopt oyeal/oth BB = 4 to calculate the expected sensitivity in the
following section?.

Table 1: Parameters of test observations

Band?® 3 4 6 7 8 9 10
Frequency [GHz| 100 150 230 290 410 670 860
Effective beam [ 65 43 28 22 16 97 75
Map size 2a ["] 600 600 300 600 600 600 600
Scanning frequency fscan [Hz] 06 06 06 06 06 06 06
Cell size d ["] 67 43 29 23 1.6 095 0.75
On-source time per antenna tog [h:m]? 0:12  0:23 3:12 0:24 0:20 0:24 0:24
Typical Tyys [K] 60 70 100 120 250 1000 1500
Thermal RMS per BB oy, g [mK]® 0.55 0.74 0.16 1.7 7.7 50 80
Achieved RMS 07 [mK]© 25 31 060 53 21 130 290

* Band 5 showed similar oyea1/0¢h BB ratio to other bands, although not listed here

b Scaled to 3 antennas

¢ In the T} scale. To convert to mJy/beam unit, the Jy/K factor (=~ 40-45 in Bands
3-8; supposed to be ~ 50-60 in Bands 9 and 10) needs to be multiplied

3 Estimation of sensitivity for given map size and on-source time
Now we estimate the expected sensitivity
Oreal = 40th BB (13)

as a function of the map size 2a and the total on-source time tpg. From Eq. 12, the sensitivity is expected
to* be proportional to a/+/fos. We use the ALMA standard continuum frequency and Tyys given by the
ALMA Sensitivity Calculator for Decl. = 0° at the nominal precipitable water vapor for each band. Figs.
1-8 show the results.

2The parameter 1 in Sawada et al. 2008, PASJ, 60, 445.

3Combining multiple BBs hardly improves oreai. Therefore this relation is equivalent to oreal/oth,4BB = 8, where o¢h 4B
stands for the thermal noise for 4 BBs (= 7.5 GHz bandwidth).

4Our study showed that oreal is also dependent on fscan, (roughly) oreal f;gf. However we disregard this factor here,
because fscan is within £60% from 1 Hz for the map size of tens to hundreds of arcseconds (Appendix A), therefore f;gf’
is only a factor of +25% or so.



Band 3 (f=97 GHz, T_sys=75 K)
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Figure 1: The expected noise level (1o) for the Band 3 standard continuum frequency as a function of
map size 2a and total on-source time per antenna tos. Nant = 3 and Npo = 2 are assumed.

107 Band 4 (f=145 GHz, T_sys=81 K)
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Figure 2: Same as Fig. 1, but for Band 4.
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. Band 5 (f=203 GHz, T_sys=104 K)
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Figure 3: Same as Fig. 1, but for Band 5.
102 Band 6 (f=233 GHz, T_sys=103 K)
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Figure 4: Same as Fig. 1, but for Band 6.
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Band 7 (f=343 GHz, T _sys=183 K)
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Figure 5: Same as Fig. 1, but for Band 7.
5 Band 8 (f=405 GHz, T_sys=314 K)
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Figure 6: Same as Fig. 1, but for Band 8.
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Band 9 (f=679 GHz, T_sys=1155 K)
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Figure 7: Same as Fig. 1, but for Band 9.
102 Band 10 (f=869 GHz, T_sys=2008 K)
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Figure 8: Same as Fig. 1, but for Band 10.



A Scanning frequency

The scanning frequency fscan should be as high as possible, to minimize the excess noise caused by the
receiver gain (and sky) fluctuation. The fscan is primarily determined by the on-axis acceleration limit
3°/s? 2 0.05 rad/s?, beyond which the deviation between the intended and actual trajectories significantly
increases. During Lissajous mapping of a 2a X 2a region, the AZ (where the constraint is tighter than
EL because of the cos EL factor) on-axis position, velocity, and acceleration are

= asin(wt)/cos EL (14)
= aw cos(wt)/ cos EL (15)
= —aw’sin(wt)/ cos EL (16)
therefore the constraint is
aw?/ cos EL < 0.05 [rad/s?] (17)
yielding
0.05 rad
fscan < \/(27T)2a cos ELax (18)
2 1//
~~ \/ 0 cos ELax [Hz| (19)
a

where EL .« 1s the maximum elevation.
There are two more constraints on the frequency. One is

fscan <1.6 [HZ] (20)

The other is to avoid beam smearing. The maximum on-sky velocity (realized at the center of the map)
is

Umax,2-axis = \/§aw ) (21)

therefore, in order to keep the smearing of individual integrations (tqump [s|) within 1/5 of the beam
width,

HPBW
'Umax,Q-axistdump < T (22)
yielding (assuming tgqymp = 0.5 ms)
200 HPBW
fscan S E a (23)
45 HPBW
~ ——  [Hz]. (24)

a

Fig. A.1 shows the maximum scanning frequency determined by Egs. 19, 20, and 24 as a function of
the map size.

2020-02-14 Sawada, T., Ishii, S.
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Figure A.1: The maximum scanning frequency as a function of the map size. The solid lines show the
limits determined by the antenna driving performance (Egs. 19 and 20) for ELy.x = 50° and 70°, and
the dashed lines indicate the limits defined by beam smearing (Eq. 24) for HPBW = 60", 20”, and 6"
(i.e., Bands 3, 7, and 10, respectively).



