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AbVWUacW
The SXQDiVh SURjecW1 aiPV WR PaS aQd PRQiWRU Whe SXQ aW UadiR fUeTXeQcieV ZiWh Whe SaUdiQia aQd
MediciQa IWaliaQ RadiR WeleVcRSeV b\ SeUfRUPiQg ViQgle-diVh iPagiQg RbVeUYaWiRQV iQ K-baQd (18-26
GH]) aW SUeVeQW. IQ Whe fXWXUe iW Zill eYeQ be SRVVible WR e[SlRiW Ka (32.5 GH]) aQd X-baQd (8.5-9 GH])
ViPXlWaQeRXV RbVeUYaWiRQV aQd gR XS WR 100 GH] iQ RUdeU WR fill Whe RbVeUYaWiRQal gaS iQ liWeUaWXUe aQd
cRQWUibXWiQg WR SSace WeaWheU QeWZRUkV.

ThiV WechQical QRWe iV fRcXViQg RQ Whe RUigiQal aQd iQQRYaWiYe SURcedXUe fRU Whe abVRlXWe calibUaWiRQ
Rf Whe SXQ PaSV WhaW Ze deYelRSed fRU Whe SXQDiVh SURjecW WhaW adRSWed Whe SXSeUQRYa RePQaQW
CaVViRSeia A aV a flX[ UefeUeQce. ThiV iV a challeQgiQg SURcedXUe ViQce WhiV calibUaWRU iV aQ e[WeQded
VRXUce (UeVRlYed aW RXU fUeTXeQcieV) aQd iW iV cXUUeQWl\ iQ e[SaQViRQ. HRZeYeU, dXe WR iWV VWURQg flX[,
CaVViRSeia A SUeVeQWV VeYeUal adYaQWageV cRPSaUed WR RWheU VWaQdaUd calibUaWRUV aQd iWV bUighWQeVV
YaUiaWiRQ iV Zell VWXdied iQ liWeUaWXUe. We fRXQd WhaW WhiV SXSeUQRYa RePQaQW iV a Zell VXiWed aQd YeU\
Ueliable calibUaWRU fRU VRlaU UadiR RbVeUYaWiRQV WhaW UeTXiUe high VigQal aWWeQXaWiRQ iQ Whe iQVWUXPeQWaWiRQ
chaiQ aQd cRQVeTXeQWl\ VWURQg flX[ calibUaWRUV. ThaQkV WR Whe CaVViRSeia A YiVibiliW\ (ciUcXPSRlaU
VRXUce) aW Whe WeleVcRSeV laWiWXde, iW iV SRVVible WR RbWaiQ accXUaWel\ calibUaWed SXQ PaSV WhURXghRXW Whe
da\ ZiWh W\Sical eUURUV <3% iQ K-baQd.

1hWWSV://ViWeV.gRRgle.cRP/iQaf.iW/VXQdiVh
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1 IQWURdXcWiRQ
The VRlaU aWPRVSheUe iV geQeUall\ deVcUibed aV beiQg cRPSRVed Rf PXlWiSle la\eUV, fURP Whe deeSeVW, Whe
ShRWRVSheUe, fRllRZed b\ Whe chURPRVSheUe, Whe WUaQViWiRQ UegiRQ aQd Whe cRURQa. The UadiR fUeTXeQcieV
aUe a XVefXl WRRl WR iQTXiUe YalXable iQfRUPaWiRQ RQ Whe VWUXcWXUe aQd d\QaPicV abRYe Whe WePSeUaWXUe
PiQiPXP WR Whe lRZ cRURQa [38].

The VRlaU Sh\VicV VcieQce RffeUV a Uich iQWeUdiVciSliQaU\ gURXQd RQ aVWURSh\VicV, SlaVPa Sh\VicV,
QXcleaU Sh\VicV aQd fXQdaPeQWal Sh\VicV. FXUWheUPRUe, Whe PagQeWic aQd UadiaWiYe acWiYiW\ Rf RXU VWaU
haV aQ eQRUPRXV iPSacW RQ SlaQeWaU\ PagQeWRVSheUeV aQd iRQRVSheUeV UaQgiQg fURP VXbWle cliPaWe
deSeQdeQcieV WR VeYeUe UadiaWiRQ SheQRPeQa affecWiQg RSeUaWiRQV aQd VafeW\ Rf RXU WechQRlRgieV RQ
EaUWh (Vee e.g. [15], [40]). The UadiR SXQ caQ alVR be helSfXl WR Vhed lighW RQ Whe SURbleP Rf Whe heaWiQg
Rf Whe chURPRVSheUe aQd Whe cRURQa (Vee, e.g., [38], [1]), aQd VWXd\ Whe elecWURQ SlaVPa fUeTXeQc\ aQd
Whe elecWURQ g\URfUeTXeQc\ ([28]).

The VRlaU UadiR ePiVViRQ iV XVXall\ diYided iQ Whe liWeUaWXUe iQWR WhUee PaiQ SaUWV deSeQdiQg RQ Whe
WiPe Vcale Rf Whe eYeQWV: (1) Whe TXieW SXQ (QS) aV a backgURXQd VWable ePiVViRQ, (2) a VlRZl\ YaU\iQg
cRPSRQeQW PRVWl\ aVVRciaWed ZiWh Whe acWiYe UegiRQV (ARV), aQd (3) RccaViRQal e[WUePe aQd VXddeQ
eQeUgeWic SheQRPeQa like cRURQal PaVV ejecWiRQV aQd flaUeV.

The QS bUighWQeVV WePSeUaWXUe VSecWUXP haV beeQ PRdelled iQ VeYeUal SaSeUV (e.g. [16]; [48]; [32]).
IWV UadiR ePiVViRQ cRPeV fURP WheUPal bUePVVWUahlXQg iQ lRcal WheUPRd\QaPic eTXilibUiXP (LTE),
WheUefRUe iW haV Whe adYaQWage WR be Zell XQdeUVWRRd aQd PRdeled cRPSaUed WR RWheU fUeTXeQcieV. IW
caQ WhXV be XVed aV a SRZeUfXl diagQRVWic Rf Whe Sh\Vical cRQdiWiRQV aQd SaUaPeWeUV iQ a Zide UaQge Rf
aWPRVSheUic la\eUV ([38]). IQ K-baQd (18-26 GH]) hRZeYeU, WheUe iV a lack Rf accXUaWe aQd calibUaWed
PeaVXUePeQWV Rf Whe bUighWQeVV WePSeUaWXUe Rf Whe QS cRPSRQeQW ViQce iW iV difficXlW WR VeSaUaWe iW
fURP Whe cRQWUibXWiRQ Rf Whe ARV. The lRcal ePiVViRQ iQ Whe chURPRVSheUic la\eUV VlighWl\ deYiaWeV
fURP ViPSle WheUPal bUePVVWUahlXQg iQ Whe RSWicall\ Whick UegiPe. IQ facW, iQVWead Rf haYiQg a flX[
deQViW\ VSecWUal iQde[ (a) Rf 2, W\Sical Rf a Ra\leigh-JeaQV ePiVViRQ, iW aVVXPeV a YalXe aURXQd 1.9
([32]) dXe WR Whe lRgaUiWhPic deSeQdeQce Rf Whe GaXQW facWRU RQ fUeTXeQc\. The QS ePiVViRQ UeVXlWiQg
fURP Whe cRPbiQaWiRQ Rf Whe chURPRVSheUic la\eUV VXggeVWV a SRVVible VSecWUal chaQge fURP lRZeU WR
higheU fUeTXeQcieV ([16]), VXch aV flaWWeQiQg. FURP Whe ZRUk Rf [16] Whe QS iV SUedicWed WR haYe a YalXe
beWZeeQ 10227-9377 K iQ Whe 18-26 GH] iQWeUYal, ZiWh aQ a = 1.76, Zhich iV VlighWl\ lRZeU WhaQ Whe
YalXe RbWaiQed b\ RXU SXQDiVh RbVeUYaWiRQV (a = 1.89, [32]), alWhRXgh Whe\ aUe cRPSaWible ZiWhiQ
eUURUV. [16] XVed Whe daWa fURP [6] WR fiW Whe QS VSecWUXP (Vee Vec 3.1) aW high fUeTXeQcieV. While [6]
VelecWed Whe daWa ZiWh Whe higheVW SRVVible accXUac\, iW iV kQRZQ WhaW Whe PilliPeWeU RbVeUYaWiRQV aUe
PRUe XQceUWaiQ WhaQ Whe ceQWiPeWeU RQeV. IQ facW, iW caQ be VeeQ fURP [16] WhaW Whe daWa fURP 35 GH]
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VhRZ a laUge VcaWWeU, Zhich cRXld e[SlaiQ Whe diVcUeSaQc\ iQ Whe a ZiWh Whe [32] ZRUkV Zhich XVeV QS
YalXeV ZiWh high accXUac\.

The ARV UadiR ePiVViRQ PechaQiVP iV PRUe difficXlW WR XQdeUVWaQd WhaQ Whe QS ViQce WheUe iV
aQ eQWaQglePeQW Rf WheUPal (fUee-fUee aQd g\URUeVRQaQce) aQd QRQ-WheUPal ePiVViRQ deSeQdiQg RQ
Whe RbVeUYiQg fUeTXeQc\. IQ Whe UadiR dRPaiQ Whe g\URUeVRQaQce haV beeQ deWecWed Will 17 GH] (Vee
[28] aQd UefeUeQceV WheUeiQ), aQd haV iWV ePiVViRQ Seak iQ Whe 2-5 GH] UaQge ([12]; [27]). AW higheU
fUeTXeQcieV (fURP 34 GH]) Whe ARV ePiVViRQ haV beeQ PRdeled aV SXUel\ fUee-fUee ([37]), aQd iQ Whe
UaQge beWZeeQ 212-405 GH], [39] aV WheUPal bUePVVWUahlXQg. TakiQg iQWR cRQVideUaWiRQ Whe ARV
flX[ deQViW\ VSecWUa fURP [39], Whe K-baQd VeePV WR be a WUaQViWiRQ UegiRQ beWZeeQ diffeUeQW ePiVViRQ
PechaQiVP. IQ Whe [32] ZRUk bRWh SRViWiYe aQd QegaWiYe a YalXeV aUe aVVRciaWed WR Whe ARV iQ Whe
18-26 GH] iQWeUYal. ThiV cRPSle[iW\ cRQfiUPV WhaW iW iV a QRW WUiYial WaVk WR XQdeUVWaQd Whe ePiVViRQ
PechaQiVP iQ Whe K-baQd. RegaUdiQg Whe Seak Rf Whe e[ceVV bUighWQeVV WePSeUaWXUe abRYe Whe QS,
[32] fRXQd WhaW iQ Whe K-baQd YaUieV beWZeeQ ⇠ 10

2 aQd ⇠ 10
3 K.

The ARV caQ VRPeWiPeV hRVW a flaUe, a SRZeUfXl eYeQW cRQViVWiQg iQ a laUge eUXSWiRQV Rf elec-
WURPagQeWic UadiaWiRQ. The aSSaUeQW chaUacWeUiVWicV Rf a VRlaU flaUe caQ chaQge deSeQdiQg RQ Whe
RbVeUYiQg fUeTXeQc\, Whe VSaWial aQd WiPe UeVRlXWiRQ Rf Whe iQVWUXPeQW XVed. HRZeYeU, WheUe aUe VRPe
geQeUal chaUacWeUiVWicV WhaW caQ VWill be dedXced fURP Whe RbVeUYed WiPe YaUiaWiRQ Rf Whe elecWURPagQeWic
UadiaWiRQ. A flaUe caQ, iQ geQeUal, be URXghl\ diYided iQWR WhUee ShaVeV: PUecXUVRU, IPSXlViYe PhaVe
aQd GUadXal PhaVe [14]. TheVe WhUee ShaVeV dR QRW QeceVVaUil\ RccXU iQ all flaUeV aQd VRPe Rf WheP
cRXld be QRW deWecWable aW ceUWaiQ UadiaWiRQ fUeTXeQcieV. [4] UeSRUWV Whe bUighWQeVV WePSeUaWXUe e[SecWed
fURP a flaUe aQd Whe PaiQ ePiVViRQ PechaQiVP iQYRlYed, deSeQdiQg RQ Whe ZaYeleQgWh UaQge: iQ Whe
PP-P UaQge fURP 10

6 WR 10
10 K PaiQl\ fURP g\URV\QchURWURQ UadiaWiRQ; iQ Whe cP-dP UaQge XS WR

10
15 K fURP c\clRWURQ PaVeU; iQ Whe dP-kP UaQge XS WR 10

17 K fURP SlaVPa UadiaWiRQ. HRZeYeU, WhiV
YeU\ VWURQg aQd SRiQW-like ePiVViRQ iV dilXWed iQ Whe UadiR beaP Rf UelaWiYel\ lRZ-VSaWial UeVRlXWiRQ
iQVWUXPeQWV (Vee [32]).

AVide fURP Whe SUeYiRXV ePiVViRQ cRPSRQeQWV, [13] VWXdied Whe VePi-acWiYe feaWXUe, aQ acWiYiW\
SUeVeQW iQ Whe UadiR dRPaiQ eYeQ ZheQ Whe SXQ aSSeaUV RVWeQVibl\ TXieW aW 37 GH]. IQ Whe VWXd\, Whe\
RbVeUYed dXUiQg Whe VRlaU PiQiPXP, ZheQ Whe ARV ZeUe QRW SUeVeQW iQ Whe diVk. The VePi-acWiYe
feaWXUe ZeUe fRXQd WR haYe, aW Pa[iPXP, aQ e[ceVV abRYe Whe QS leYel Rf 250 K, aQd fRU alPRVW
eYeU\ VRXUceV, Whe\ fRXQd a cRXQWeUSaUW iQ Whe EUV daWa. IQ [32] ViPilaU Uich QeWZRUk VWUXcWXUeV ZeUe
deWecWed aW 18-26 GH] RQ PXch laUgeU VcaleV Rf a W\Sical AR, Zhich ZeUe cRQVideUed cRPSaWible ZiWh
Whe VePi-acWiYe feaWXUe deVcUibed b\ [13].

IQ RUdeU WR RbWaiQ YalXable iQfRUPaWiRQ RQ Whe VWUXcWXUe Rf Whe VRlaU aWPRVSheUe abRYe Whe WePSeUa-
WXUe PiQiPXP ZiWh Whe UadiR daWa, WheUe iV Whe Qeed Rf Ueliable abVRlXWe PeaVXUePeQWV Rf Whe bUighWQeVV
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WePSeUaWXUe. SiQgle-diVh UadiR iPagiQg ([38], [32]) UeSUeVeQWV Whe PRVW VXiWable WechQiTXe WR SeUfRUP
accXUaWel\ calibUaWed RbVeUYaWiRQV, dXe WR iQheUeQW difficXlWieV WR calibUaWe VRlaU iQWeUfeURPeWUic iPageV.
We SURYided a caWalRg Rf UadiR cRQWiQXXP VRlaU iPagiQg RbVeUYaWiRQV ZiWh MediciQa 32-P aQd SRT
64-P ViQgle-diVh UadiR WeleVcRSeV, iQclXdiQg Whe PXlWi-ZaYeleQgWh ideQWificaWiRQ Rf acWiYe UegiRQV,
WheiU bUighWQeVV aQd VSecWUal chaUacWeUi]aWiRQ iQ [32]. ThiV iQWeUQal UeSRUW deVcUibeV iQ deWail Whe VRlaU
abVRlXWe calibUaWiRQ SURcedXUe XVed iQ Whe aUWicle.

IQ Vec 2 Ze illXVWUaWe Whe iQVWUXPeQWal VeW-XS Qeeded WR SeUfRUP VRlaU RbVeUYaWiRQV ZiWh Whe UadiRWe-
leVcRSeV, Whe VRfWZaUe iPSlePeQWed fRU Whe aQal\ViV aQd Whe daWa acTXiUed. IQ Vec 3 Ze deVcUibe Whe
diffeUeQW PeWhRdV XVed WR calibUaWe RXU PaSV, iQ SaUWicXlaU Whe abVRlXWe calibUaWiRQ WechQiTXe. ThiV
PeWhRd e[SlRiWV Whe SXSeUQRYa RePQaQW CaVViRSeia A aV aQ e[WeUQal calibUaWiRQ VRXUce aV e[SlaiQed iQ
PRUe deWailV iQ Vec 4. IQ Whe VaPe VecWiRQ Ze UeSRUW Whe QXieW SXQ calibUaWed PeaVXUePeQWV RbWaiQed
afWeU Whe iPSlePeQWaWiRQ Rf Whe SURcedXUe. The Vec 5 iV fRcXVed RQ Whe aQal\ViV Rf Whe PRVW iPSRUWaQW
eUURU VRXUceV Ze eQcRXQWeUed iQ Whe abVRlXWe calibUaWiRQ SURcedXUe. IQ Vec 6 Ze giYe a deVcUiSWiRQ
Rf Whe XQXVXal aQd XQe[SecWed chaQgeV iQ Whe QXieW SXQ abVRlXWe calibUaWiRQ calcXlaWiRQV RbWaiQed
fURP Whe begiQQiQg Rf 2021 aQd iQYeVWigaWe WheiU SRVVible RUigiQV. FiQall\, iQ Vec 7 Ze SUeVeQWV RXU
cRQclXViRQV aQd SlaQV fRU fXWXUe RbVeUYaWiRQV.

2 SRlaU IPage PURdXcWiRQ
2.1 IQVWUXPeQWal SeW-XS

IQ RUdeU WR SeUfRUP Whe VRlaU UadiR RbVeUYaWiRQV, Ze XVed WZR ViQgle-diVh aQWeQQaV fURP Whe INAF
UadiR WeleVcRSeV QeWZRUk2: Whe 64-P SaUdiQia RadiR TeleVcRSe (SRT) [36] aQd Whe 32-P aQWeQQa aW
MediciQa. The SRT iV alVR RSeUaWed b\ Whe ASI fRU VSacecUafW WUackiQg aQd VSace VcieQce (SaUdiQia
DeeS SSace AQWeQQa, SDSA [7]). The VRlaU PaSV ZeUe acTXiUed WhURXgh OQ-Whe-Fl\ (OTF) VcaQV. ThiV
RbVeUYiQg PRde diffeUV fURP RaVWeU VcaQV ViQce Whe daWa acTXiViWiRQ iV cRQWiQXRXVl\ RQgRiQg Zhile Whe
aQWeQQa SeUfRUPV cRQVWaQW-VSeed VcaQV acURVV Whe Vk\, iQVWead Rf WUackiQg iQdiYidXal SRiQWV. UVXall\, iW
SURdXceV alWeUQaWiYel\ PaSV alRQg Whe RighW AVceQViRQ (RA) aQd DecliQaWiRQ (Dec) diUecWiRQV ([36]). .

BRWh Whe SRT aQd Whe MediciQa RadiR TeleVcRSe ZeUe QRW iQiWiall\ deVigQed WR SeUfRUP VRlaU
iPage RbVeUYaWiRQV, WheUefRUe, fURP 2018 Whe WeaP haV VWaUWed deYelRSiQg aQ iPagiQg cRQfigXUaWiRQV
fRU VRlaU RbVeUYaWiRQV ZiWh bRWh iQVWUXPeQWV iQ Whe 18±26 GH] fUeTXeQc\ UaQge (SXQDiVh SURjecW3,
iQ cRllabRUaWiRQ ZiWh INAF aQd ASI; [33]; [9]; [35], [32]). FRU RXU daWa Ze XVed Whe cU\RgeQic dXal-

2?iiTb,ffrrrX`�/BQi2H2b+QT2bXBM�7XBi
3?iiTb,ffbBi2bX;QQ;H2X+QKfBM�7XBifbmM/Bb?.
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SRlaUiVaWiRQ 7-beaP K-baQd UeceiYeU (18í26.5 GH], GUegRUiaQ fRcXV; [43], [29], [42], [41], [26], [19],
[25]). The UadiR VigQal iV SURceVVed WhURXgh Whe SARDARA V\VWeP, a fXll-VWRkeV VSecWUal-SRlaUiPeWUic
ROACH2-baVed back-eQd ZiWh 1.5 GH] baQdZidWh ([23]).

IQ K-baQd, Whe VRlaU bUighWQeVV iV RYeU WhUee RUdeUV Rf PagQiWXde higheU WhaQ W\Sical UadiR-
aVWURQRPical calibUaWiRQ VRXUceV (⇠ 5000 J\/aUcPiQ2 ). The iPSlePeQWaWiRQ Rf YaUiable aWWeQXaWRUV
fRU addiWiRQal VigQal aWWeQXaWiRQ, iQclXded iQ Whe UeceiYeUV¶ aPSlificaWiRQ chaiQ, ZaV cUXcial WR aYRid
elecWURQic VaWXUaWiRQ iQ VigQal UeVSRQVe aQd SRVVible iQVWUXPeQWal daPage.

The e[SeUiPeQWal VRlaU RbVeUYaWiRQV, WakeQ RQ abRXW Zeekl\ baViV iQ Whe laVW \eaUV, haYe helSed WR
eVWabliVh Whe IWaliaQ UadiR WeleVcRSe QeWZRUk aV a QRQ-dedicaWed VRlaU iPagiQg faciliW\. IQ Whe begiQQiQg
Rf 2022 Whe fiUVW aUWicle fURP Whe SXQDiVh WeaP ZaV SXbliVhed iQ SRlaU Ph\VicV ([32]), iQ Zhich Whe
iPSlePeQWaWiRQ Rf Whe iQVWUXPeQWal cRQfigXUaWiRQV fRU UadiR-cRQWiQXXP VRlaU iPagiQg aQd Whe RbVeUYiQg
WechQiTXeV adRSWed fRU Whe VRlaU RbVeUYaWiRQV iV deVcUibed iQ deWail.

2.2 DaWa PURceVViQg MeWhRd

IQ RUdeU WR SURdXce RXU iPageV Ze XVed Whe SRT SiQgle-DiVh IPageU (SDI), aQ IDL (IQWeUacWiYe DaWa
LaQgXage4) WRRl deVigQed WR SeUfRUP cRQWiQXXP aQd VSecWUR-SRlaUiPeWUic iPagiQg fRU PRVW UeceiYeUV
back-eQdV aYailable fRU INAF UadiR WeleVcRSeV (Vee deWailV aQd aSSlicaWiRQV iQ [5], [19], [33], [21], [18],
[20] aQd [32]). The RXWSXW fileV aUe geQeUaWed aV FITS iPageV, Zhich aUe VXiWed WR be fXUWheU aQal\]ed
ZiWh VWaQdaUd aVWURQRP\ WRRlV.

SDI SeUfRUPV aQ aXWRPaWed baVeliQe VXbWUacWiRQ Rf UadiR backgURXQd VcaQ b\ VcaQ, XViQg diffeUeQW
PeWhRdV adaSWed WR each VSecific iPagiQg WaUgeW (Vee [5, 19, 18]). FRU Whe VRlaU PaSV Ze adRSWed a
ViPSle \eW URbXVW PeWhRd: a liQeaU aSSUR[iPaWiRQ Rf Whe baVeliQe WakeQ b\ cRQQecWiQg Whe PiQiPXP
YalXeV aW Whe begiQQiQg aQd aW Whe eQd Rf Whe VcaQ. FRU CaV A iQVWead Ze XVed a PRUe VRShiVWicaWed
baVeliQe VXbWUacWiRQ PeWhRd dXe WR Whe lRZeU VRXUce VigQal (Vee e.g. [5], [19])

The K-baQd iV iQflXeQced b\ a feZ RFI, hRZeYeU Whe Vk\ RSaciW\ WakeV aQ iPSRUWaQW URle iQ
Whe fiQal TXaliW\ Rf Whe PaSV. The RSaciW\ caQ caPe fURP diffeUeQW VRXUceV: Whe IRQRVSheUe, Whe
TURSRVSheUe, WUaQVieQW eYeQWV VXch aV clRXdV aQd fRg [24]. EYeQ ZiWhRXW clRXdV aQd UaiQ, Whe abVRUSWiRQ
aQd Ue-ePiVViRQ Rf PicURZaYe UadiaWiRQ iV VigQificaQW abRYe 20 GH], ZiWh a Seak aW 22.235 GH] iQ
cRUUeVSRQdeQce WR Whe ZaWeU YaSRU abVRUSWiRQ liQe [46].

SRT iV eTXiSSed ZiWh aQ aWPRVSheUic PRQiWRUiQg aQd fRUecaVWiQg V\VWeP [2] PaiQl\ cRPSRVed Rf a
lRcal aUea PRdel baVed RQ Whe WeaWheU ReVeaUch aQd FRUecaVWiQg MRdel5 aQd a PicURZaYe UadiRPeWeU.

4?iiTb,ffrrrXHj?�``Bb;2QbT�iB�HX+QKfaQ7ir�`2@h2+?MQHQ;vfA.G
5hWWSV://ZZZ.PPP.XcaU.edX/ZeaWheU-UeVeaUch-aQd-fRUecaVWiQg-PRdel
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The fiUVW RQe giYeV Whe aWPRVSheUe aQd ZeaWheU fRUecaVW eYeU\ 3 hRXUV VWaUWiQg fURP 00:00 UT XS WR
48 hRXUV iQ adYaQce. The laWWeU, SURYideV Ueal-WiPe UadiRPeWeU daWa aW diffeUeQW WiPe iQWeUYalV fURP 1
WR 100 GH]. FRU RXU calcXlaWiRQV Ze decided WR XVe Whe YalXeV fURP Whe UadiRPeWeU, becaXVe eYeQ if
Whe WheRUeWical PRdel giYeV YalXeV aW a PRUe SUeciVe fUeTXeQc\, Whe daWa aUe chaUacWeUi]ed b\ a laUge
baQdZidWh, WheUefRUe Ze gaYe SUiRUiW\ WR a YalXe ZiWh a PRUe SUeciVe WiPe iQWeUYal. The RQl\ e[ceSWiRQ
ZaV Whe 29/10/2020 daWa ViQce Whe UadiRPeWeU ZaV PalfXQcWiRQiQg. We XVed a QRUPali]ed gaiQ cXUYe
ZiWh a t facWRU WR cRUUecW Whe UaZ cRXQWV befRUe Whe calibUaWiRQ SURcedXUe aQd Wake iQWR accRXQW QRW
RQl\ Whe gaiQ lRVV dXe WR WaUgeW eleYaWiRQ, bXW alVR Whe ZeaWheU cRQdiWiRQV.

TR cURVV check Whe daWa aQd Whe UeVXlWV, Ze XVed a QeZ P\WhRQ Sackage YeUViRQ deVigQed fRU
Whe TXicklRRk, iPagiQg aQd aQal\ViV Rf ViQgle-diVh UadiR daWa ZiWh SRT, called SRT SiQgle DiVh
TRRlV (SDT, alVR SXblicl\ aYailable fRU daWa SURceVViQg6) aQd SUNDARA (SUNDiVh AcWiYe RegiRQ
AQal\VeU), a P\WhRQ Package aiPed aW Whe aXWRPaWic daWa aQal\ViV Rf VRlaU iPageV SURceVVed b\ SDI
aQd/RU SDT [22], [20]

2.3 ObVeUYiQg DaWa

We SeUfRUPed VeYeUal RbVeUYiQg VeVViRQ WeVWV aQd RbWaiQed Whe PaSV Rf Whe SXQ aQd CaV A ZiWh SRT
(Vee Fig 1) liVWed iQ Tab. 1 aQd Tab. 2 aW WhUee diffeUeQW ceQWUal fUeTXeQcieV: 18.8, 24.7 aQd 25.5 GH].

FigXUe 1: E[aPSle Rf a SXQ aQd a CaV A iPageV acTXiUed ZiWh SRT aW 18.8 GH] RQ 09/10/2019.

6?iiTb,ffb`i@bBM;H2@/Bb?@iQQHbX`2�/i?2/Q+bXBQf2MfH�i2bif
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Table 1: LiVW Rf Whe VRlaU PaSV acTXiUed ZiWh SRT aQal\Ved iQ WhiV ZRUk

ESRch TiPe FUeT
(DD/MM/YYYY) (UT) (GH])

29/10/2020 10:17-12:01 18.8
09/10/2019 11:46-13:30 18.8
09/10/2019 09:14-10:58 24.7
17/05/2019 08:40-10:24 25.5
17/05/2019 10:25-12:10 25.5

Table 2: LiVW Rf Whe CaV A PaSV acTXiUed ZiWh SRT aQal\Ved iQ WhiV ZRUk

ESRch TiPe FUeT
(DD/MM/YYYY) (UT) (GH])

29/10/2020 12:07-12:56 18.8
29/10/2019 13:21-13:59 18.8
09/10/2019 13:40-14:37 18.8
09/10/2019 14:41-15:40 24.7
17/05/2019 13:03-14:08 25.5

We SeUfRUPed aQRWheU VeVViRQ RQ 28/01/2020, bXW Whe PaSV VhRZed VRPe kiQd Rf XQe[SecWed eUURU
iQ Whe V\QchURQi]aWiRQ Rf Whe celeVWial cRRUdiQaWeV fRU VRPe Si[elV (Fig 2)

FigXUe 2: S\QchURQi]aWiRQ SURblePV Rf Whe celeVWial cRRUdiQaWe fRU VRPe Si[elV RXWVide Whe PaS
bRXQdaUieV iQ a CaV A iPage acTXiUed RQ Whe 28/01/2020 aW 18.8 Gh].
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3 SRlaU IPage CalibUaWiRQ
The UaZ iPageV acTXiUed ZiWh Whe INAF UadiR WeleVcRSe aUe RbWaiQed iQ cRXQWV, aQ elecWURQic PeaVXUe-
PeQWV giYeQ b\ Whe back-eQd iQ XVe SURSRUWiRQal WR Whe flX[ deQViW\. IQ RUdeU WR RbWaiQ a PaS e[SUeVVed
iQ a Sh\Vical TXaQWiW\ (flX[ deQViW\ RU bUighWQeVV WePSeUaWXUe), WheUe iV Whe Qeed WR RbVeUYe a calibUaWiRQ
VRXUce ± a celeVWial RbjecW ZiWh a flX[ deQViW\, RU bUighWQeVV WePSeUaWXUe, Zell kQRZQ aQd VWXdied iQ
Whe liWeUaWXUe ± WR calcXlaWe Whe cRQYeUViRQ facWRU fURP cRXQWV WR a Sh\Vical XQiW Rf PeaVXUePeQWV. ThiV
facWRU iV RbWaiQed b\ cRPSaUiQg Whe UaZ cRXQWV Rf Whe calibUaWiRQ VRXUceV ZiWh Whe WheRUeWical flX[, aQd
iW iV calcXlaWed fRU each RbVeUYiQg VeVViRQ ViQce Whe cRXQWV YalXe deSeQdV RQ YaUiRXV facWRUV (e.g. Whe
aWWeQXaWiRQ VeW XS, Whe Vk\ RSaciW\, RU Whe PeWeRURlRgical cRQdiWiRQV).

APRQg diffeUeQW WechQiTXeV aQd VRXUceV XVed WR SeUfRUP Whe calibUaWiRQ SURcedXUe, Ze XVed WZR
diffeUeQW aSSURacheV: Whe VR-called Velf aQd Whe abVRlXWe calibUaWiRQ. The fiUVW PeWhRd cRPSaUeV Whe
aYeUage UaZ cRXQWV iQ Whe iPage fURP Whe QS ZiWh liWeUaWXUe daWa aQd SXbliVhed bUighWQeVV iQfRUPaWiRQ.
The laWWeU, e[SlRiWV aQ e[WeUQal VRXUce fRU Whe cRPSaUiVRQ. The iQVWUXPeQWal VeWXS fRU VRlaU RbVeUYaWiRQV
UeTXiUeV VeYeUal addiWiRQal VigQal aWWeQXaWiRQ cRPSaUed WR QRQ-VRlaU UadiR WeleVcRSe RSeUaWiRQV (Vee
Vec 2.1). FRU WhiV UeaVRQ Whe VWaQdaUd calibUaWRUV ([34]) aUe QRW Whe ideal VRXUce, ViQce WheiU flX[ iV
W\Sicall\ lRZ. TheUefRUe, iQ RUdeU WR RbWaiQ accXUaWe PeaVXUePeQWV ZiWh Whe abVRlXWe calibUaWiRQ, Ze
iPSlePeQWed a QeZ SURcedXUe XViQg Whe \RXQg aQd VWURQg VXSeUQRYa UePQaQW (SNR) CaVViRSeia A
(CaV A). CRPSaUed WR Whe VWaQdaUd calibUaWRUV, Zhich aUe VWable SRiQW like VRXUceV, CaV A iV e[WeQded
aW RXU fUeTXeQcieV Rf iQWeUeVWV aQd iW iV VWill e[SaQdiQg aQd chaQgiQg. HRZeYeU iWV eYRlXWiRQ iV Zell
VWXdied iQ liWeUaWXUe (Vee e.g. [44]), WheUefRUe eaVil\ WR SUedicW.

3.1 Self CalibUaWiRQ

AV Vaid iQ Whe SUeYiRXV SaUagUaSh, a SRVVible Za\ WR calcXlaWe Whe cRXQW-WR-KelYiQ cRQYeUViRQ facWRU iV
Whe Velf-calibUaWiRQ PeWhRd. IQ RUdeU WR accXUaWe eVWiPaWe Whe aYeUage cRXQWV fURP Whe QS Ze XVed a
GaXVViaQ fiW Rf Whe iPage hiVWRgUaP (cRXQWV diVWUibXWiRQ aPRQg Si[elV) e[WUaSRlaWed fURP Whe VRlaU
PaSV aV Whe e[aPSle UeSRUWed iQ Fig. 3. IQ VRPe caVeV a JRhQVRQ¶V SU-diVWUibXWiRQ [11, 10] ZRXld
SURYideV a beWWeU fiW Rf Whe QS bUighWQeVV diVWUibXWiRQ ZiWh UeVSecW WR Whe GaXVViaQ VhaSe, hRZeYeU
WhiV laWWeU aSSUR[iPaWiRQ dReV QRW VigQificaQWl\ affecW Whe calibUaWiRQ SURceVV [32]. We calcXlaWed
a Qegligible eUURU Rf 0.02% iQ Whe eVWiPaWiRQ Rf Whe aYeUage QS cRXQWV. TheUefRUe, Ze adRSWed Whe
GaXVViaQ fiW iQ RXU daWa SURceVViQg SiSeliQe fRU Whe eQWiUe daWa VeW fRU ViPSliciW\.

FRU WhiV calibUaWiRQ PeWhRd RXU bUighWQeVV UefeUeQce fURP Whe liWeUaWXUe cRPeV fURP [16]. ThiV ZRUk
RbVeUYed a bUeak iQ Whe VSecWUXP aW abRXW 10 GH], Zhich cRUUeVSRQdV WR a bUighWQeVV WePSeUaWXUe Rf
abRXW 12,000 K UefeUUed WR Whe ceQWeU Rf Whe VRlaU diVk. The\ RbWaiQed a VSecWUal fiW (c2 = 0.032) fRU
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FigXUe 3: LefW SaQel: TRWal iQWeQViW\ PaS Rf Whe VRlaU diVk aW 18.3 GH] acTXiUed ZiWh Whe MediciQa
RadiR TeleVcRSe RQ 23-JXQ-2018. RighW SaQel: hiVWRgUaP Rf bUighWQeVV diVWUibXWiRQ aPRQg Si[elV Rf
Whe VRlaU PaS aQd eVWiPaWiRQ Rf Whe aYeUage cRXQWV fURP Whe QS XViQg a GaXVViaQ fiW (RUaQge liQe)
(cUediWV [32]).

fUeTXeQcieV abRYe 10 GH] chaUacWeUi]ed b\ a lRgaUiWhPic liQeaU UelaWiRQ beWZeeQ Whe bUighWQeVV (Tb, iQ
XQiWV Rf KelYiQ) aQd Whe fUeTXeQc\ (n, iQ XQiWV Rf H]):

log10(Tb) = a + b ⇥ log10(n) (1)

ZheUe a = 6.43 aQd b = �0.236. [16] dR QRW SURYide a fiW eUURU eVWiPaWe, bXW Whe PeaVXUePeQWV
XVed iQ WheiU PRdel aUe W\Sicall\ affecWed b\ ⇠ 5% eUURUV iQ Whe 10-20 GH] UaQge aQd a PXch laUgeU
PeaVXUePeQWV VSUead iV SUeVeQW abRYe 30 GH].

AlWhRXgh Whe Velf calibUaWiRQ iV a Ueliable PeWhRd WR RbWaiQ Whe QS YalXe, iW iV ZRUWh QRWiQg WhaW
WheUe iV a lack Rf calibUaWed PeaVXUePeQWV iQ liWeUaWXUe iQ Whe 18-30 GH] UaQge iQ [16].

3.2 AbVRlXWe SRlaU CalibUaWiRQ TechQiTXeV

AV PeQWiRQed SUeYiRXVl\, Whe abVRlXWe calibUaWiRQ SURcedXUe e[SlRiWV aQ e[WeUQal VRXUce iQ RUdeU WR
fiQd Whe cRQYeUViRQ facWRU fURP cRXQWV WR J\ (RU K). IQ VRPe caVeV, Whe MRRQ haV beeQ chRVeQ aV Whe
calibUaWiRQ VRXUce: iQ Whe ZRUk Rf [39] Whe bUighWQeVV WePSeUaWXUe Rf Whe QS aQd ARV ZeUe calibUaWed
agaiQVW RbVeUYaWiRQV Rf Whe QeZ MRRQ b\ XViQg Whe YalXeV fURP [17]. AlVR iQ Whe ZRUk Rf [6] Whe QeZ
MRRQ bUighWQeVV VSecWUXP ZaV XVed WR calibUaWe Whe RbVeUYaWiRQV.

The 18-26 GH] UaQge haV feZ e[WeUQal iQfeUeQceV Zhile Whe Vk\ RSaciW\ Sla\V a fXQdaPeQWal SaUW
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FigXUe 3: LefW SaQel: TRWal iQWeQViW\ PaS Rf Whe VRlaU diVk aW 18.3 GH] acTXiUed ZiWh Whe MediciQa
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(cUediWV [32]).
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XQiWV Rf KelYiQ) aQd Whe fUeTXeQc\ (n, iQ XQiWV Rf H]):

log10(Tb) = a + b ⇥ log10(n) (1)

ZheUe a = 6.43 aQd b = �0.236. [16] dR QRW SURYide a fiW eUURU eVWiPaWe, bXW Whe PeaVXUePeQWV
XVed iQ WheiU PRdel aUe W\Sicall\ affecWed b\ ⇠ 5% eUURUV iQ Whe 10-20 GH] UaQge aQd a PXch laUgeU
PeaVXUePeQWV VSUead iV SUeVeQW abRYe 30 GH].

AlWhRXgh Whe Velf calibUaWiRQ iV a Ueliable PeWhRd WR RbWaiQ Whe QS YalXe, iW iV ZRUWh QRWiQg WhaW
WheUe iV a lack Rf calibUaWed PeaVXUePeQWV iQ liWeUaWXUe iQ Whe 18-30 GH] UaQge iQ [16].

3.2 AbVRlXWe SRlaU CalibUaWiRQ TechQiTXeV

AV PeQWiRQed SUeYiRXVl\, Whe abVRlXWe calibUaWiRQ SURcedXUe e[SlRiWV aQ e[WeUQal VRXUce iQ RUdeU WR
fiQd Whe cRQYeUViRQ facWRU fURP cRXQWV WR J\ (RU K). IQ VRPe caVeV, Whe MRRQ haV beeQ chRVeQ aV Whe
calibUaWiRQ VRXUce: iQ Whe ZRUk Rf [39] Whe bUighWQeVV WePSeUaWXUe Rf Whe QS aQd ARV ZeUe calibUaWed
agaiQVW RbVeUYaWiRQV Rf Whe QeZ MRRQ b\ XViQg Whe YalXeV fURP [17]. AlVR iQ Whe ZRUk Rf [6] Whe QeZ
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iQ Whe iPage fiQal TXaliW\ [2]. AQ ideal calibUaWiRQ VRXUce VhRXld be VXbjecWed WR ViPilaU Vk\ RSaciW\
cRQdiWiRQ aV Whe PaiQ VRXUce, iQ RUdeU WR PiQiPi]e Whe eUURU dXe WR Whe RSaciW\ t. The NeZ MRRQ cRXld
haYe beeQ a SRVVible calibUaWiRQ VRXUce, hRZeYeU iW ZaV QRW eaV\ WR PeeW VXiWable YiVibiliW\ cRQdiWiRQV Rf
Whe SXQ aQd Whe MRRQ fRU RXU RbVeUYiQg VeVViRQV. AccRUdiQgl\, Ze VeaUched fRU a bUighW celeVWial RbjecW
YiVible dXUiQg Whe VRlaU VeVViRQV Zhich cRXld be RbVeUYed ZiWh Whe VaPe VRlaU aWWeQXaWiRQ cRQfigXUaWiRQ
Zhile SUeVeUYiQg a liQeaU d\QaPic UaQge. AV Ze e[clXded WhaW Whe VWaQdaUd SRiQW-like VRXUceV caQ
fXlfill WhiV UeTXiUePeQW, Ze adRSWed Whe SNR CaV A (Fig 1 UighW SaQel) fRU RXU VRlaU RbVeUYaWiRQV.

ThiV VRXUce iV a \RXQg SNR, fiUVW diVcRYeUed b\ Whe BUiWiVh aVWURQRPeUV SiU MaUWiQ R\le aQd
GUahaP SPiWh iQ 1948 ([3]), SURbabl\ cRPiQg fURP a SXSeUQRYa VeeQ iQ 1670 ([47]). IW iV RQe Rf Whe
beVW VWXdied UePQaQW, Zhich UeSUeVeQWV a Ueach labRUaWRU\ fRU iQYeVWigaWiQg Whe eaUl\ eYRlXWiRQaU\ ShaVe
Rf SNRV. SeYeUal SaSeUV haYe beeQ Pade iQ RUdeU WR VWXd\, fRU e[aPSle, iWV PRUShRlRg\, e[SaQViRQ
UaWe, SNe±SNRV cRQQecWiRQ, aQd 3D VWUXcWXUe chaUacWeUi]aWiRQ (Vee [30] aQd cRUUelaWed SaSeUV).

ThiV SNR SUeVeQWV VeYeUal adYaQWageV aV a UadiR calibUaWRU. FiUVW Rf all, iW iV a VWURQg UadiR VRXUce
ZiWh a flX[ XS WR 10

3 J\ iQ Whe PicURZaYe dRPaiQ aQd cRPSaUable WR Whe UadiR flX[ Rf Whe QS aW PeWeU
ZaYeleQgWhV ([3]). IQ K-baQd Whe e[WUaSRlaWed flX[ fURP Whe [44] fiW iQdicaWeV a flX[ UaQge fURP 249 WR
198 J\ aW Whe begiQQiQg Rf 2020 eSRch ZiWh a VSecWUal iQde[ Rf a = �0.71. MRUeRYeU, iW iV ciUcXPSRlaU
aW Whe SRT aQd MediciQa UadiR WeleVcRSeV laWiWXdeV, WheUefRUe Ze caQ acTXiUe Whe daWa fURP bRWh Whe
SXQ aQd Whe calibUaWRU dXUiQg Whe VaPe RbVeUYiQg VeVViRQ. IQ K-baQd, CaV A haV a alPRVW ciUcXlaU VhaSe
ZiWh a UadiXV Rf abRXW 5 aUcPiQ.

4 QXieW-SXQ BUighWQeVV EVWiPaWiRQ
The XVe Rf Whe e[WeQded SNR CaV A aV a VRlaU calibUaWRU iV a QeZ PeWhRd iQWURdXced fRU Whe fiUVW b\
RXU gURXS [32]. We fiUVW calibUaWed Whe QS Rf each PaSV aW Whe diffeUeQW fUeTXeQcieV aQd cRPSaUe RXU
UeVXlWV ZiWh Whe YalXe fURP [16] iQ RUdeU WR YeUif\ iWV WUXVWZRUWhiQeVV.

4.1 DaWa AQal\ViV

We XVed Whe iPagiQg WRRl SDI aQd SaiUed Whe calibUaWRUV aQd SXQ PaSV aW Whe VaPe fUeTXeQcieV aQd
eSRch. FRU e[aPSle, RQ Whe 29/10/2020 Ze haYe WZR CaV A PaSV aW 18.8 GH] aQd RQe VRlaU PaS aW Whe
VaPe fUeTXeQc\. We RbWaiQed WZR diffeUeQW YalXeV Rf QS XViQg Whe WZR calibUaWRU PaSV RQ Whe VaPe
VRlaU iPage. IQ Whe RSSRViWe caVe, e.g. RQ Whe 17/05/2019, Ze haYe WZR VRlaU PaSV aQd RQl\ RQe CaV
A iPage. We agaiQ, RbWaiQed WZR diffeUeQW YalXeV fRU Whe QS b\ SaiUiQg Whe calibUaWRU PaS ZiWh Whe
WZR diffeUeQW WaUgeW iPageV. The VWeSV Qeeded WR RbWaiQed Whe YalXe Rf Whe calibUaWed QS ZiWh Whe SDI
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SiSeliQe aUe Whe fRllRZiQg:

� geQeUaWe a CaV A TXicklRRk PaS b\ e[ecXWiQg Whe cRPPaQd b/n[H;

� e[WUaSRlaWe Whe WRWal cRXQWV fURP Whe lefW aQd UighW ciUcXlaU SRlaUi]ed iPageV Rf CaV A ZiWh Whe
SURgUaP SAOIPageDS9. OQe PXVW XVe Whe VaPe e[WUacWiQg UegiRQ fRU bRWh chaQQelV iQ RUdeU WR
RbWaiQ a cRheUeQW UeVXlW. IQ RUdeU WR RbWaiQ cRheUeQW PeaVXUePeQWV RQ Whe QS YalXeV, Ze decided
WR XVe VWaQdaUd e[WUacWiQg UegiRQV deSeQdiQg RQ Whe fUeTXeQc\, Zhich aUe UeSRUWed iQ Tab. 3;

� SURdXce a SXQ TXicklRRk PaS b\ e[ecXWiQg Whe cRPPaQd b/nbmMn[H;

� ZiWhRXW PRYiQg Whe file fURP Whe ZRUkiQg diUecWRU\, Whe XVeU VhRXld UXQ Whe cRPPaQd X`
b/nbmMn�#b+�Hna�`�JXT`Q;

� RQce cRPSiled, Whe XVeU caQ laXQch Whe SURgUaP b/nbmMn�#b+�Hna�`�J- +n7`2[- +QmMibny-
+QmMibnR- 2TQ+?- *�b�nTBt2H, ZheUe c_fUeT iV Whe ceQWUal RbVeUYiQg fUeTXeQc\ e[SUeVVed iQ
GH], cRXQWV_0 aQd cRXQWV_1 aUe, UeVSecWiYel\, Whe CaV A WRWal cRXQWV e[WUaSRlaWed fURP Whe lefW
aQd UighW ciUcXlaU SRlaUi]aWiRQ iPage, eSRch UefeUV WR Whe e[acW WiPe aW Zhich Whe RbVeUYiQg VeVViRQ
haV WakeQ Slace, aQd fiQall\ CaVA_SL[eO iV Whe diPeQViRQ Rf Whe CaV A PaS Si[el e[SUeVVed
iQ aUcPiQ. IW iV iPSRUWaQW WR QRWe WhaW Whe SURgUaP WakeV iQWR accRXQW Whe PRVW UeceQW iQSXW
SaUaPeWeUV file XSlRaded ZiWh Whe cRPPaQd b/nBMBi- ǶBMTmiT�`bn}H2Ƕ;

� if Whe SURcedXUe haV beeQ e[ecXWed cRUUecWl\, Whe QS YalXe fRU Whe lefW aQd UighW ciUcXlaU SRlaUi]a-
WiRQV, aQd Whe WRWal iQWeQViW\ Zill be SUiQWed iQ Whe WeUPiQal.

If Whe XVeUV ZaQW WR XSlRad a QeZ iQSXWSaUV_file, Whe\ VhRXld UXQ agaiQ Whe b/nBMBi- ǶBMTmiT�`bn}H2Ƕ
cRPPaQd aQd cRPSiled agaiQ Whe SURgUaP b/nbmMn�#b+�Hna�`�JXT`Q.

TR RbWaiQ Whe calibUaWed PaS iQ XQiWV Rf bUighWQeVV WePSeUaWXUe (Tb i), iW VhRXld be WakeQ iQWR
accRXQW WhaW iQ K-baQd Whe SNR CaV A aSSeaUV aV aQ e[WeQded VRXUce, VR Whe abVRlXWe calibUaWiRQ
SURcedXUe XWili]eV VlighWl\ diffeUeQW eTXaWiRQV cRPSaUed WR a PRUe WUadiWiRQal SURcedXUe ZiWh a SRiQW-
like calibUaWiRQ VRXUce. The fiQal e[SUeVViRQ ZUiWWeQ iQ RXU SiSeliQe (ET 9) iV QRW aQ iQWXiWiYe fRUPXla,
WheUefRUe iQ Whe fRllRZiQg iWV PaWhePaWical deUiYaWiRQ iV deVcUibed. The PaSV aUe SURdXced iQ cRXQWV
SeU beaP aV a defaXlW YalXe. HRZeYeU, fURP a VcieQWific SRiQW Rf YieZ Ze aUe PRUe iQWeUeVWed iQ a PaS
e[SUeVVed iQ cRXQWV SeU Si[el, VR WR haYe, afWeU Whe calibUaWiRQ, Whe SUeciVe flX[ cRQWaiQed iQ each PaS
Si[el. The SaVVage fURP Whe WZR XQiW Rf PeaVXUePeQWV iQYRlYeV Whe UaWiR beWZeeQ Whe beaP VRlid aQgle
(Wbm) aQd Whe Si[el VRlid aQgle Rf Whe PaS (Wpix):

Cpix
i =

Wpix

Wbm
Cbm

i (2)
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ZheUe Ci iV Whe VRXUce cRXQWV fRU each Si[el i iQ Whe iPage aQd SL[ RU bP iQdicaWe if Whe cRXQWV aUe
e[SUeVVed RYeU a Si[el RU RYeU a beaP. FURP ET. 2 iW caQ be VeeQ WhaW Âi Cbm

i 6= Âi Cpix
i . TheVe

UelaWiRQV aUe Yalid fRU bRWh CaV A aQd Whe SXQ.

CCApix
i =

WCA
pix

Wbm
CCAbm

i (3)

CSUNpix
i =

WSUN
pix

Wbm
CSUNbm

i (4)

ZheUe CA aQd SUN UefeU WR Whe CaV A aQd SXQ TXaQWiWieV.
We RbWaiQ Whe flX[ (J\) cRQWaiQed iQ each Si[el Rf a SXQ PaS (SSUN

i ) b\ PXlWiSl\iQg each Si[el
cRXQWV ZiWh Whe cRQYeUViRQ facWRU (f ), defiQed aV Whe UaWiR beWZeeQ Whe WRWal CaV A flX[ fURP Whe
liWeUaWXUe (SCA

tot ) aQd Whe Whe CaV A WRWal cRXQWV e[SUeVVed SeU Si[el (CCApix
tot )

SSUN
i = f CSUNpix

i =
SCA

tot

CCApix
tot

CSUNpix
i (5)

If Ze e[SUeVV agaiQ Whe cRXQWV SeU Si[el iQ cRXQWV SeU beaP b\ XViQg ET 4, Ze RbWaiQ a fRUPXla ZheUe
Whe beaP VRlid aQgle iV QRW Qeeded aQ\PRUe:

SSUN
i =

SCA
tot

CCAbm
tot

Wbm

WCA
pix

WSUN
pix

Wbm
CSUNbm

i =
SCA

tot
CCAbm

tot

WSUN
pix

WCA
pix

CSUNbm
i (6)

TR RbWaiQ Whe bUighWQeVV WePSeUaWXUe iQ each Si[el (Tb i) Ze XVe Whe Ra\leigh-JeaQV aSSUR[iPaWiRQ:

Tb i =
c2

2 n2kBWSUN
pix

SSUN
i (7)

ZheUe c Whe lighW VSeed, n iV Whe RbVeUYiQg fUeTXeQc\ aQd kB Whe BRlW]PaQQ¶V cRQVWaQW. B\ cRPbiQiQg
ET 6 ZiWh ET 7:

Tb i =
c2

2 n2kBWSUN
pix

SCA
tot

CCAbm
tot

WSUN
pix

WCA
pix

CSUNbm
i (8)

Ze caQ Vee WhaW Whe iQfRUPaWiRQ RQ Whe SXQ Si[el VRlid aQgle Rf Whe PaS iV QR lRQgeU QeceVVaU\. FiQall\,
Ze RbWaiQ Whe fiQal fRUPXla Ze XVe iQ RXU VRlaU SiSeliQe

Tb i =
c2

2 n2kB

SCA
tot CSUNbm

i
CCAbm

tot WCA
pix

(9)
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All Whe YalXeV e[SUeVVed iQ ET 9 caQ be fRXQd diUecWl\ fURP Whe liWeUaWXUe RU WhURXgh RXU daWa, e[ceSW
fURP SCA

tot . TheUe aUe QR calibUaWed ePSiUical PeaVXUePeQW aW RXU fUeTXeQc\. IQ addiWiRQ, Whe VRXUce
iV iQ cRQWiQXRXV e[SaQViRQ. AV Whe SNR eYRlYeV, iWV flX[ decUeaVe aSSUeciabl\ RYeU a VhRUW SeUiRd Rf
WiPe, RQl\ a feZ \eaUV.

IQ RUdeU WR RbWaiQ Whe WheRUeWical flX[ WR cRPSaUe ZiWh Whe cRXQWV fURP Whe PaSV, Ze WRRk WZR VWeSV:
Ze e[WUaSRlaWe Whe flX[ aW RXU fUeTXeQcieV fURP a PRdel [44] aQd WheQ Ze UecalcXlaWe Whe YalXe aW RXU
eSRch Rf iQWeUeVW. The CaV A fiW ZaV RbWaiQed b\ gaWheUiQg ePSiUical YalXe Rf Whe SNR flX[ fURP
diffeUeQW ZRUkV WhaW cRYeU VeYeUal decadeV aQd fUeTXeQcieV fURP MH] WR GH] (fRU fXUWheU iQfRUPaWiRQ,
Vee [44]). All Whe YalXeV ZeUe bURXghW WR a VWaQdaUd eSRch (2015.5) b\ XViQg a fRUPXla Zhich e[SUeVVeV
Whe VecXlaU YaUiaWiRQ Rf Whe UadiR flX[ Rf CaV A iQ fXQcWiRQ Rf Whe fUeTXeQc\:

dn[%year�1] = �(0.63 ± 0.02) + (0.04 ± 0.01) ln(n) + (1.51 ± 0.16) · 10
�5(n)�2.1 (10)

ZheUe Whe fUeTXeQc\ n iV e[SUeVVed iQ GH] aQd OQ iQdicaWeV Whe QaWXUal lRgaUiWhP. The fiQal e[SUeVViRQ
Whe\ RbWaiQed fRU Whe fiWWed cXUYe Rf Whe CaV A VSecWUXP aW Whe 2015.5 eSRch iV:

SCasA
n (2015.5) = S0n�a+b log10ne�t0 n�2.1

(11)

ZheUe S0 = 2190.294 Jy = SCasA
n=1 GHz(2015.5), a = 0.752, b = 0.0148 aQd t = 6.162 · 10

�
5.

Table 3: SWaQdaUd VelecWiRQ UegiRQ fRU each ceQWUal fUeTXeQc\ (nobs). The ceQWeU iV iQdicaWed iQ RighW
AVceQViRQ aQd DecliQaWiRQ cRRUdiQaWeV Zhile Whe UadLXV Rf Whe ciUcXlaU UegiRQ iV e[SUeVVed iQ degUee

nobs CeQWeU RadiXV
[GH]] [AR/Dec] [�]
18.8 23:23:27.567 0.1234114

+58:48:43.424
24.7 23:23:27.310 0.1357700

+58:48:49.582
25.5 23:23:25.094 0.1199118

+58:48:38.732

4.2 ReVXlWV

IQ Fig 4 aQd Tab 4 Whe QS abVRlXWe calibUaWiRQ YalXeV RbWaiQed afWeU Whe iPSlePeQWaWiRQ Rf Whe SURcedXUe
aUe UeSRUWed. The eUURUV ZeUe calcXlaWed WakiQg iQWR accRXQW diffeUeQW cRQWUibXWiRQ VRXUceV (Vee Vec 5)
aQd Whe\ ZeUe SURSagaWed aSSURSUiaWel\ iQ RUdeU WR calcXlaWe Whe fiQal YalXe fRU each fUeTXeQc\.
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FigXUe 4: SRT YalXe RbWaiQed ZiWh Whe abVRlXWe calibUaWiRQ SURcedXUe (aVWeUiVkV) cRPSaUed WR Whe [16]
fiW (Ued liQe).

Table 4: QS bUighWQeVV leYelV RbWaiQed fURP Whe abVRlXWe calibUaWiRQ SURcedXUe; nobs iV Whe ceQWUal
RbVeUYiQg fUeTXeQc\; Cas A f liVWV Whe SNR CaVViRSeia A iQWegUaWed flX[eV (aQd UelaWed RbVeUYaWiRQ
eSRchV); TQS iV Whe PeaVXUed QS bUighWQeVV WePSeUaWXUe; EUU liVWV Whe SeUceQWage aQd abVRlXWe eUURU
RbWaiQed afWeU RXU calcXlaWiRQV; Fitdev e[SUeVVeV Whe deYiaWiRQ fURP Whe e[SecWed YalXe e[WUaSRlaWed
fURP [16] iQ SeUceQWage aQd iQ K.

nobs Cas A f TQS EUU EUU Fitdev Fitdev
[GH]] [J\] [K] [%] [K] [%] [K]
18.8 247.9 ± 5.7 (OcW±2020) 10099 1.53 154 0.24 24
24.7 205.3 ± 4.8 (OcW±2019) 9799 2.74 268 3.24 308
25.5 201.1 ± 4.7 (Ma\±2019) 9764 2.28 223 3.65 344

OXU PeaVXUePeQWV aUe iQ Zell accRUdaQce ZiWh Whe fiW fURP [16], ZiWh a Pa[iPXP deYiaWiRQ Rf
3.7% aQd a PeaQ UelaWiYe eUURU Rf 3% Rf RXU PeaVXUePeQWV fRU all Whe iQYeVWigaWed fUeTXeQcieV. We aUe
ZiWhiQ 2 s Rf deYiaWiRQ fURP Whe WheRUeWical YalXeV.

The deYiaWiRQ fURP Whe [16] ZRUk aW Whe higheU fUeTXeQcieV cRXld be e[SlaiQed iQ diffeUeQW Za\V.
We Pa\ Qeed beWWeU ZeaWheU cRQdiWiRQ dXUiQg Whe RbVeUYaWiRQ, ViQce Whe UadiR ZaYe abVRUSWiRQ iV PRUe
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iPSRUWaQW aW 25.5 aQd 24.7 GH] ([46]). IQ alWeUQaWiYe, Whe deYiaWiRQ cRXld be Rf Sh\Vical RUigiQ. IQ Whe
ZRUk Rf [16] WheUe iV a lack Rf ePSiUical PeaVXUePeQWV iQ Whe K-baQd aQd Whe PeaVXUePeQWV aW higheU
fUeTXeQcieV aUe PRUe VcaWWeUed WhaQ WhRVe aW lRZeU fUeTXeQcieV (10-20 GH] iQWeUYal). AV Vaid iQ Whe Sec
1, Whe daWa fURP [6] (abRYe ⇠35 GH]) ZeUe caUefXll\ VelecWed, bXW Whe\ cRXld QRW SURYide aQ accXUaWe
PeaVXUe Rf Whe QS ([16]) UeVXlWiQg iQ Whe laUge VcaWWeUiQg. WiWh PRUe SUeciVe daWa Ze PaQaged WR beWWeU
cRQVWUaiQ Whe QS YalXe VXggeVWiQg a flaWWeU WUeQd iQ Whe VSecWUXP aW high fUeTXeQcieV cRPSaUed WR Whe
fiW. HRZeYeU, RXU PeaVXUePeQWV aUe ZiWhiQ 2s fURP Whe WheRUeWical bUighWQeVV WePSeUaWXUe. MRUe daWa
aUe Qeeded WR cRQfiUP if Whe deYiaWiRQ fURP Whe [16] fiW iV VigQificaQW aW 24.7 aQd 25.5 GH].

AW 18.8 GH] Ze haYe aQ alPRVW SeUfecW accRUdaQce ZiWh Whe WheRUeWical YalXe aQd Whe VPalleU
UelaWiYe eUURU. FRU WhiV fUeTXeQc\ Ze had PRUe QS calibUaWed YalXeV aQd Whe ZeaWheU cRQdiWiRQV had a
lRZeU iPSacW RQ RXU fiQal UeVXlWV.

IQ geQeUal, Whe deYiaWiRQ ZiWhiQ 2 s Rf RXU PeaVXUePeQWV fURP Whe [16] ZRUk, iV a VWURQg iQdicaWRU
Rf Whe WUXVWZRUWhiQeVV Rf RXU PeWhRd Rf XViQg CaV A aV a VRlaU calibUaWRU VRXUce.

5 AbVRlXWe CalibUaWiRQ UQceUWaiQW\ SWXd\
The abVRlXWe calibUaWiRQ SURcedXUe iV a cRPSle[ PeWhRd Zhich iQYRlYeV VeYeUal QRQ-WUiYial SaVVageV.
TheUe aUe VeYeUal kiQd Rf eUURU VRXUceV WR Wake iQWR cRQVideUaWiRQ, haYiQg a diffeUeQW iPSacW RQ Whe fiQal
UeVXlWV WhaW Qeed aQ accXUaWe aVVeVVPeQW. IQ Whe fRllRZiQg VecWiRQV, Ze aUe gRiQg WR aQal\Ve Whe PRVW
iPSRUWaQW eUURU VRXUceV.

5.1 BaVeliQe SXbWUacWiRQ MeWhRd

AV deVcUibed iQ VecWiRQ 2.2, Ze XVed aQ aXWRPaWed WRRl ZiWh a liQeaU aSSUR[iPaWiRQ iQ RUdeU WR SeUfRUP
Whe baVeliQe VXbWUacWiRQ. If Whe backgURXQd iV QRW VXcceVVfXll\ eliPiQaWed iQ Whe CaV A PaS, Whe fiQal
QS YalXe ZRXld be VXbjecWed WR aQ eUURU, ViQce aQ e[ceVV aPRXQW Rf cRXQWV ZRXld be iQclXded iQ Whe
cRQYeUViRQ facWRU e[SUeVVed iQ ET 5, leadiQg WR aQ XQdeUeVWiPaWiRQ aQd eUURU iQ Whe fiQal QS eYalXaWiRQ.

TR TXaQWif\ Whe XQceUWaiQW\ iQdXced b\ Whe SURcedXUe, Ze SeUfRUPed agaiQ Whe QS abVRlXWe calibUa-
WiRQ PeaVXUePeQW adRSWiQg diffeUeQW baVeliQe VXbWUacWiRQ SaUaPeWeUV. IQ WhiV caVe Whe CaV A e[WUacWiQg
UegiRQ iQclXded aV PXch backgURXQd aV SRVVible (e.g. Fig 5 UighW SaQel) aQd cRPSaUe Whe UeVXlW ZiWh
Tab 4. IQ aQ ideal caVe, Whe backgURXQd haV a ]eUR PeaQ, ZiWhiQ Whe eUURUV, WheUefRUe Whe cRXQWV fURP
Whe backgURXQd VhRXld QRW lead WR a UePaUkable chaQge iQ Whe QS fiQal YalXe.

FRU VRPe PaSV iW ZRUked faiUl\ Zell, Whe eUURU RQ Whe QS PeaVXUePeQWV ZaV leVV WhaQ 1%. HRZeYeU,
fRU RWheUV, WhiV YalXe ZeQW XS WR 7%, Zhich iQdicaWed WhaW Ze Qeeded a PRUe SUeciVe algRUiWhP. We
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FigXUe 5: cRPSaUiVRQ Rf diffeUeQW e[WUacWiQg UegiRQV RQ Whe VaPe CaV A PaS (29/10/2020 aW 18.8 GH],
Feed 0 lefW ciUcXlaU SRlaUi]aWiRQ): lefW SaQel a VWaQdaUd UegiRQ fURP 3, UighW SaQel a UegiRQ ZiWh aV PXch
backgURXQd aV SRVVible.

iQWURdXced a PRUe UefiQed baVeliQe VXbWUacWiRQ SURcedXUe, ZiWh a VeUieV Rf iWeUaWiRQ iQ RUdeU WR ideQWif\
beWWeU Whe liQeaU aSSUR[iPaWiRQ Rf Whe baVeliQe. ThiV PeWhRd led WR a decUeaVe iQ Whe eUURU RQ Whe QS
PeaVXUe, Zhich YaUieV fURP 0.24% WR a Pa[iPXP Rf 1.56%. We WUied WR XVe fXUWheU PRUe UefiQed
iWeUaWiYe PeWhRdV, bXW Whe\ did QRW iPSURYe VigQificaQWl\ Whe fiQal UeVXlW.

The UeVXlWV iQdicaWed iQ Tab 4 ZeUe RbWaiQed ZiWh Whe iPSURYed baVeliQe VXbWUacWiRQ PeWhRd.

5.2 Sk\ RSaciW\ cRQWUibXWiRQ

AV Vaid iQ VecWiRQ 2.2, Whe K-baQd iV iQflXeQced b\ VeYeUal aWPRVSheUic aQd eQYiURQPeQWal facWRUV WhaW
cRQWUibXWe WR Whe VigQal aWWeQXaWiRQ (Vee [24], [46], [25]). If Whe t YalXe chaQgeV UePaUkabl\ dXUiQg Whe
acTXiViWiRQ Rf a PaS, iW Zill PaQifeVWV aV a WePSeUaWXUe gUadieQW RU VWUiSeV iQ Whe fiQal iPage, like iQ Fig
6. The daWa fURP Tab 1 aQd 2 dR QRW SUeVeQW VXch feaWXUeV, iQdicaWiQg WhaW Whe ZeaWheU cRQdiWiRQV ZeUe
VWable dXUiQg Whe RbVeUYaWiRQ Rf each PaS.

IQ RUdeU WR eVWiPaWe aQ eUURU iQdXced b\ aQ XQdeWecWed chaQge iQ Whe ZeaWheU cRQdiWiRQV, Ze decided
WR XVe Whe YalXeV e[WUaSRlaWed fURP Whe WheRUeWical PRdel Rf Whe SRT fRUecaVW V\VWeP (Vee [2]) WR be
cRPSaUed ZiWh Whe RbVeUYed UadiRPeWeU YalXeV. We deUiYed Vk\ RSaciW\ eUURUV b\ aQal\ViQg Whe VcaWWeU
beWZeeQ WheVe WZR diffeUeQW VRXUceV Rf Vk\ RSaciW\ iQfRUPaWiRQ. The fiQal SeUceQWage eUURU UelaWed WR
Whe Vk\ RSaciW\ XQceUWaiQWieV YaUieV iQ a UaQge Rf 1% ±1.6%.

IW iV ZRUWh QRWiQg WhaW Whe Vk\ RSaciW\ effecWV caQQRW be QeglecWed iQ Whe aQal\ViV eYeQ iQ caVe
Rf gRRd ZeaWheU cRQdiWiRQV. WiWhRXW cRQVideUiQg Whe t cRUUecWiRQ facWRU iQ Whe gaiQ cXUYe, Whe eUURU
iQdXced b\ Whe RSaciW\ cRQWUibXWiRQ iQ Whe QS calcXlaWiRQ UiVeV XS WR 6%.
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FigXUe 6: E[aPSleV Rf VWUiSeV (lefW SaQel) aQd WePSeUaWXUe gUadieQWV (UighW SaQel) iQ a VRlaU PaSV dXe
WR VXddeQ chaQgeV iQ Whe ZeaWheU cRQdiWiRQV dXUiQg Whe daWa acTXiViWiRQ.

5.3 CaV A VSecWUal fiW

FRU Whe CaV A VSecWUXP e[SUeVVed iQ eTXaWiRQ 11, Whe [44] ZRUk SURYideV a VSecWUXP fiWWiQg Rf
c2

/(n � 4) = 0.91, ZiWhRXW eUURU eVWiPaWiRQ. The PeaVXUePeQWV XVed iQ Whe PRdel clRVeVW WR Whe
K-baQd (beWZeeQ abRXW 13-33 GH], Tab 5) aUe affecWed b\ aQ eUURU beWZeeQ 0.3% aQd 4.2%.

Table 5: CaV A iQWegUaWed flX[eV (CasA f ) iQ Whe 13-33 GH] fUeTXeQc\ UaQge XVed iQ Whe SNR VSecWUal
fiW PRdel fURP [44] UefeUUed WR 2015.5 eSRch; nobs iV Whe ceQWUal RbVeUYiQg fUeTXeQc\.

nobs CasA f (2015.5) RefeUeQce
[GH]] [J\]
13.5 313.0 ± 13.0 [31]
15.5 283.0 ± 12.0 [31]
16.5 273.5 ± 7.5 [31]
22.7 219.7 ± 3.0 [45]
32.9 169.4 ± 1.8 [45]
33.0 171.6 ± 0.6 [8]

We calcXlaWed Whe PeaQ YalXe, 2.3%, aQd XVed iW aV Whe UelaWiYe eUURU Rf Whe CaV A WheRUeWical flX[
iQ Whe K-baQd. IQ SeUVSecWiYe, iW cRXld be XVefXl WR SeUfRUP iQdeSeQdeQW flX[ PeaVXUePeQWV Rf CaV A
ZiWh SRT aQd MediciQa WR beWWeU aVVeVV WheP iQ Whe fUeTXeQc\ UaQge Rf VRlaU RbVeUYaWiRQV, ZiWhRXW
Uel\iQg RQ Whe VSaUVe liWeUaWXUe daWa iQ K-baQd.
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5.4 SecXlaU decUeaVe fRUPXla

TR RbWaiQ Whe XQceUWaiQW\ iQdXced b\ Whe Whe ET 10 Ze fiUVWl\ UecalcXlaWed iW b\ addiQg (ET 12) aQd
VXbWUacWiQg (ET 13) Whe eUURUV fRU each facWRU iQ Whe fRUPXla iQdicaWed iQ [44]. We XVed Whe WZR eTXaWiRQV
WR calcXlaWe Whe WRWal flX[ Rf CaV A aW RXU eSRch fRU bRWh fRUPXlaV. B\ cRPSaUiQg Whe fiQal YalXeV, Ze
calcXlaWed Whe UelaWiYe eUURU iQdXced iQ Whe fiQal QS YalXe: 0.23%.

dn[%year�1]MAX = �(0.65) + (0.05) ln(n) + (1.67) · 10
�5(n)�2.1 (12)

dn[%year�1]MIN = �(0.61) + (0.03) ln(n) + (1.35) · 10
�5(n)�2.1 (13)

6 CalibUaWiRQ SURblePV aQd iVVXeV
OXU abVRlXWe calibUaWiRQ UeVXlWV ZeUe YeU\ VWable dXUiQg Whe fiUVW \eaUV Rf SXQDiVh RbVeUYaWiRQV (2018-
2020). HRZeYeU, fURP Whe begiQQiQg Rf 2021 Ze e[SeUieQced VRPe XQXVXal aQd XQe[SecWed chaQgeV
iQ RXU UeVXlWV: Ze fRXQd a deYiaWiRQ � 3000K fURP Whe WheRUeWical aQd RXU ePSiUical YalXeV fURP Tab
4. IQ Tab 6 aUe UeSRUWed Whe YalXe RbWaiQed ZiWh Whe QeZ RbVeUYiQg VeVViRQ ZiWh Whe SRT WhURXgh Whe
2021 \eaU.

We VWaUWed WR iQYeVWigaWe Whe SRVVible caXVeV fRU WheVe aQRPalieV. OXU fiUVW h\SRWheViV ZaV a
PalfXQcWiRQ iQ Whe VRfWZaUe caXVed b\ VRPe chaQgeV iQ Whe cRde RU XSdaWeV. We UXled RXW WhiV RSWiRQ
b\ WeVWiQg Whe VaPe SiSeliQe RQ 2019-2020 daWa aQd RbWaiQiQg Whe VaPe UeVXlWV aV iQ Tab 4.

We caQ cRQVideU a SRVVible Sh\Vical RUigiQ. SePi-ARV VeeP WR cRYeU PRVW Rf Whe VRlaU diVk aUea
iQ VRPe VeVViRQV. ThXV, Ze QRWiced WhaW Whe PeaVXUed QS YalXe cRXld aSSaUeQWl\ flXcWXaWe Rf a feZ
hXQdUedV K dXe WR Whe iQcUeaViQg SUeVeQce Rf Whe VePi-ARV aV Whe VRlaU c\cle iV headiQg WRZaUdV iWV
Pa[iPXP. HRZeYeU, Whe deYiaWiRQ VhRZQ iQ Tab 6 aUe iUUegXlaU aQd Rf a WhRXVaQd K fURP Whe e[SecWed
YalXeV (aQ RUdeU Rf PagQiWXde higheU WhaQ VePi-ARV cRQWUibXWiRQV). We dR QRW e[clXde a SRVVible
cRQWUibXWiRQ Rf a PRUe acWiYe acWiYe VRlaU QeWZRUk, alWhRXgh, Ze WhiQk iW iV XQlikel\ WhaW VXch a VXddeQ
aQd UePaUkable chaQge cRXld cRPe PRVWl\ fURP Whe UelaWiYel\ lRZ-flX[ VePi-ARV.

We WheQ cRQWePSlaWed Whe SRVVibiliW\ Rf a SURbleP iQ Whe iQVWUXPeQWal VeWXSV. AV Vaid SUeYiRXVl\,
RbVeUYiQg Whe SXQ iV a UiVk\ WaVk if Whe iQVWUXPeQWaWiRQ iV QRW SUeSaUed agaiQVW WheUPal aQd elecWURPag-
QeWic daPageV. The RSWRPechaQicV aQd fURQW-eQd UeTXiUe addiWiRQal aWWeQXaWiRQ VeWXSV WR gXaUaQWee
iQVWUXPeQWaWiRQ VafeW\, eQVXUe a liQeaU UeVSRQVe WR Whe VWURQg VRlaU iQSXW VigQal iPSacWiQg Whe V\VWePV¶
aPSlificaWiRQ chaiQV aQd aYRid elecWURQic VaWXUaWiRQ [32]. UQWil Whe eQd Rf 2020 Ze YeUified WhaW Whe
W\Sical YaUiabiliW\ Rf VRlaU SheQRPeQRlRg\ iQ K-baQd ZaV cRPSaWible ZiWh Whe aYailable iQVWUXPeQWal
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Table 6: QS bUighWQeVV leYelV RbWaiQed fURP abVRlXWe calibUaWiRQ SURcedXUe iQ \eaU 2021. nobs iV Whe
ceQWUal RbVeUYiQg fUeTXeQc\; TQS iV Whe PeaVXUed QS bUighWQeVV WePSeUaWXUe; Fitdev e[SUeVVeV Whe
SeUceQWage deYiaWiRQ fURP Whe e[SecWed YalXe e[WUaSRlaWed fURP [16].

ESRch FUeT TQS Fitdev
(DD/MM/YYYY) (GH]) [K] [%]

11/06/21 18.8 11986 18.4
11/06/21 24.7 11345 19.5
05/05/21 22.8 11314 17.0
05/05/21 22.8 11128 17.2
01/04/21 18.8 12883 27.3
01/04/21 24.7 11689 23.2
04/03/21 18.8 19427 91.9
04/03/21 24.7 13209 28.4
12/02/21 18.8 13126 29.7
12/02/21 24.7 13055 37.6
02/02/21 18.8 13065 29.1
02/02/21 18.8 13673 35.1
02/02/21 24.7 13528 42.5

d\QaPic UaQge (Vee [33], [9]), aV Zell aV Whe calibUaWiRQ VRXUce CaV A. FURP 2021 VRPe QeZ VWURQg
iQWeUfeUeQceV Rf XQkQRZQ RUigiQV VWaUWed WR aSSeaU iQ RXU RbVeUYaWiRQV. The aWWeQXaWiRQ VeWXSV ZeUe
adjXVWed WR eQVXUe Whe VafeW\ Rf Whe iQVWUXPeQWaWiRQ. HRZeYeU, Whe QeZ VeWXSV Pa\ haYe beeQ WRR
VWURQg aQd Whe ZeakeU SNR cRXld haYe beeQ aWWeQXaWed WRR PXch, falliQg RXW fURP Whe iQVWUXPeQWal
d\QaPic UaQge. IQ SaUWicXlaU, aQ e[ceVViYe VigQal aWWeQXaWiRQ cRXld haYe lead WR aQ XQdeUeVWiPaWiRQ Rf
Whe calibUaWiRQ VRXUce cRXQWV, Zhich iQ UeWXUQ SURdXce aQ RYeUeVWiPaWiRQ Rf Whe VRXUce flX[, aV iW caQ be
dedXced fURP ET 5.

AQRWheU SRVVibiliW\ cRPeV fURP Whe LNA deWeUiRUaWiRQ. The UeVXlW cRXld be ViPilaU WR WhaW UeVXlWiQg
fURP aQ e[ceVViYe aWWeQXaWiRQ VeWXS, ZiWh aQ RYeUeVWiPaWiRQ Rf Whe WaUgeW VRXUce VigQal. We alVR YeUified
if WheVe SheQRPeQa ZeUe cRQQecWed WR Whe RbVeUYiQg eleYaWiRQ. We did QRW fiQd a cleaU cRUUelaWiRQ
ZiWh Whe aQRPalieV.

IQ VXPPaU\, iW iV SlaXVible WhaW Whe aSSaUeQW QS e[ceVV WePSeUaWXUe dXUiQg 2021 cRXld be dXe
WR a cRPbiQaWiRQ Rf a QRW RSWiPal aWWeQXaWiRQ VeWXS aQd LNA deWeUiRUaWiRQ, ZiWh a SRVVible PiQRU
cRQWUibXWiRQ Rf Whe iQcUeaViQg QeWZRUk VRlaU acWiYiW\. NeZ RbVeUYaWiRQV aUe Qeeded WR cRQfiUP RXU
h\SRWheViV.
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6.1 EaUl\ SSecWUR-PRlaUiPeWUic ObVeUYaWiRQV aW MediciQa

A fiVW RSSRUWXQiW\ WR Vhed VRPe lighW WR Whe 2021 calibUaWiRQ aQRPalieV ZiWh SRT cRPeV ZiWh Whe QeZ
RbVeUYaWiRQV Pade aW Whe MediciQa RadiR WeleVcRSe ZiWh SARDARA ([23]), Whe VaPe back-eQd XVed
fRU VRlaU iPagiQg aW SRT. IW iV ZRUWh QRWiQg WhaW befRUe WhiV QeZ iPSlePeQWaWiRQ, MediciQa SURYided
TRWal-PRZeU VRlaU RbVeUYaWiRQV, cRQWUibXWiQg WR PRVW SaUW Rf Whe [32] VRlaU caWalRg. UQfRUWXQaWel\,
WheVe daWa did QRW allRZed XV WR SeUfRUP abVRlXWe calibUaWiRQ dXe WR Whe UelaWiYel\ liPiWed d\QaPic
UaQge iQ Whe TRWal-PRZeU cRQfigXUaWiRQ.

A SUeliPiQaU\ aQal\ViV Rf Whe QeZ MediciQa VSecWUR-SRlaUiPeWUic daWa SURYided VRPe iQWeUeVWiQg
UeVXlWV fURP aQ abVRlXWe calibUaWiRQ Rf a VRlaU PaS (Fig 7 lefW SaQel) acTXiUed RQ Whe 28/06/2022 aW
18.7 GH] (Tab 7). FRU WhiV RbVeUYiQg VeVViRQ Ze caUefXll\ VelecWed a VeW Rf cRQVeUYaWiYe aWWeQXaWiRQ
SaUaPeWeUV iQ RUdeU WR gXaUaQWee a liQeaU UeVSRQVe iQ Whe lRZeU SaUW Rf Whe d\QaPic UaQge (iQclXdiQg
CaV A flX[).

FigXUe 7: SXQ (lefW) aQd CaV A (UighW) iPageV acTXiUed ZiWh MediciQa RQ 28/06/2022 aW 18.7 GH] ZiWh
SARDARA back-eQd. The cRlRU baU iQ Whe VRlaU PaS (lefW SaQle) iV e[SUeVVed iQ KelYiQ, Zhile Whe
RQe fRU CaV A (UighW SaQel) iV iQ cRXQWV. BRWh PaSV haYe 0.6 aUcPiQ UeVRlXWiRQV. The gUeeQ ciUcle
UeSUeVeQWV Whe MediciQa beaP: 2.01 aQUcPiQ.

The fiUVW WhiQg Ze QRWiced ZaV Whe alPRVW SeUfecW accRUdaQce ZiWh Whe [16] fiW fRU Whe UighW ciUcXlaU
SRlaUi]aWiRQ chaQQel, Zhich Ze did QRW Vee iQ Whe 2021 daWa acTXiUed ZiWh SRT. ThiV UeVXlWV VWUeQgWheQ
Whe h\SRWheViV WhaW PRVW SURblePV iQ Whe 2021 SRT RbVeUYiQg VeVViRQV cRXld be UelaWed WR LNA
deWeUiRUaWiRQ aQd/RU a QRW RSWiPal cRQfigXUaWiRQ Rf Whe aWWeQXaWiRQ VeWXSV.
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Table 7: QS bUighWQeVV leYelV RbWaiQed fURP abVRlXWe calibUaWiRQ SURcedXUe ZiWh daWa acTXiUed ZiWh
Whe MediciQa RadiR TeleVcRSe RQ Whe 28/06/2022 aW 18.7 GH]. TQS iV Whe PeaVXUed QS bUighWQeVV
WePSeUaWXUe; Fitdev e[SUeVVeV Whe SeUceQWage deYiaWiRQ fURP Whe e[SecWed YalXe e[WUaSRlaWed fURP [16].

ChaQQel TQS Fitdev
[K] [%]

LefW ciUcXlaU SRlaUi]aWiRQ 11527 13.7
RighW ciUcXlaU SRlaUi]aWiRQ 10085 0.5

TRWal IQWeQViW\ 10806 6.6

The lefW ciUcXlaU SRlaUi]aWiRQ chaQQel SUeVeQWV a deYiaWiRQ > 10%, Zhich iV leVV WhaQ aQ\ UeVXlW
VhRZQ iQ Tab 6, bXW iW VWill higheU WhaQ Whe UeVXlWV fURP Tab 4. The diffeUeQce ZiWh Whe lefW ciUcXlaU
SRlaUi]aWiRQ cRXld cRPe fURP Whe LNA deWeUiRUaWiRQ eYeQ aW MediciQa RU a QRW ideal VelecWiRQ iQ Whe
aWWeQXaWiRQ VeWXSV. We WRRk iQWR cRQVideUaWiRQ a Sh\Vical RUigiQ, bXW aV Ze UeSRUWed iQ Vec 1, Whe QS iV
PRVWl\ WheUPal bUePVVWUahlXQg iQ LTE ([38]) aQd aV VWaWed iQ [4], WhiV ePiVViRQ PechaQiVP haV a QeaU
]eUR ciUcXlaU SRlaUi]aWiRQ. We caQ cRQVideU Whe VePi-AR fURP [13], hRZeYeU Ze VWill haYe QRW eQRXgh
eYideQce WR VXSSRUW WhiV h\SRWheViV.

ThiV UeVXlW cRPeV fURP RQl\ RQe PaS, WheUefRUe iV QRW eQRXgh WR Ueach a defiQiWiYe cRQclXViRQ, bXW
iW cRQWaiQV SUeciRXV iQfRUPaWiRQ WR helS XV iQ SlaQQiQg QeZ RbVeUYiQg VeVViRQV.

7 CRQclXViRQV aQd FXWXUe SWUaWegieV
IQ WhiV ZRUk Ze RbWaiQed XQSUecedeQWed aQd YeU\ SUeciVe calibUaWed PeaVXUePeQWV Rf Whe QS iQ Whe
K-baQd ZiWh aQ eUURU Rf ⇠ 3%. ThiV UeVXlW caQ be fXUWheU iPSURYed b\ QeZ RbVeUYaWiRQ caPSaigQV
aQd Whe UefiQePeQW Rf Whe SURcedXUeV deVcUibed iQ WhiV QRWe.

ThURXgh aQ accXUaWe eUURU aQal\ViV Ze YeUified Whe WUXVWZRUWhiQeVV Rf Whe SNR CaV A aV a VRlaU
calibUaWRU, SURYided WhaW Whe aPSlificaWiRQ chaiQ iV SURSeUl\ ZRUkiQg, Whe aWWeQXaWiRQ VeWXSV aUe cRUUecWl\
VelecWed aQd Whe VRXUce iV ZiWhiQ Whe iQVWUXPeQW d\QaPic UaQge.

ThiV iV aQ e[WUePel\ iPSRUWaQW UeVXlWV, ViQce CaV A cRXld be RQe Rf Whe feZ calibUaWiRQ VRXUce
YiVible aW higheU fUeTXeQcieV ZheUe Whe RSaciW\ haV aQ eYeQ gUeaWeU iPSacW RQ Whe PaS TXaliW\. IQ Whe
fXWXUe Ze aUe alVR SlaQQiQg WR gR lRZeU WhaQ 10 GH] iQ fUeTXeQc\ ZheUe Whe [16] fiW iV QRW aQ\PRUe
Yalid, WheUefRUe Whe abVRlXWe calibUaWiRQ ZiWh CaV A Zill be eYeQ PRUe cUXcial WR RbWaiQ Whe Sh\Vical
iQfRUPaWiRQ Ze Qeed fRU RXU VWXdieV.

APRQg fXWXUe SRT/SDSA VRlaU cRQfigXUaWiRQV, RbVeUYiQg caSabiliWieV aW QeZ fUeTXeQc\ baQdV Zill
be iPSlePeQWed, ViPXlWaQeRXVl\ cRYeUiQg Whe X (8 ± 9 GH]) aQd K (25.5 ± 27.0 GH]) RU X aQd Ka (31
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± 33 GH]) baQdV iQ RUdeU WR fill Whe RbVeUYaWiRQal gaS iQ liWeUaWXUe aQd cRQWUibXWiQg WR SSace WeaWheU
QeWZRUkV. MRUeRYeU, WRgeWheU ZiWh Whe QeZ SRT UeceiYeUV iQ Q-baQd (33 ± 50 GH]) aQd W-baQd (75 ±
116 GH]), ZhRVe RSeUaWiRQV aUe e[SecWed WR VWaUW iQ 2023, Whe\ cRXld be cUXcial WR beWWeU cRQVWUaiQ Whe
fUeTXeQc\ UaQge Rf ARV g\UR-UeVRQaQce ePiVViRQ [32].

FRU RXU fXWXUe RbVeUYiQg VeVViRQV aQd aQal\ViV Ze Zill Sa\ SaUWicXlaU aWWeQWiRQ WR Whe cUiWical aVSecWV
Ze ideQWified dXUiQg WheVe \eaUV:

� Ze Zill WU\ diffeUeQW aWWeQXaWiRQ VeWXSV aQd deWeUPiQe Whe ideal SaUaPeWeUV WR iQclXde iQWR Whe
iQVWUXPeQW d\QaPic UaQge bRWh Whe VWURQg aQd Zeak VRXUceV;

� aW SUeVeQW SRT iV XQdeU e[WUaRUdiQaU\ PaiQWeQaQce dXe WR PajRU XSgUadeV7. IQ Whe QeaU fXWXUe,
Whe SRT aQd MediciQa RadiR TeleVcRSe LNA Zill be UeSlaced. We Zill WheQ be able WR VWXd\
Whe iPSacW WheiU deWeUiRUaWiRQ had RQ RXU PaSV;

� Ze SlaQ WR Pake RWheU RbVeUYiQg VeVViRQV ZiWh Whe aiP WR RbWaiQ QeZ calibUaWed QS PeaVXUePeQWV
aQd e[aPiQe Whe SRVVible cRQWUibXWiRQ Rf Whe VePi-ARV iQ Whe UeVXlWV;

We Zill alVR iQYeVWigaWe QeZ SRVVible aQRPalieV aQd eUURU VRXUceV, like Whe QS flX[ cRQWUibXWiRQV
fURP Whe beaP VecRQdaU\ lRbeV iQ SUeVeQce Rf VWURQg ARV WhaW ZeUe abVeQW dXUiQg Whe VRlaU PiQiPXP,
bXW cRXld becRPe PRUe iPSRUWaQW ZiWh Whe UaiViQg VRlaU acWiYiW\.

7hWWS://ZZZ.SRQUiceUca.gRY.iW/cRPXQica]iRQe/eVePSi-di-SURgeWWR/SRWeQ]iaPeQWR-iQfUaVWUXWWXUe-di-UiceUca/VUW_highfUeT-
SRWeQ]iaPeQWR-del-VaUdiQia-UadiR-WeleVcRSe-SeU-lR-VWXdiR-dellXQiYeUVR-alle-alWe-fUeTXeQ]e-UadiR/
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1 LiVW Rf Whe VRlaU PaSV acTXiUed ZiWh SRT aQal\Ved iQ WhiV ZRUk . . . . . . . . . . . . 11
2 LiVW Rf Whe CaV A PaSV acTXiUed ZiWh SRT aQal\Ved iQ WhiV ZRUk . . . . . . . . . . . 11
3 SWaQdaUd VelecWiRQ UegiRQ fRU each ceQWUal fUeTXeQc\ (nobs). The ceQWeU iV iQdicaWed iQ

RighW AVceQViRQ aQd DecliQaWiRQ cRRUdiQaWeV Zhile Whe UadLXV Rf Whe ciUcXlaU UegiRQ iV
e[SUeVVed iQ degUee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 QS bUighWQeVV leYelV RbWaiQed fURP Whe abVRlXWe calibUaWiRQ SURcedXUe; nobs iV Whe
ceQWUal RbVeUYiQg fUeTXeQc\; Cas A f liVWV Whe SNR CaVViRSeia A iQWegUaWed flX[eV (aQd
UelaWed RbVeUYaWiRQ eSRchV); TQS iV Whe PeaVXUed QS bUighWQeVV WePSeUaWXUe; EUU liVWV
Whe SeUceQWage aQd abVRlXWe eUURU RbWaiQed afWeU RXU calcXlaWiRQV; Fitdev e[SUeVVeV Whe
deYiaWiRQ fURP Whe e[SecWed YalXe e[WUaSRlaWed fURP [16] iQ SeUceQWage aQd iQ K. . . 18
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5 CaV A iQWegUaWed flX[eV (CasA f ) iQ Whe 13-33 GH] fUeTXeQc\ UaQge XVed iQ Whe SNR
VSecWUal fiW PRdel fURP [44] UefeUUed WR 2015.5 eSRch; nobs iV Whe ceQWUal RbVeUYiQg
fUeTXeQc\. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

6 QS bUighWQeVV leYelV RbWaiQed fURP abVRlXWe calibUaWiRQ SURcedXUe iQ \eaU 2021. nobs
iV Whe ceQWUal RbVeUYiQg fUeTXeQc\; TQS iV Whe PeaVXUed QS bUighWQeVV WePSeUaWXUe;
Fitdev e[SUeVVeV Whe SeUceQWage deYiaWiRQ fURP Whe e[SecWed YalXe e[WUaSRlaWed fURP
[16]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

7 QS bUighWQeVV leYelV RbWaiQed fURP abVRlXWe calibUaWiRQ SURcedXUe ZiWh daWa acTXiUed
ZiWh WheMediciQa RadiR TeleVcRSe RQ Whe 28/06/2022 aW 18.7 GH]. TQS iV WhePeaVXUed
QS bUighWQeVV WePSeUaWXUe; Fitdev e[SUeVVeV Whe SeUceQWage deYiaWiRQ fURP Whe e[SecWed
YalXe e[WUaSRlaWed fURP [16]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
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