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GNSS lonosphere® studies the effects and
computation of the distribution of free
electrons, located at the partially ion-

ized part of the atmosphere above 50 km
height, from the Global Navigation Satellite
Systems (GNSS) multi-frequency measure-

ments crossing it; and its applications...
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‘Source: UGRG GIM from UPC-1onSAT (Hemndez:Pajares et a. 1997,1999, 2018)
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2Manuel Hernandez-Pajares. “GNSS lonosphere”. In: Encyclopedia of Geodesy, Sideris, Michael G. (ed)., Springer International Publishing,

New York City, 2022, pp. 1-7. 1SBN: 978-3-319-02370-0. DOI: 10.1007/978-3-319-02370-0_172-1©. URL:

https://doi.org/10.1007/978-3-319-02370-0_172-1.
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e What? The EUV flux from solar flares generates a sudden

and beyore overionization in the illuminated ionosphere (at main layer F2).
o ssoroms How? GNSS lonosphere, with global and continuous coverage.

- Why? Original idea: (conceived & implemented as UPC-lonSAT RT products

e for ESA I-ESC) to transform the Earth ionosphere crossed by

GNSS multi-frequency signals in a giant RT 24/7 solar EUV
flux rate sensor & flare warning system.

Application? 24/7 RT monitoring and warning of solar flares since 2011.

Extension? This technique has been adapted to potentially detect and
validate the Earth ionospheric footprint of super flares of nearby
stars and extremely energetic events of distant astronomical
sources, with recent improvement conceived and implemented in
GNSS Astronomy ESA-funded project.
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More details can be found, e.g., in®

5Manuel Hernandez-Pajares et al. “The ionosphere: effects, GPS modeling and the benefits for space geodetic techniques”. In: Journal of
Geodesy 85.12 (2011), pp. 887-907. DOI: 10.1007/s00190-011-0508-5. URL: https://doi.org/10.1607/s00190—~0EL+0508-5.
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How? First Principles

The VTEC rate associated to the sudden overionization of the Earth ionosphere
due to a solar flare, V, for a given Solar zenith angle x, can be related with the
source solar EUV flux rate, /, by means of the geo-effectiveness, ', which depends on

physical constants (see” &8):
oV

V=r3"-Cx) | = W:a(t)cosx—i—b(t) (1)

R+h

Tonosphere effective
height

7Wei><ing Wan et al. “The sudden increase in ionospheric total electron content caused by the very intense solar flare on July 14, 2000". In:
Science in China Series A: Mathematics 45.1 (2002), p. 142. DOI: 10.1007/BF02889695. URL: https://doi.org/10.1007/BF02889695.

8Manuel Hernandez-Pajares et al. “GNSS measurement of EUV photons flux rate during strong and mid solar-flares”..In: Space Weather
10.12 (2012), pp. 1-16. DOI: 10.1029/2012SW000826. URL: https://doi.org/10

0.1029/2012sW000826.
0125W0 5/35


https://doi.org/10.1007/BF02889695
https://doi.org/10.1007/BF02889695
https://doi.org/10.1029/2012SW000826
https://doi.org/10.1029/2012SW000826

Real-time 24/7
Global
Navigation
Satellite
Systems
based EUV
solar
astronomy
and beyond

GNSS lonosphere
GNSS Astronomy

How?
What?
Why?
Application?
n?

How? The overionization model behaves well
How well does the model fit? Example: major (X17.2) solar flare preceding the
Halloween ionospheric storm, day 301 of year 2003, 39777s.

2003.301.39777 (GSFLAI= 0.2277 TECU/s)

03
Day hemisphere
N\gh( hemisphere
0.25 Fitt
w Fitted |mgm hemisphere)
= Not considered (outliers)
3 o2t Fitted (day hem. 95% overb.) ———
o N Fitted (night hem. 95% overb.)
E 0.15 )
©
o —
S V = a(t) cos x + b(t)
g
= 005 | - 7
5 /
o i R A
-0.05

1 08 06 -04 -02 0 02 04 06 08 1
Cosine of Solar-Zenith angle

The GNSS solar EUV flux rate proxy a(t) (GSFLAI, AKA SOLERA) was presented in
Hernandez-Pajares et al. (2012)'°, besides the solar flare detector SISTED (evolved

f[Qm Ga[clla'Bng et a (2QQ2)11)
OManuel Hernéndez—Pajares etal. GNSS measurement of EUV photons flux rate during strong and mid solar flares”. In: Space Weather
10.12 (2012), pp. 1-16. DOI: 10.1029/2012SW000826. URL: https://doi.org/10.1029/2012SW000826.
A Garcia-Rigo et al. “Solar flare detection system based on global positioning system data: First results”. In: Advances in Space Research
39.5 (2007), pp. 889-895. DOI: 10.1016/j.asr.2006.09.031. URL: https://doi.org/10.1016/1) rasnsR006.09: 0313
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What? Overionization validation
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Examples of time series of GS-
FLAI vs time series of EUV flux
rate from SOHO-SEM space
borned photometer, from top to
bottom & left to right:

@ X6.2 flare, day 347, 2001
® M3.5 flare, day 334, 2001
©® C5.3 flare, day 204, 2004
@ X1.8flare, day 297, 2012
@ M1.8 flare, day 130, 2012
@ C3.5 flare, day 66, 2012
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Sate"ite X Class(Slope=0.159, Intercept=0.0062)
based BV o Why should this indirect way (GSFLAI/SOLERA) of measur-
ashonmy i ing the EUV flux rate be considered? It works very well,
and beyond g oo using existing (GNSS) infrastructures:
NS Asonomy o .
b0 e o s, @ s GSFLAI versus EUV flux rate data provided by
. H ler(Slpas0.152 Iermp0.001) SOHO/SEM in the 26-34 nm range for peak values: X,
M, and C class flares respectively (2001-2015).
e ® The X-, M- & C- class flares regression lines slopes
s s v v oo oo oo 2OTEES +95%, confirming the consistency of the
s first-principles model, Singh et al. (2015)™.
¢ We have applied SOLERA to confirm solar flare
S o time series have a long tail distribution in amplitude
¥ o and time corr. (Monte-Moreno et al. 2014)'°.

0.000
0000 0005 0010 0015 0020 0025 003 003
ELV Gl cato{26.34 conlfpi

4Talwinder Singh et al. “GPS as a solar observational instrument: Real-time estimation of EUV photons flux rate during strong, medium, and
weak solar flares”. In: Journal of Geophysical Research: Space Physics 120.12 (2015), pp. 1-11. DOI: 10.1002/2015JA021824. URL:
https://doi.org/10.1002/2015JA021824.

15Enr\que Monte-Moreno and Manuel Hernandez-Pajares. “Occurrence of solar flares viewed with GP;
Journal of Geophysical Research: Space Physics 119.11 (2014), pp. 9216-9227. DOI: 10.1002/201

atistics and-fractal nature”. n
206. URL: 8/35
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Real-time 24/7 2 GSFLAI/ TECU/(155)

Nj'tg‘l’ltt' . oA Why? Relativistic e~-free
Systems l And the indirect ionosphere-GNSS solar
e ’ : EUV sensor can work better than the
ey direct conventional spacecraft-based

and beyond
GNSS 3

measurements: The X7.1 solar flare,
reported by GOES on January 20th,

How?

wyr » 2005, is of special interest because of the

S P W S S S S — relativistic electrons that reached the
- 22000 23000 24000 25000 26000 27000 28000 -

GPS Time / secands (020, 2005) Earth less than 10 min later, produced a

o o G g e e T contamination of the SOHO/SEM detector

0z} o rmnaLELa e (e ““"S’E : with wrong readings of EUV starting from t

+

= 24750s of GPS time. However GSFLAI
remains unaffected due to its definition as
solar-zenith angle gradient of VTEC rate
(see above) generated by the photons en-
hancement, since it filters out any influence
of relativistic electrons.

1
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GPS Time / seconds (020, 2005)
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Application?RT GNSS Solar Astronomy 24/7
by UPC-lonSAT since 2011
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Extension? To extrasolar superflares

e Can GNSS Astronomy be extended from solar flares to superflares of

extrasolar stars? Our first answer, in 2020, was "Likely yes": see the first
Proxima Cen superflare (08h32m, day 78, 2016) that was detected by
naked-eye studied in Hernandez-Pajares & Moreno-Borras (2020)2°,
among NGTS J121939.5-355557 (1 February 2016, 04h00m UT).

Indeed, we introduced the Blind GNSS search of Extraterrestrial EUV

Sources (BGEES) model, to simultaneously solve the flare intensity
and the source position:

V=acosy+b=aXX +YY +2Z)=aX +BY +~Z' +b

where (X', Y’,Z') and (X, Y, Z) are the IPP’s and source unit vectors.
Taking o = aX, 8 = aY and v = aZ, the equations (one per IPP) becomes
linear vs. the unknowns («, 3, v, b), and can be solved by LMS.

20Manuel Hernandez-Pajares and David Moreno-Borras. “Real-Time Detection, Location, and Measurement of Geoeffective Stellar Flares
From Global Navigation Satellite System Data: New Technique and Case Studies”. In: Space Weather 18.3 (2020), e2020SW002441.
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Extension? Proxima Cen superflare 18/03/16

Least Squares 2 iterations,

Source: Proxima Centauri (RA=217.4°, Dec=-62.7°)

0.008

0.006

0.004

0.002

-0.002

-0.004

-0.006

VTEC rate at Sub-Source Point (SSP) / TECUs/s
1S

-0.008
o
78 8 8.2 84 86 88 9 9.2 8.2 8.25 8.3 8.35 8.4 8.45 8.5 8.55 8.6

GPS time / hours of day 78 of year 2016 (GP'S time / hours of day

Left: Mean VTEC rate at sub-stellar point of Proxima Centauri flare during
more than 1 hr around its March 2016 superflare peak (0832UT, day 78).
Right: BGEES results (source location error) for the Proxima Centauri
superflare of March 2016, with two iterations using 20 epochs.
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More details in:

A~ ADVANCING
AGU100 5,

Space Weather &

RESEARCH ARTICLE
10.1029/2020SW002441

Key Points:
+ The simultancous determination
of stellar EUV flares in time and
Tocation with the existing GNSS
infrastructure is presented
+ Itis based on the modeling of the
Farth ionosphere electron content
increase, from dual-frequency
GNSS data, due to the stellar flare
+ The new technique
i assessed versus
several solar flares of different
intensities and two stellar
superflares previously studied
in detail
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Real-Time Detection, Location, and Measurement of
Geoeffective Stellar Flares From Global Navigation
Satellite System Data: New Technique

and Case Studies

Manuel Hernandez-Pajares' '~ and David Moreno-Borras®

! Department of Mathematics, Universitat Politécnica de Catalunya, UPC-IonSAT and IEEC-UPC es. groups,

Barcelona, Spain

Abstract An alternative approach to detect solar flares and quantify the associated extreme ultraviolet
(EUV) solar flux rate was introduced in this journal by the authors: Global Navigation Satellite Systems
Solar FLAre Indicator (GSFLAI) was founded on the dependence of the sudden electron content increase
of the Earth ionosphere versus the angle regarding the flare source, the Sun, given by a simple but accurate
first-principles-based model. Such overionization is directly measured from the dual-frequency phase
measurements gathered from hundreds of worldwide permanent receivers of the Global Navigation
Satellite Systems, GNSS (like the Global Positioning System GPS), working many of them in real time. In
this work we generalize GSFLAI for the very challenging scenario of stellar superflares, with a much
weaker expected i on the Earth i making it difficult to distinguish its potential
footprint regarding conventional ionospheric variability sources. Indeed, we will show that, unlike
GSFLAI for solar flares, the new algorithm presented here (Blind GNSS search of Extraterrestrial EUV
Sources [BGEES]) is able to detect EUV flares without the previous knowledge of the position of the
source, which is also simultaneously estimated, providing an additional quality check of the detection. It
will be first assessed with several case studies of solar flares of different intensities analyzed previously
with GSFLAL Finally, by focusing on the night hemisphere to avoid the Sun’s larger effect on the
ionosphere, the detection and location with BGEES of two recent stellar superflares, Proxima Centauri

(18 March 2016, 08:32UT) and NGTS J121939.5-355557 (1 February 2016, 04:00UT), are presented,
strongly suggesting the extension and applicability of the new technique, also in real time.

22 FEB 2020
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Global . . sy
Navigaton Extension? Higher sensitivity: ESds model
poteme * (EX)SOLERAdrift-search model (ESds) estimates every obs. time the likely
astfg'nagmy position and flare intensity of a potential winner source, differently than BGEES
and beyond model: Eq. 3 is iteratively solved on a global grid of potential source
GNSs Aeroromy positions (e.g. Aa = 10° and Ad = 5° in right ascension, «, and declination, 4,
e see right plot).
Apf ¢ The run providing at the given time the highest significant Pearson
Foe g correlation coefficient, fulfilling the null hypothesis probability (p-value)
S < 5%, is selected . It will indicate the likely existence of mainly an external EUV

flare (and/or X-ray) overionization pattern (left figure) approximately centered at
the given grid point (cross in same figure).
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Navigation ESds validation
poteme ) This is a typical solar flare (C-class) and sub-
solar flare (B-class) detection with ESds (02h-03h
astronomy UTC of May 22, 2021, see top plot).

and beyond

be The intensity of the p-value validated ESds

(points in central plot) and the lower angular
iy’ ) distance to the Sun of the ESds winner grid
e ; . " centre (colour of points) agree well between
F i i ; them. And they agree as well vs the peaks in
direct X-ray (top) and EUV (see double peak
at bottom plot) band solar flux measurements by
GOES and SOHO-SEM photometers.

This clear ESds tracking of solar weak flare,
subflares and smaller variations is continuous,
and happens under both relatively high and very
low ESds model Pearson correlation values: in
this example above 0.4 and 0.5 at the double
peak during the C-class flare, and slightly below
0.1 for the B-class subflare.

SOLERAGt/ (10° TECU)
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Five recent potential ESds detections?®
Proxima Cen superflare happened during 1 May 2019.
Giant star superflare (TIC332487879), on 14 September 2018.
Gamma Ray Burst GRB221009A on 9 October 2022.
Transient superflare AT2022tsd during 19 December 2022.
TIC251845156 star superflare during 01-Sep-2018.

sun

is Day 282, 2022 (Pcun>0.15,p—val<0.05,delr.l:lZOS)Gggéfr:[:l;E;%v Next?: The continuous RT oper-
' vasweroaremnant < gtion and detrend of GIM - cali-
! Sl eeer . brated TEC, can consolidate the
65 esotias ouns - omnidirectional, continuous & high
s i LS J cadence way of measuring astro-
55 Bl ’ physical events, slightly / very sen-
5 sitivity to X-ray / EUV (almost un-
s explored), estimating the confussion
y Galactic coordinates matrix. THANK YOU!

26Manuel Hernandez-Pajares et al. “GNSS Astronomy: Detection and measurement of solar sub-flares, Gamma-ray burst, stellar and
transient superflares from their impact on the ionosphere”. In: In preparation (2025), pp. —.
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Satellite
L Systems * A solar flare is a burst of electromagnetic radiation on the Sun (from radio
asty waves to EUV-, x- and gamma-rays) that happens when energy stored in
twisted magnetic fields (usually above sunspots) is suddenly released.
e The solar flares are classified by their x-ray brightness in [1,8]A comprising
the five categories: X -major-,M -mid-,C -small-, B, and A (see example

from GOES spacecraft during solar flares on February 22, 2024):

Five recent potential 10-3
ESds detections™

x L
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Five recent potential ESds detections®® Space

(Reproduced from ESA Science Office, 2018
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GSFLAI vs direct X-ray solar flux

T T
+ Direct comparison -
Applying to GOES int the SF-to-Earth oblig. factor X

300

200

150

Jr
soﬁf . N7
” X

0 0.05 0.1 0.15 0.2 0.25
GSFLAI/TECU/s

GOES Solar Flare intensity for class X * 10

X-ray band solar flare intensity, corresponding to the GOES index for all the X-class
flares between 2001 and 2011, versus the GSFLAI value at each given peak: (1) Direct
comparison (red points), (2) Comparison after applying a solar-earth deprojecting

factor, in terms of the flare location on the surface of the Sun (blue points).
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ELV sclar flux/ 102 photons / cm2 /2

GNSS SOLERAiift / TECU

RT GNSS Solar Astronomy 24/7 since 2011

Day 121 (01-May), 2023 (source: SOHO-SEM)
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Day 121 (01-May).

GPS time / hours.

2023 (source: RT-TOMION GNSS system)

GPS time / hours.

GNSS SOLERAGiift/ TECU

Day 121 (01-May), 2023 (source: RT-TOMION GNSS system)
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GPS time / hours.

22/35



Real-time 24/7
Global
Navigation
Satellite
Systems
based EUV
solar
astronomy

Fi otent
ESds detections™

Statistical distribution of solar flares from
GNSS Astronomy

We have already applied this technique in Monte-Moreno et al. (2014)34:

© To confirm that solar flare time series have extreme properties regarding
amplitude and time correlation.

® To build a model to account for the probability of the observed extremely
high values of the time series, and also with the fact that the flares appear
in bursts.

® To estimate the probability of a given GSFLAI value and also the length of
a given burst of flares.

@ In particular, the probability of observing a GSFLAI value 2 times greater
than the maximum observed one in the last solar cycle (X28 intensity,
happened on 4 November 2003) is once every 44 years approximately.

34Enrique Monte-Moreno and Manuel Hernandez-Pajares. “Occurrence of solar flares viewed with GPS: Statistics and fractal nature”. In
Journal of Geophysical Research: Space Physics 119.11 (2014), pp. 9216-9227. DOI: 10.1002/2014JA020206. URL:
https://doi.org/10.1002/2014JA020206.
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Flares No. Points Slope Intercept | Corr. Factor  p values
C. # Peaks Peaks Peaks Peaks
X 59 53 159+06 | 6.2+ 15 0.73 0
M 323 219 152+12 | 1.5+0.3 0.64 0
C 390 58 159+29 | 0.5+0.4 0.59 1.9%10°°

(a) The units are TECU/s for GSFLAI and photons.10~9/cm?/s? for EUV flux rate.

More details can be found in Singh et al. (2015)%6.

38 Talwinder Singh et al. “GPS as a solar observational instrument: Real-time estimation of EUV photons flux rate during strong, medium, and
weak solar flares”. In: Journal of Geophysical Research: Space Physics 120.12 (2015), pp. 1-11. DOI: 10.1002/2015JA021824. URL:
https://doi.org/10.1002/2015JA021824.

37Manuel Hernandez-Pajares et al. “GNSS Astronomy: Detection and measurement of solar sub-flares, Gamma-ray burst, stellar and
transient superflares from their impact on the ionosphere”. In: In preparation (2025), pp. —.

consistent with the assumed physical model (see the number of them in second column).

24/35


https://doi.org/10.1002/2015JA021824
https://doi.org/10.1002/2015JA021824

Real-time 24/7
Global
Navigation
Satellite
Systems
based EUV
solar
astronomy
and beyond

GNSS lon re

GNSS Astronomy
How?
What?
Why?

Five recent potential
ESds detections®

30s/ TECU

RT-GNSS-based Solar EUV flux Detrended at dt

Five recent potential ESds detections®® RT
SOLERAdrift vs detr. SOHO-SEM EUV

Maximum Val. per hour (mid2018-mid2023.dtDetr30s)

0.015

001

(GNSS EUV flux rate cal. from Singh et al. 2015)

0.005
5x107

1x108 15x108 2x108 25x108
SOHO SEM EUV flux Detrended at dt = 30s/ cm 2/s

3x108

GNSS SOLERAdrift at 30s / TECU

0.08

0.06

0.04

0.02

mid2018-mid2023.dDetr30s

0 5x1051x109.5x10 2x10 2.5x10 3x10 3.5x10 3x10 %.5x10 $x10 %.5x10 °
SOHO SEM EUV flux [0.01,50]nm drift rate at 15s/cm 25

In both plots we represent the most significant relationshipts of the SOLERAdFrift index, computed in
real-time and with a detrending time interval of 30 seconds, in TECUs, vs the detrended EUV SOHO-SEM
observations (in photons per squared cm and second) within the spectral range of [26,34]nm detrended at a

time interval of 30 seconds (left plot), and vs the detrended EUV SOHO-SEM observations in the same units

—within the spectral range of [0.01,50]nm and detrended at a time interval of 15 seconds (right plot):

39\anuel Hernandez-Paiares et al. “GNSS Astronomv: Detection and measurement of solar sub-flares. Gamma-rav burst. stellar and
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To facilitate the detection of significant EUV flux increase from superflaring
sources, but very far from the Earth, we analyze the detrended VTEC ¥/ at
different time scales ¢, from the iono. comb. of GNSS carrier phases for
each pair GNSS transmitter-receiver L; = L1 — Lo, approx. with the central
mapping function M (see*'):

- V(t—at)+ V(t+4t) 1 Li(t— ot) + Ly(t+ 1)
2 ~ M(t) (L’(t) B 2 ()2)

(formally related with the drift rate, V = —21//6t) by applying correspondingly
the (EX)SOLERA-search (hereinafter ESds) model:

V=o' -CKx)-T = V=2(t)cos + b(t) (3)

This further facilitates the detection of the acumulated overionization when
ot is a significant part of the flare duration.

41Manuel Hernandez-Pajares et al. “The ionosphere: effects GPS modellng and the beneflts for space geodetlc technlques In Joum?/ of
Geodesy 85.12 (2011), pp. 887-907. DOI: 10.1007/s00190-011 08-5. URL: https b1 . orgh 607/s00190-0F1-0508-5
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Extension? Higher sensitivity & diff. targets
Can the GNSS lonosphere techniqgue summarized above, evolve to detect
and validate extremely weak subflare solar EUV flux variations, in order to
extend the first potential detection of extrasolar superflares reported in*3 to
other extremely energetic astronomical targets? The successful answer
has been possible thanks to the ESA-funded GNSS-Astronomy (GA) project:

@ We have extended a new low-cost, all-time, all-weather,
multi-directional, high-cadence way of detecting and measuring
extremely energetic Astrophysics phenomena in Extreme Ultraviolet
(EUV) and X-ray spectral ranges, estimating event time, source
position, intensity, intensity error and reliability (new
(EX)SOLERAdrift-search technique).

® GNSS Astronomy has the potential to contribute to some major
questions like the better determination of the Habitable Zone (HZ) for
exoplanets orbiting around nearby and active M-type dwarf stars.

43Manuel Hernandez-Pajares and David Moreno-Borras. “Real-Time Detection, Location, and Measurement of Geoeffective Stellar Flares
From Global Navigation Satellite System Data: New Technique and Case Studies”. In: Space Weather 18.3 (2020), e2020SW002441.
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New case #1: Proxima Cen superflare

Day 121, 01-May, 2019 (GPS 1Hz meas., dtime[detr]=14s, hIPP=450km)

50 920
L3 EXSOLERAdriftfProximaCen]/(104 TECU) =
{ ALMA peak &
as HST cont peak 80=
[ HST Si IV (1st) peak E]
20 HST Si IV (2nd) peak 70 =1
du Pont He | peak 3
(| du Pont Halpha peak 2
35 | 60.E
s
| A a
30 A | 50 o
I A @
N 8
25 AN | \ A 40 §
\ I S
20 | ® . < | 08
© . 1 3
15 | 20
&
=]
10 ‘ 1083
2
n]

5 o
0.39 0.4 0.41

UTC / fraction of day (MJD 58604)

The ESds result at 1 Hz, the most part of one hour around the Proxima Cen superflare

happened during 1 May 2019, including the occurrence of the supeflare peak(s) measured with
conventional techniques (ALMA, HST cont. and HST Si IV coincident and overlapping ALMA
peak, HST Si IV -2nd peak-, du Pont He | and du Pont Ha, see Fig. 1 in*). The distance in deg.

of ESds source position is shown by the points colour palette.

“SMeredith A MacGregor et al. “Discovery of an Extremely Short Duration Flare from Proxima Centauri Using Millimeter through Far-ultraviolet

Observations”. In: The Astrophysical Journal Letters 911.2 (2021), p. L25.
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New case #2: Giant star superflare

Day 257, 2018 (GPS GLONASS meas., dtime[detr]=120s, hIPP=450km)
8 10

. EXSOLERAdrift[TIC332487879] / (103 TECU) = s
- TIC332487879 flare peak (Ebol = 8.35136 erg) =
TIC332487879 flare peak (Ebol = 5.2193° erg) >
7 . TIC332487879 flare peak (Ebol = 2.6513° erg) - =3
- 8 &
. . - 3
3
6 : - 3 8
.- . =
- - 6 =
5 £ s £ s 8
e, ? g
U IS M 31 z
a R TR e 2 R . : 45
. : S e . =
“igee - I - - B
g : ot - =
3P . e . * S
- _ P
- - 3 il
- S >
2 3
]

- o

2 -1 o 1 2 3

UTC / hours after MJD 58375

The ESds result at 1 Hz, five hours around the beginning of 14 September 2018, including the
occurrence of three stellar superflares of the source TIC332487879, is summarised vs time:

the dots colour palette represents the distance to TIC332487879 (in deg., saturating at 10°) of
the direction with the highest significant overionisation pattern, with intensity (in mTECU)
represented by the points. The supeflare peak times are represented with conventional

techniques, and the measured bolometric energies are also given (from ref.*’).

47 Anna YQ Ho et al. “Minutes-duration optical flares with supernova luminosities”. In: Nature 623.7989(2023);pp. 927=931.
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Day 282, 2022 (all GNSS const., dtime{det ate}=1205)

0 5 10 15
Time (UTC) / hours of 09-Oct-2022

EXSOLERAGIH(GRB221009A)/ (10° TECU)
STIX 04-10 keV counts/ keV'/ 100
2 Fermi GMB 50-100 keV counts / keV / 10

EXSOLERAdrift-search distance to GRB221009A / deg

New case #3: Gamma Ray Burst

Day 282, 2022 (mult-GNSS, dtime{det=120s, hiPP=75km)

 EXSOLERAdifat GRE221005A (10° TECU)

STIX 04 m keV counts / keV * 3/100
Fermi GMB 50-100 keV counts ke * 310

131 132 133 134 135 136 137 138 139 u
UTC/ hours 09-Oct-2022

The ESds vs time on 9 October 2022 with 120 s detr. time is compared with direct
measurements in X-ray (STIC) and ~-ray (Fermi): (Left) at 30-sec rate, the dots colour palette
represents the distance to GRB221009A of the direction with the highest significant
overionisation pattern (in deg., saturating at 5°), with intensity (in mTECU) represented by the
points. (Right) at 1 Hz, from 13h to 14h UTC, by assuming an ionospheric effective height
of 75 km (assuming a important influence of X-ray driven D ionospheric layer).
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New case #4: Transient superflare

Day 353, 2022 (diff. GPS meas. vs previous sidereal day , dtime[detr]=960s, hIPP=450km)

EXSOLERAGHRIATZ2022tsd] / (10 3 TECU) -
x density / pJy
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UTC / minutes after MJD 59932
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o a
EXSOLERAdrift-search distance to AT2022tsd / deg

o

=]

The ESds result, applied from the sidereal-day differenced GPS measurements (30s rate with
detr. time of 960s), during 19 December 2022, 15h08m-16h48m approximately, is summarised
vs time: the dots colour palette represents the distance to AT2022tsd (in deg., up to 25°) of the
winner direction, with intensity (in mTECU) represented by the points. Direct measurements of

AT2022tsd in red optical band, are reproduced in black lined-squares (from ref.)

50 Anna YQ Ho et al. “Minutes-duration optical flares with supernova luminosities”. In: Nature 623.7989(2023):pp. 927=931.
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Finally we report the ESds(*) consistent blind location, time detection and intensity of the
TIC251845156 superflare during 01-Sep-2018 08h-11h, compared with the optical light
curve, obtained by conventional means® .

(*) run with multiGNSS multifrequency signals at 30s rate and 960s detrending time

52Malgorzata Pietras et al. “Statistical Analysis of Stellar Flares from the First Three Years of TESS Observations”. In: The Astrophysical

Journal 935.2 (2022), p. 143.
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Conclusions
The new GNSS lonosphere-based technique, EXSOLERAdFrift-search
(ESds), assesses the overionisation pattern, detecting, measuring and
locating the potential astronomical EUV (or X-ray) flaring source.
Importantly, this technique achieves significantly higher sensitivity than
previous methods (more details in preparation®*).
The new validated and compared ESds detections are :

© Solar subflares

® Extremely distant energetic events like Gamma-Ray Burst GRB22109A,

® Short- (ten of seconds or minutes) or larger-duration ( 1 hour) stellar or

giant stellar superflares, like Proxima Cen, TIC251845156 or
TIC332487879.

@ and AT2022tsd transient superflare with luminosity sim. to supernovae.
Next?: The continuous RT operation and detrend of GIM - calibrated
TEC, can consolidate the omnidirectional, continuous & high cadence
way of measuring astrophysical events, slightly / very sensitivity to X-ray /

__ EUV (almost unexplored), estimating the confussion matrix.

54Manuel Hernandez-Pajares et al. “GNSS Astronomy: Detection and measurement of solar sub-flares, Gamma-ray burst, stellar and
transient superflares from their impact on the ionosphere”. In: In preparation (2025). pp. —. 33/35
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And the comprehensive Tsunami Early-Warning Cubesat mission looking
for international support

NASA NTRS - NASA Technical Reports Server Search all fields

Back to Results

Tsunami Early-Warning CubeSat Design Reference Mission

(DRM)

Global constellation for near real-time detection, characterization, and warning of

dangerous tsunami; detection and evaluation of large earthquakes and volcanic eruptions;

and study and continuous monitoring of the ionosphere and climate change

https://ntrs.nasa pi/citati 20230003987 INASA%20TM%2020230003987.pdf
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