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Motivation

Energy rapidly released in large active region flares to accelerate particles and heat material
— Seen in HXR via thermal and non-thermal bremsstrahlung

Small active region microflares (A, B GOES) still show these processes but down to what scale?
— Smallest HXR microflares?

Do flares/transients outwith active regions (quiet Sun) still release energy in the same way?
— Extensive work in EUV/SXR mostly showing heating to about 1 MK but what about HXR?

Need a very sensitive HXR imaging spectrometer to detect
hotter or non-thermal emission......

— NuUSTAR: Nuclear Spectroscopic Telescope Array
(Harrison+ 2013)
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NuSTAR Solar Observations

* NuSTAR astrophysics HXR direct focusing imaging
spectrometer

— Two telescopes (FPMA, FPMB)
— >2keV, 12’x12’ FoV

— Output is event list: E,t,x,y per X-ray (+ “Grade” info)

e 37 campaigns so far: Nov 2014 to Jul 2024
— Co-ord with Hinode, IRIS, PSP, SO/STIX, XSM etc
— QS, microflares, occulted flares etc

e Capable but not optimised for solar (Grefenstette+ 2016)

— Low detector throughput: limits spectral dynamic
range; cannot handle = B5 microflares; pile-up & gain
issues for A/B microflares

— “Ghost-rays”: weakly see things outside FoV
— Mostly targets rest of the universe....

Overview of NuSTAR solar obs
http://ianan.github.io/nsovr/

26-Jul-2016
log cnt/s NuSTAR 2.5-4 keV
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Hannah+ 2019
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Scales of Flaring Energy Release: EM vs T

* Not an exhaustive list of active
regions and quiet sun flares

1049
* Very approx. scaling: g
@)
EM x 10°* >
Feldman+ 1996 § 10
D
=
* Warning: comparing different <
instruments, with different @ 10%°
sensitivity, and different I=
analysis approaches LU
— Whole flare vs peak; 1048

thermal vs thermal + non-
thermal model; etc

RHESSI MF (Hannah+ 2008)
1 STIX MF (Battaglia+ 2021)

1XSM QS (Vadawale+ 2021)

A
A A
A ***
Aa o A
- ¥
* *» *&J. A
. ;"”_ ¥ oo » > Py
>
* k ",. e "’-"; >
¥ . % ¥\
> > R n
T e
»*
>

5 7 10 15
Temperature [MK]

20

30

40




)
()
S
©
w
()
=
o
<
(7]
-
pd

Scales of Flaring Energy Release: EM vs T + NUSTAR

NuSTAR microflare and quiet
Sun studies greatly extends
parameter space

— Thermal and non-thermal
emission to orders of
magnitude smaller

— Thermal emission to orders
of magnitude smaller, non-
thermal upper limits
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| NuSTAR QS XBP (Paterson+ 2024)

] RHESSI MF (Hannah+ 2008)
1 STIX MF (Battaglia+ 2021)

1 XSM QS (Vadawale+ 2021)

1 NuSTAR MF (Wright+ 2017, Hannah+ 2019,
| Glesener+ 2017/2020, Duncan+ 2021,

1 Cooper+ 2020/21/24, Bajnokova+ 2024)

Paterson+ in prep
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Microflares: NuUSTAR + STIX

GOES B1 microflare: 06 June 2020 19:48

Tricky as at limit of NUSTAR & STIX’s sensitivity
— Bright for NuSTAR but faint for STIX

Location of thermal emission source matches
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Microflares: NuUSTAR + STIX

STIX spectra NuSTAR Grade 0-4 spectra

T_flare: 10.48*3.98 MK

* NuSTAR high count rate needs pile-up and
gain correction )

— Pile-up: empirical model simultaneously
fitted pile to Grade 21-24 (2 photon)

Total_eflux: 0.05%3:3%x10% e~s!

—
o
=

C_FPMB: 0.88+0:2

Index: 8.03+}38 1044 )
E_c: 10.96+073 keV
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STIX, 2020/06/06 19:46-19:48
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Count Spectrum [cts s keV 1]
Count Spectrum [cts s™1 keV™!]
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NuSTAR FPMA

NuSTAR FPMB

* Simultaneous fit to STIX and NuSTAR . S R
2 o = o iy =0 %mm&%ﬂwmm\ﬂw“‘“
— FPMA & FPMB for NuSTAR S I — 129-5l4 . "8 | S S S — |
Energy [keV] Energy [keV] Energy [keV]

* Using Python package sunkit-spex " 22658
— https://github.com/sunpy/sunkit-spex

10 104
pl: 3.48+94¢

ol: 0.55739%7

Gain shift: 0.97:

p2:3.41397
02: 0.84+397

Count Spectrum [cts s™* keV™!]

+  Both well fit with 10.5 MK, 9x10% cm3, E=11
keV, 6 =8, P\=10% erg s

NuSTAR FPMA
Grades 21-24

NuSTAR FPMB
Grades 21-24

Bajnokova+ 2024

10!

* 5 joint spectra successfully fitted

— More joint microflares under study oM e, T |
Energy [keV] Energy [keV]

NuSTAR Grade 21-24 spectra
(Pile-up)



https://github.com/sunpy/sunkit-spex

Microflares: NuSTAR + IRIS + RADYN
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N — , Hannah+ 2019
o SOBIEMK er7uxi0tem® 4
 RADYN simulation work shows G R )
blueshift in UV lines due to non- gL 1T e o e ]
thermal electrons P R T
— Testa+ 2014, Polito+ 2018 St )
P " 23:35 10 23:36 23:34:49
10°§—‘ 23‘35—21",36 (‘3‘.95‘,‘5.97%‘,)‘ SO\ 7 et | AlAFet18. IB_E‘,.SJIMOOA
* NuSTAR A1l microflare showed heating o ol T T T T T T
§I 0;i,,;,,,,.?,jit’;,,;;,;,,i,,,,T,,,,,,,,,,,,,,,,,:
to 6 MK, no non-thermal, and IRIS S o iB20822vin s Tk
redshiftinSilVand O IV 26 80 88 Ent?gy [l?é‘“\:'/] 0 88 FonA
— Hannah+ 2019 10° T Saround
AlA 94A 18:21:47UT IRIS SJI 1330A 18:21:39UT %103; —L hicl
* NuSTAR B-class microflare showed . iy
non-thermal emission and IRIS blue & . 3¢ h
shifted lines " 10 Hy
— Polito+ 2023 o s, T
i S e T
760 800 840 780 800 820 840 E 0 T = un-[_l
Solar-Yl[arcsec] Solar-Y[arcsec] T —5-1 | 1 P I B 1
o T2 4 6 8 10 12

Energy (keV)

Polito+ 2023




Microflares: NuSTAR + Nested Sampling

* Very small AR microflare (A0.02) but unclear if
two thermal or thermal + non-thermal model is a
better fit
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Two thermal Thermal + non-thermal

T2: 45137 MK

EM2: 9.8+35x10% cm~3

. T3:9.7738 MK
\ EM3: 12.5+29x10%2 cm~3

T2: 53732 MK

EM2: 5.37}3x10%* cm™3
Fe-:2.5734x1032 e~ 57!
65:8.112¢

Ec: 6.2 11 keV

* No (clear) signatures at other wavelengths to
help determine if weak high temperature (10 Mi
or non-thermal

* Fit models using nested sampling
— Via sunkit-spex and nestle packages
— Evaluates Bayesian evidence
— More efficient way of sampling parameter

Count Spectrum [cts s~ keV~! Det™1]

|i‘
N '

25 2 5;
space, MCMC like results 10 " A 1 Ohhfarieepro
- 4 6 8 10 - 4 6 8 10
Energy [keV] Energy [keV]
e Stronger evidence for thermal + non-thermal in 17 Nov 2021 21:24
this A0.02 microflare Cooper+ 2024

— Thermal: ~102%¢ erg, Non-thermal: ~102% erg s!




Quiet Sun: Overview

* QS mosaic: multiple pointing 1824 19240F .
changes to capture full disk |

* Mostly steady sources
HXR spectra 2-3.2 MK

* Did catch a small jet Diffusé=
— 2.6 MK, no non-thermal

SDO/AIA 211A, 18:54UT Hinode/XRT Be-Thin, 18:54UT

AIA 211A 2018-09-28 18:34:47
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Quiet Sun: Flaring XBPs

Dwells on XBPs caught them
flaring

— Solar minimum

— 21 Feb & 12-13 Sep 2020

Time profiles of XBPs flares
match in NuSTAR + XRT but not
in AlA
— Due to different
temperature sensitivities

NuSTAR spectra give 3.2 MK,
needs extra component > 4 MK
during flare

Paterson+ 2024
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Quiet Sun: Flaring XBPs

e No non-thermal detected

 Model non-thermal bremsstrahlung
consistent with powering observed
thermal but produce a null detection in
NuSTAR
— But uncertainty over thermal
energy/heating power due to
volume and filling factor

 Max thermal => only very steep
electron beam at low energies
consistent

* Lower heating requirement easier to
power by non-thermal electrons

Power [erg s™*]
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Quiet Sun: Flares/Transients

* QS Dwells also several caught
flares/transients

— Brightening smalls loops, occasional
mini-filament eruption

* NuSTAR HXR spectra 3-4 MK, 1026 erg max
thermal energy

— Mini-filament ~ 5MK

* Hotter than EUV brightenings
— NuUSTAR sensitive to >2MK

* Again, no non-thermal but can model non-
thermal emission to power heating + give
null detection

y [arcsec]

y [arcsec]

12 Sep 2020 Small loops brightening
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Paterson+ in prep
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A Summary o KovG
> Bajnokova+ MINRAS 553, 2024
= Cooper+ MNRAS 529, 2024
=3 * Orders of magnitude smaller HXR flares observed Paterson+ Sol Phys 298, 2023
= .
> with NuSTAR Paterson+ MINRAS 528, 2024
Paterson+ MINRAS in prep
* Finding AR microflares down to <<A Class with -
. . RHESSI MF (Hannah-+ 2008)
heating 5-10 MK and non-thermal emission 1049 | FOXSI2 MF (Vioverings 2
—_— XSM QS (Vadawale+ 2021)
C? NuSTAR MF (Wright+ 2017, Hannah+ 2019,
E 1 Coopers 5020121124, Bajnokoves 2024)
* In QS finding steady sources 2-3 MK, with 2 mugirﬁg as (XKE;JQ%;tzoﬂw o
" bt 47 | Nu aterson+ N
flares/transients mostly 3-4 MK 3 ' C s
° . . ° Akt
— Upper limits on non-thermal emission to power = b L fﬁ*ﬁa;
. c T o RF " ¥ ¥ Y
the observed max heating would be steep to at S| ) ’*,}& iy : —
i 8 X -
low energies £ Yo *
L X X + +
— Lower heating requirement flatter non-thermal N * o
10
3 5 7 10 15 20 30 40

Temperature [MK]

NuSTAR continuing to target the Sun
— Though challenging if >B5 in FoV.... NuSTAR Solar: http://ianan.github.io/nsovr/
sunkit-spex: https://github.com/sunpy/sunkit-spex



https://doi.org/10.1093/mnras/stae2029
https://doi.org/10.1093/mnras/stae348
https://doi.org/10.1007/s11207-023-02135-4
https://doi.org/10.1093/mnras/stae417
http://ianan.github.io/nsovr/
https://github.com/sunpy/sunkit-spex
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