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Find the thermal energy of a solar flare (e.g. 06-Jan-04
7:30)

For info:
Energy = 3*N*kB*T
where N=n*V, n — number density, V — volume

Using the observable parameters:
EM=n2V




S}Efgigg@ Rotating Modulating Collimators
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RHESSI detectors look at the source through
Ml = a pair of grids called Rotating Modulating
Collimator (RMC)
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Spacecraft spins about once every ~4 sec =>
artificial modulation of incoming X-ray flux
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RHESSI imaging
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RHESSI has 9 RMCs for 9 detectors

Slats/Slits spacing growing with detector
(RMC) number

b angular resolution from ~2.3” (RMC #1) to
180" (RMC #9)
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RHESSI: ideal modulated lightcurves

IDEAL RMC PROFILES OF CAUSSIAN SOURCES

UNIT FLUX, FWHM=0, (R,?)=(8+F,0) (F=PITCH=68")
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HALF—UNIT FLUX, FWHM=0, (R,#)=(8+P,0)

UNIT FLUX, FWHM=0, (R,2)=(8+F, = /4)

UNIT FLUX, FWHM=0, (R,4)=(12+F,0)

UNIT FLUX, FWHM=F /2, (R,¢)=(81P,0)

UMIT FLUX, FWHM=P, (R,#)=(8+F,0)
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UNKNOWN S0URCE DISTRIBUTION
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spin period

Modulation profiles for various ideal sources
for a grid of pitch P with equal slits and slats

Point source

Half flux from the point source => note half
amplitude

45 degrees angle => note change of phase

Source further from the axis => note change of
modulation frequency

Source size=P/2 => note change of the amplitude

Source size=P => note change of modulation depth
(no modulation for source size >> P)

Modulation encodes spatial source information:
Phase of the modulation => position angle
Distance from the centre => modulation frequency
Amplitude => source size



Modulated lightcurves
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Incoming photon flux from

pixel m of the source
Time interval =
Detector area

observation time — dead
time
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Point source

Modulated Lightcurve Probability to find a photon
_ _ _ _ . from m-th pixel in i-th time
To find an image Is to find the solution: bin (basically the

N | response of the
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[, = — Z[{L—_ﬁ' AL | Pin instrument)

A i=1 Photons (counts) in i-th time bin




i RHESSI imaging
The fundamental problem of RHESSI imaging is to find the spatial photon

distribution knowing the modulated time profile or visibilities

(solve an inverse problem! ;( ):
N

1 -
-'Ir*.-;u;- — I Z[ﬂffﬂ"iiu—'}imz
T =1
To accomplish this task various imaging algorithms to solve this inverse
problem exist:

Back Projection
CLEAN

Maximum Entropy Method MEM based (e.g. MEM NJIT)
PIXON

Forward Fit

Interpolated (smooth) FFT

You method could be here!
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Back projection (Mertz, Nakano, and Kilner, 1986) is the most basic method of image
reconstruction (roughly 2D Fourier transforms(Kilner and Nakano, 1989)), leads to so-

called ‘dirty map’ or ‘dirty image’.
Reconstructed HESSI Image

| N - g—Feb-ZO(J?% 09:57:30,000 o 09:56:30.000
teclors; 8F9
jm — E [EEK&IE]P!m- Encrgzgmgc 12.0- 25.0 keV
A 1 Back Projection Total counts: 7.31E4085
i=
-~ . _ - R
Pim = Pim — {Pm} P = ;m;'r{Fr;}. g
]
i i >
Advantages: SpPIn axis g
3
- Very fast r
- Linear and simple
Disadvantages:
- poor quality images -1000 -500 0 500 1000

Helocentre X (arcsec)

- no reliable source sizes

Mirror image Flare




gfgﬁ%fg%tw}’ RHESSI imaging: CLEAN

Clean assumes that the image is a superposition of point sources convolved with
Point Spread Function (PSF) and iteratively cleans the initial back-projected image
until either negative residuals or max number of iterations Hogbom (1974).

L ] v v A L l A ) T L L ) I . L ¥ . l ; L T L ] L L )

L 21=Jun=2001 10:00:00.000 1o 10:00:04.000
Advantages: Detectors: 4F 5F 6F 7F 8F

Energy Range: 12.0 — 25.0 keV

Clean Tetal counts: 3.66E+03

- Relatively fast
- Positive fluxes

Disadvantages:

- Nonlinear f ,' 1
- Overestimates source sizes - - -
- Likely to misinterpret extended i |
sources R i

CLEAN

4
A l 'S A A A l A ' A A 1 A A A A l A A A 'S l A A

Hurford et al, 2002




Eféﬁirgsé%‘é RHESSI imaging: MEM

Maximum Entropy Methods (MEM) algorithm looks for the map that is both consistent
with the data and contains the least information about the source (i.e. maximum
entropy). (Hurford et al, 2002)

21=Jun=2001 10:00:00.000 10 10:00:04.000 |
@ 6:-*}3 | Datsetors: 4F &F EF J7F &F ]

Xl = Z(i; H = — E Fm l{]g Fm, | Energy Ranges 12.0 — 25,0 ke¥ ]
m P -

_ U-E MEM VIS Tolal courta: S.E4E+05
i L

consistency with Maximising entropy
data i i

Advantages: - ’
- Relatively fast [
- Positive fluxes

Disadvantages:

- Nonlinear 3 MEM-VIS :
- Underestimates source sizes T T e LTI L TR

Hurford et al, 2002
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Forward Fit assumes that the source can be presented as a prescribed functional
form with a number of free parameters (for example, two circular Gaussian sources)

and looks for the parameters which produce a map that is consistent with the data.
(Aschwanden et al, 2002; Hurford et al, 2002+——F———+—+———+——++——7+—

L 21=Jun=232001 10:00:00.000 to 10:00:04 000
| Detectara: 4F 5F 6F 7F &F
| Energy Range: 12.0 — 25.0 keV

Faorward Fit Tetal counts: 2.68E+03

Advantages:

- Fast

- Positive fluxes

- Source sizes and errors on
parameters

Disadvantages:

- Does not work well for complex - 4
sources

Hurford et al, 2002




gffélﬁ%fg%% RHESSI imaging: PIXON

Pixon looks for the simplest model for the image that is consistent with the data
(suitable CHI2) (Puetter, 1995; Metcalf et al., 1996). Pixon simultaneously minimises
smoothes the image locally (minimisation of independent patches) and
simultaneously consistent with the data.

21=Jun=2001 10:00:00.000 1o 10:00:04, GO0
Detectors: 4F 5F 6F 7F &F

| Energy Range: 12,0 — 25.0 keV
Fixon Total counts: 3 68E4+03

Advantages:

- Photometric accuracy B i
- no spurious features j # j

Disadvantages: . -

- Very slow (too orders of
magnitude)

Hurford et al, 2002




Comparing imaging algorithms
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06 - January, 2004 flare
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A Main window - RHESSI Data Analysis Dev. Ve - O] x|
: File Plot_Control Window_Control  Show {pain Wi - i

1 ) Start G U | |nte rfa ce IMain window - RHESSI Data Analysis C
Obsenrvation Time Interval: 19-Jul-2004 20:56:50 to 19-Jul-2004 21:04:20  Flare: 4071954

Current Window:

IDL>hessi

/ HESSI DATA ANALYSIS
2) You will see this

Use the buttons under File to:

1. Select Observation Time Interval
2. Retrieve and process new data

3) Let us select a flare

January 06, 2004 ~06:20 UT I S

Date of last documented change: 7-May-2009
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¢ Main window - RHESSI Data Analysis Dev. Ve - 0] x|
File Plot_Control Window_Control Show_HESSI  Help 4

Observation Time Interval: 6-Jan-2004 06:00:00 to 6-Jan-2004 07:00:00  Flare: 4010604
Start... |6-Jan-2004 06:00:00.000 Reset i - | 3600.000 i
° it Duration (s} | Current Window: HESS| Count Rate 6-Jan-2004 06:00:00 (10:58:56)
6-Jan-2004 07:00:00000  pReget!| : =
""" End. | =" Reset HESSI| Cbserving Surnmary Count Rates
................................................................ 1HOOH
Settimes to start/end of flare: ~ [4010604 Flare Selection... |

| Flare 4010604: 6-Jan-2004 06:13:12.000 to 06:31:28.000 Peak: 06:25:30.000, 2285.00 /s |

Expand Times by I _| minutes before 2 J minutes after flare

Select Data To Plot: ICount Rate ~| Show Flags S.N,F,FDn, RDn, An  Change |

|m LR T

unt Rate (s~ detector™)

Help | Cahcel (Undo any Set Obs Time) | Just Close l SetObs Time and Close
7 B —— 1

-z

/

2) Plot observing summary data i o'

3) Set ObS tlme & ClOse 06:16  06:2¢ 0636 0640 G6:50

Start Time (06—Jan—04 06:00:02)

Co

A=Jun—2008 1107
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In the mane window select
File ->Retrieve/Process data-> Imaging

<M Imaging - RHESSI Data Analysis Dev. Version, 4-Jun-2009 11:16 =] 3

IMAGING  *- changing these parameters forces reprocessing and takes longer)

SelectInput: |Paw Data | |B-Jan-2004 06:00:00.000 to 07:00:00.000 Change... |
Selected Time Range: 6-Jan-2004 06:00:00 to 6-Jan-2004 07:00:00

T : Flare 4010604: 6-Jan-2004 06:13:12.000 to 06:31:28.000 Peak: 06:25:30.000, 2288.00 c/s
1) Select time interval —_—

2) SeleCt energy range B Energy Band (ke'): |12.Dto 25.0 vl Change.. | Bi ning Code: INone vl Show Binning Codes |

.............. _—

3) Select detectors ——— |

4) Select image details:
Size, pixel Size, Xy Oﬁset

5) Select image algorithm /

6) Do not mess with this
(unless you know what you are doing)~

7) Choose Output T Refresh I Resetto Defaults | Set Params Manuallyl Help | Close I _________________




M University
of Glasgow
Selecting time interval....

1) Define time interval here

Good practice:

a) Time interval is a multiple of
spin period (or a half)

b) The weaker the flare the longer t
time (20-40 seconds => good images
for a medium class flare)

@A Select Time Interval(s)

Select Time Interval(s)

Choose one or multiple time intervals to create image for.

Imaging time interval

=1o] x|

R ————
Delete/élected intenval | Delete all I Edit selected interval... | Edit intenvals... |
VA

/ Selectfrom pre-defined list of intervals: or Define intervals to add below.

E}éfine intervals graphically... I Read Intervals from File | Restore Previous Intervals |

Highlight one or more interval(s) to add or replace to current list:

Select All I
Add to List I
Replace List I

None

A st ||5-Jan-zuu406:22:zu.uun Reset | Duration(s): | 40.000

2) Always press replace list
(note the change at the top)

3) Press accept

= Integral # of
_ _ Create mgltlple (max='100l]0) intervals: Add o List I
IDIVIdE this time range into N equal intervals zl
N: [1 D s} !1 — Replace List I ............ E
Draw Current I Save Current Intenvals to File | Cancel Accept :
R e T
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Selecting energy interval....

1) Define energy range here

Good practice:

a) Time interval is more than a few
keV

b) The weaker the flare the longer the
energy range (5-20 of keV is OK))

c) The higher the energy the longe
the energy range (recall X-ray
spectrum) (~100 of keV at 200 keV)

€A Select Energy Interval(s)

Imaging energy range

Select Energy Interval(s)

Choose one or multiple energy bands to create image for.

Delete selected interval | Delete all | Edit selected interval... I Editintervals... |

Selectfrom pre-defined list of intervals: or Define intervals to add below.

Define intervals graphically... | Read Intervals from File I Restare Previous Intervals |

Highlight one or more interval(s) to add or replace to current list:

Select All |
Add to List |
Replace List |

None

Divide this energy range into N equal bands

N: |1 D (keV): |1.

weeeen

Add to List

2) Always press replace list
(note the change at the top)

3) Press accept

Draw Current | Sawve Current Intervals to File | Cancel I Accept |
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Selecting Collimators/Detectors ...

<A Collimator /Detector Options - RHESSI Data Analysis Dev. Version, 4-Jun-2009 x|
,(’follimator"‘(FWHM) Harmonics Time Bin (=bus)  Floor (bus)

1) Define RMC here {1 (2.."2,:8") 123 [ =] |1_Jr:m24v ’[]—j

Enable all collimators |

Disable all collimators |

. — . " ol I - = Zelectharmonics |
GOOd practlce: & 92) ! |1__| |1_JL:1U¢4J ID J T
3 (6.?9"):‘@: 123 |1_L| I_ J -2048) .'

1L

a) Front for energies
<~300keV, Rear for higher B
energies (Det#1 up to 100 keV)

{1 8)

123 |+1 v I I_]_ J (405} ID j Time Binfinimurm (bus) I1 024 J

[v' Calculate time bins automatically
v 5 ) 123 [«1 7] |E=_Jf:=£ﬂ'323 I[] j

b) Det #3-8 is a common choice FlFrcenutipiaeien

V6 (35'3")§ 123 IE IB_J[':;;W;@ IU j time_hin_min to powers of two
Digital oualitylﬂ-% j
c) Det#2 above 20-25 keV only Frem  wFE e o

Cancel | Acceptl

d) Det#9 for scales >~180" ) R O 0 (R o P
[ 4 (1%5.2") 123 |1_;| IH—_,I[:%_M Ig—j

2) Press accept




Image/pixel sizes
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Selecting Collimators/Detectors ... It is not bad idea to use XYoffset from flare catalog
(put tick if you want it)

1) Define pixel size ————

2) Define image size

3) Set the centre of the image -
as offset from the Sun centre

Good practice:

a) Pixel size less than RMC
FWHM

_ _ 4) As usual press ‘accept’ when finished
b) Use small image size
~64x64 or 32x32 (especially

with Pixon)

c) Keep in mind where the spin
axis is
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RHESSI imaging

¢ Imaging - RHESSI Data Analysis Dev. Version, 4-Jun-2009 11

= o] x|
F i n a I Iy . IMAGING - changing these parameters forces reprocessing and takes longer)
Select Input: IRaw Data LI IB-Jan-ZDM 06:00:00.000 to 07:00:00.000 Change... |

Selected Time Range: 6-Jan-2004 06:00:00 to 6-Jan-2004 07:00:00
Flare 4010604: 6-Jan-2004 06:13:12.000 to 06:31:28.000 Peak: 06:25:30.000, 2288.00 c/s

1) Choose algorithm

*1 Image Time Interval: I 6-Jan-2004 06:25:30.000 to 06:25:34.000ﬂ Change... | 4s at peak I

*1 Energy Band (keV): |12.Dt0 25.0 vl Change... | Binning Code: INone 'I Show Binning Codes I

Collimators and Detector Front/Rear Segments Selected:
1FER. 2FR, 3FR., 4FR, 5FF, 6FF., 7FR. 8FR., 9FF
Automatic Time Bin Calculation: Enabled  Digital Quality: 0.95

Change... |

Pixel Size (arcsec): 4.0 x 4.0 Image Dimensions (pixels): 64 x 64

\%g\t of Map Center from Sun Center (arcsec): X:-973.36 Y: 74.63 Change... |
|

mage Size = 256 x 256 arcsec  Xrange =-1101 to-845 arcsec Y range =-53 to 203 arcsec
AN

X r——
*|mage Algdrithm: IBack Projection .LI Set parameters... Setvisibility params... I hark clean boxes I

Flatfield: Enabled Modpat_skip:1 Phase Stacker: Disabled Cull: Enabled (Fraction: 0.50)

Weighting: Natural Tapering Width (arcsec): 0.00 Local Average: Disabled Change...l
2) OUtpUt type Yariable Flux Correction: Enabled  Decimation Carrection: Front  Rate-based BProj: Enabled
(save as image as a

file or display in the ——————Je e SRR T
main window) |
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Use synoptic data ... (almost all main solar data are accessible !!!)

il SHOW SYNOP: 4-Jun-2009 - 10| x|

Done | GOES Warkench | Canfigure |

2) Choose type of data /

and press ‘search’ —

Search results will appear here

ViewHeaderl Displa; Delete

3) Set your local folder

1e_xrays.pro
" |Ekin.dat

I

Ekin_e100kev.dat
Ekin_eb0kev.dat

.. |Ekininitial.dat
“._[brm_bremcross.pro
‘lenl.BAK

4) Download the data

AN
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Obj — hsi_image() <= Defining imaging object anything instead of ‘obj’

obj-> set, det_index _mask=[0,0,1,1,1,1,1,1, 0] <= Detectors used #3-8

obj-> set, im_energy_binning=[10.0, 20.0] <= Energy range used from 10 to 20 keV

obj-> set, im_time_interval="6-Jan-2004 '+['06:22:20', '06:23:00" <= time interval
obj-> set, image algorithm= 'Back Projection' <=image algoritm; could be Clean, Pixon, etc

obj-> set, image_dim=[128, 128] <= image size in pixels

obj-> set, pixel_size=[32., 32.] <= pixel size in arcseconds
obj-> set, use_flare_xyoffset=0 <=ifset to 1 uses catalog data, if set to 0 not
obj-> set, xyoffset=[0.0, 0.0] <= sets image centre coordinates

data = obj-> getdata() ; retrieve the last image made

obj-> plot ; plot the last image
obj-> plotman ; plot the last image in plotman




gffélﬁ%fg%% Visibilities forward fit 1

obj = hsi_image()

obj-> set, det_index_mask=[0,1,1,1,1,1,1,0, 0]

obj-> set, im_time _interval='6-Jan-2004 '+['06:22:20', '06:23:00"]
obj-> set, im_energy_binning=[25.,35.]

obj-> set, image_algorithm="VIS FWDFIT <=visibilities forward fit to be used

obj-> set, xyoffset=[-970,73] <= centre of the map
obj-> set, use_phz_stacker= 1 <= stacking into roll bins
;0bj-> set,PHZ radius=10. <= automatic choice of roll bins based on the characteristic scale 10”

obj-> set,image_dim=[64,64]
obj-> set,pixel_size=[1.0,1.0]
obj-> set, vi _multi=1 <= tWO SOUrces
obj-> set,phz_n_roll_bins_control=[20,38,20,20,12,12,12,12,20] <= manual choice of roll bins
;sets the number of roll bins per detector

; useful controls when calculating the visibilities
obj-> set, vis_edit=1, vis_combine=1
; remove outliers and combine conjugates
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our_fit=obj ->get(/vf_srcout) <= gets parameters out of object
;gets visibilities parameters

fit_err=obj ->get(/vf_sigma) <= errors on the fit parameters
,gets visibilities parameter errors

;you can set some initial parameters for you visibility structure

our_fit.srctype=['ellipse’, 'ellipse'] <= two ellipse fit

our_fit.srcflux=[11 ,9] <= fluxes per ellipse

our_fit.srcfwhm=[7,6] <=FWHMs of the sources _
our_fit.eccen=[0.7,0.7] <= ellipse eccentricities <= WO Soulrce sizes per
our_fit.srcpa=[175,-178] <= position anlgles

our_fit.srcx=[907,904] <= x coordinates of the ellipse/circle centre

our_fit.srcy=[248,272] <=y coordinates of the ellipse/circle centre

obj -> set, vf_srcin=our_fit <= setting parameters as initial guess for forward fit
; sets out fit params

obj-> plot

. <= plotting the output map (image)
obj->plotman
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These lecture notes and example IDL scripts:
http://www.astro.gla.ac.uk/users/eduard/sodas

RHESSI imaging overview (good collection):
http://hesperia.gsfc.nasa.gov/hessi/instrumentation.htm

RHESSI imaging tutorials (from first steps to advanced level ):
http://hesperia.gsfc.nasa.gov/rhessidatacenter/imaging/overview.html

Description of all RHESSI imaging software parameters:
http://hesperia.gsfc.nasa.gov/ssw/hessi/doc/hsi_params_all.htm




