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IMAGING AND VISIBILITIES

This meeting was mainly devoted to the understanding of the RHESSI
imaging concept [1] and how counts are converted to visibilities.

Image formation: count rate profiles. RHESSI is designed to view
the Sun through matched sets of grids. The grid pairs are coaligned
so that they modulate the X-rays from a source that is off center from
the axis of symmetry. The entire spacecraft is rotated so that the
metal bars called slats block the source and then the openings called
slits allow the source to shine on the detector. This means that the
detector sees a brightening and darkening source in a regular pattern.
We want first to understand how the rotation of a couple of grids
modulates the photon flux coming from a point source located in a
certain place in the Sun. For this reason, we try to deduce the analytical
expression of the effective area which comes from the superposition of
the pair of grids of a single subcollimator.
In general, if ¢ € [0, 1] denotes the ratio between the width of a slit
and the pitch (i.e., the sum p of the width of a slit and the width of
a slat) of the subcollimator’s grids, it can be shown that the equation
which gives the effective area due to the superposition of the grids is
given by

(1) S@)=A4 <62—0 + ¢1 co8(P) + o cos(2(P)) + 3 cos(3(P)) + ) ,

where ® = 27 L6/p, L is the distance between the front and the rear
grids, # is the incidence angle between the photon flux and the front
grid in ‘spatial” units of p/2L and Ac/2 is the effective area averaged

on ® (in the ideal case of equal slats and slits the averaged effective
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area is A/4 corresponding to the 25% of the total area). The Fourier
coefficients ¢, (k € N) can be calculated starting from the analytic
expression of the transmission probability function of the pair of grids
(see Figure 1) which is given by:

0 if —1<6<-2

0+q if —2¢<60<0
1 .

0 if2g<6<1

2g—1 if —1<60<-2(1—¢q)
W0+q i —2(1-¢)<6<0
—20+q f0<0<2(1—q)
2g—1 if2(1—¢q)<6<1

for ¢ € [3,1]. In these expressions the angle 6 is given in units of
p/2L and consequently P(#), which should be periodic with period
p/L in the interval [—p/2L, p/2L], becomes periodic with period 2 in
the interval [—1,1]. We can calculate the Fourier coefficients of P()
straightly from their definition:

(4) o= [ ' p(o)an — 24
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(5) o — / P(O) cos(knd)dd = 25T g
1 (km)?

Now that we have calculated the effective area of a subcollimator’s
pair of grids, we can use this expression in order to derive the modu-
lation of the photon flux coming from a point source in the Sun. The
photon flux Fy coming from a point source will be proportional to the
effective area of the detector and consequently will be given by

(6) C(P) = FoT7 (14 agcos(P®) + azcos(2(P)) + azcos(3(P)) + ...),

where T is the averaged transmission of the detector (c¢o/2 in the case
of a pair of identical grids with a given ¢), 7 is the livetime of the de-
tector and ay = ’\’“%, k € Z. (the multiplicative constants Ay keep into
account many physical and technical properties of the subcollimator).
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FIGURE 1. Effective area as a function of the incidence
angle 0 for ¢ = 0.4,0.5,0.6.

Data stacking. Now we have in our hands the analytical expression
of the modulation of a photon flux carried out by a pair of grids of a
single subcollimator of RHESSI. What we want to do now is to build
an image of the portion of the Sun we are interested in. In order to do
this, we have to understand first how RHESSI works and so we have
to speak about “data stacking”.

The process of data stacking is something that allows us to consider
data coming from multiple rotations equivalent to data coming from
a single rotation. This process consists in combining the data on the
basis of spacecraft roll angle and aspect phase. Let us imagine to look
at the Sun from the detector’s point of view. At a given instant, the
pair of grids will be placed in a certain way and from the detector a
certain effective area will be visible.

Let us graph schematically this configuration by displaying the seg-
ments in which the transmission is maximum, which essentially corre-
spond to the peaks of the profiles which we have seen for example in
Figure 1.

Let us fix now an arbitrary point on the detector and let us denote
with [ its orthogonal projection on the plane of the image. We denote
with (Zcoi, Yeou) the coordinates of I with respect to a fixed coordinate
system on the Sun whose axes will be denoted by Xgun, Ysun. We have
to fix a map center M on the Sun with coordinates (Zmap; Ymap) With
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respect to the same coordinate system and we have to fix the dimen-
sions and the number of the pixels of the map. Let us denote with rq
the vector which connects I with M.

ol o N
Dlooti Mool ) M %

FIGURE 2. The coordinate system fixed on the Sun.

We notice that at each instant we know the coordinates (Zmap, Ymap)
which never change in the coordinate system fixed on the Sun, and
(Zcotts Yeot), which are fixed if we assume that the spin axis of the space-
craft is equal to the axis passing for [ while change in a predictable
way if the spin axis of the spacecraft is not equal to the axis passing
for I. At each instant then we are able to calculate the vector ro. Each
pixel [ of the image will have coordinates (z;, ;) and will be connected
with the map center through a vector r;.

Y sun

FIGURE 3. The vectors rg and 7;.

Suppose now that we have a point source located in the pixel [ of the
map. We observe that the modulation of the photon flux coming from
the point source will depend just on the component of ry orthogonal
to the slats. We define then a unit vector k = (cos(«), sin(«)), where
« is the roll angle and is equal to the angle made by the axis Xg,, and
the direction orthogonal to the slats.



F1GURE 4. The unit vector k and the roll angle a.

What we called aspect phase before is essentially the component of
the pointing direction orthogonal to the grid slits and will be propor-
tional to

To - k= (xmap — Teolly Ymap — ycoll> . (COS(OK>, Sin(@))
(7> = (xmap - xcoll) COS(O&) + (ymap - ycoll> sin(a).

Let see what does ‘proportional’ means. In the profile vision we have
a distance 6 (or an angle, if we assume 6 ~ tan(#)) which lies in the
intervals [—p/2L+kp/L,p/2L+ kp/ L] and, in order to avoid constants
in the expansion of S, we introduce the angle ® which is proportional
to 6 and which lies in the intervals [—7 + 2k7, 7 + 2kw]. When we
say “® lies in the intervals [—m + 2km, 7w + 2k7]” we mean that the
function S seen as a function of ® is periodic with period 2w, has
minimum values in —7 + 2k7m and 7 4 2k7 and maximum values in
0+2km. In the ‘detector’ vision we have again a distance (7 - k) which
lies in the interval [—p/2 + kp,p/2 + kp] and again we introduce the
proportional angle ® := 27rg - k/p so that & still lies in the intervals
[—7 4 2km, m 4+ 2kw]. For this reason the modulation profile seen as a
function of ® is the same as in equation (6) and is given by

(8) C(P) = FoT'7 (14 ag cos(P) + az cos(2(P)) + azcos(3(P)) + ...).

RHESSI counts are binned into a large number of very short time
bins. The top panel of figure 11 shows typical observed counts for
a single subcollimator binned into 16 ms time bins and shown for 2
minutes, 4 seconds and 0.4 seconds interval.

Each time bin is associated with the roll angle and aspect phase as
we can see in the bottom panel in a roll/phase diagram. The sequence
of roll/phase points for a single rotation (4 s) is shown in the top
panel of figure 5. Inclusion of many rotations provides a much more



—

% iy o Mo i I"u 3
i e[l 'r\‘ lﬁ,r.'vl.,u-' £ Ty fa m

t— X

Lmets g}

L

P2 s T g

FIGURE 5. RHESSI counts vs time bins.

complete set of roll/phase points (bottom panel of figure 6). This is
due to random variations in spacecraft pointing.
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FIGURE 6. Roll/phase diagram for a single rotation and
for multiple rotations.
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Now roll /phase points are grouped into MxN roll/phase bins (typi-
cally into 32x12 roll/phase bins, but it depends on the user) as we can
see in figure 7.
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FIGURE 7. The roll/phase bins.

For each subcollimator, if we fix one of the M roll angles, we have
the stacked counts as a function of the aspect phase which should
theoretically follow the analytical expression given in equation (8) (see
figure 8).
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FIGURE 8. Typical plot of count rates as a function of
roll/phase bin for all 9 subcollimators.

Visibilities. A visibility is the value of the two-dimensional Fourier
transform of a spatial flux distribution F(z,y) at a point in Fourier
space:

9) V(u,v) = //F(x,y)e@/(”’y;“’”)dxdy.
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In the case of a point source placed in the point (Zmap, Ymap) of the
image, we have

(1(]) F(‘T7 y) = F05(1' — Tmap, Y — ymap>
and consequently
(11) V(u,v) = Fpe'®,

where & = 27 (UZmap + VYmap) = 27 (Tmap COS(Q) + Ymap sin(a))/p (we
defined (u,v) = (cos(a)/p, sin(a)/p)).

The angle @’ of the visibilities and the angle ® of the images are strictly
related one to the other. We observe from the definition of visibility
that ®" does not depend on the subcollimator coordinates (cou, Yeour ),
while this information is certainly and necessary contained in ®. So if
we define the angle A® = 27 (xco cos(@) + Yeon sin(a))/p we can write
the relation

(12) P =0+ AD.
From equation (8) we have that
C(®) = FyT'T (1 + ajcos(®) +...) = FoT7 (1 + aycos(P' — AD) + ...)
(13)
= FoT'7 (14 a1 cos(P’) cos(AP) + ay sin(P’) sin(AD) + ...)
= FoT7 + FoTTa; cos(P') cos(A®) + FoT'Tay sin(P’) sin(AP) + ...

If we neglect the higher harmonics and we fit C'(®) with a function like
Acos(A®) + Bsin(A®) + D we obtain

(14) A= FyTra;cos(®'), B = FyTra;sin(®'), D = FTT.

We observe now that
(15)
V = Fpel® = Fpel®A® = Ve A = Fe'® = Fy(cos(®) + isin(®)).

Moreover,

Ve 2% = (Re(V) +ilm(V))(cos(A®) — isin(AdD))
(16)
= Re(V') cos(AP) + Im(V) sin(AP) + i (Im(V') cos(AP) — Re(V) sin(AD))

and consequently

(17) Re(Ve ™) = Re(V) cos(A®) + Im(V) sin(AD).



On the other hand, from equations (13) and (15) we have that
C(®) — FyTr
aT'T
_ Acos(A®) + Bsin(A®)
N aT'T
A
- a1 T'T cos(A®) + a1 T'T
From equations (17) and (18) it follows that

Re(Ve ™A®) = Fycos(®) =

(18)

sin(A®).

A B
1 = 1 —
(19) Re(V) o m(V) g

and so we have the visibility V' = Re(V) 4 «Im(V).

FROM COUNT IMAGES TO ELECTRON IMAGES

The other main goal of the meeting has been the discussion of a
new method for imaging spectroscopy analysis of hard X-ray emission
during solar flares. The method avoids the traditional noise-sensitive
step of stacking independent images made in different count-based en-
ergy intervals. Rather, it involves regularized inversion of the count
visibility spectra (i.e., the two-dimensional spatial Fourier transforms
of the spectral image) to obtain smoothed (regularized) forms of the
corresponding electron visibility spectra. Application of conventional
visibility-based imaging algorithms then yields images of the electron
flux that vary smoothly with energy. During the meeting a first version
of the paper concerning this new approach to imaging spectroscopy has
been written.
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