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Abstract

We describe the coordinate systems of two streams of HMI active region vector data. A distinction is made be-
tween (a) the 2D grid on which the field vector is measured (or sampled), and (b) the 3D coordinate established at
each grid point, in which the field vector is presented. The HMI data reduction can involve coordinate changes on
both, with those performed on the former termed “remapping”, the latter “vector transformation”. Relevant pipeline
procedures are described. Useful examples are given for data analysis.

1 The Basics

The HMI pipeline currently produces two streams of active region vector data. One is hmi . sharp_720s, the other
hmi.sharp_cea_720s. For a quick start on the HMI data retrieval, see the FAQ page and a few examples.

The series hmi . sharp_720s aims to provide the vector data in its original format, i.e. a direct cutout from the full-
disk image with no coordinate change or interpolation. This allows more flexibility in data analysis. The series
hmi.sharp_cea_720s aims to provide an easy-to-use format, and involves further data reduction which we will
describe below. For details on their contents, see the SHARP description page.

We make a distinction between two kinds of coordinate systems. The first kind is a 2D grid on which the field is
measured. Examples include the “native coordinate” defined by the pixel arrays on the CCD detector, and the equally
spaced grid in Carrington longitude and sine of latitude, used in synoptic maps. The second kind is a 3D coordinate
established at each grid point, in which the field vector is presented. The three base vectors may be that from the
Heliocentric Earth Ecliptic (HEE) Cartesian coordinate (Thompson, 2006), which are identical globally. Or, they may
be (&;,€9,€yp) as in a Heliocentric spherical coordinate, where their physical directions change in space.

We call the coordinate transformation on the first kind “remapping”. It is also called “map projection” in a sense that
a 3D solar surface is “projected” on to a 2D image. However, such “projection” is strictly a mapping of the loci. It
should not be confused with any operations on the field vectors. A variety of remapping methods and the resultant
map coordinates are described, for example, in Calabretta and Greisen (2002).

To report the vector field measurement, one needs to select a set of base vectors at each grid point. The field vectors
are then decomposed on to them. We call this step “vector transformation”. There is no reason why this cannot be
independent from the remapping, i.e. the base vectors can be arbitrary.

The series hmi . sharp_720s preserves vector data in the native coordinate, i.e. a 2D array as measured at each CCD
pixel. The resultant image portrays the Sun from a single perspective at a large distance, and is defined to be in
a Helioprojective-cartesian coordinate (Thompson, 2006). For a nice introductory read for the World Coordinate
System (WCS) convention, see “WCS for Dummies”.

The three base vectors here are (€&, €;,€;), with +¢ referring to +x on the CCD array, +7n as +y, and +{ as +z out of
the image plane. Note that +{ coincides with the line-of-sight (LOS) direction. The field vectors are expressed as
field strength (B), inclination (y) and azimuth (). The inclination y is defined with respect to +{, with 0° pointing
out of the image, 180° into the image. The azimuth v is defined with respect to +n, with 0° at +7n and increase
counterclockwise.
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To express the field using the base vector (&, &;, &), one uses
B = —Bsinysiny,
By, = Bsinycosvy, ey
By = Bcosy.

Equation set (1) may be viewed as a simple vector transformation. It is worthwhile to note that the HMI has a p-angle
of about 180°, i.e. the north is close to —7, and the west is close to —¢.

In the following section, we describe how the series hmi . sharp_cea_720s is constructed. Again, a distinction is
made between the remapping and the vector transformation.

2 The CEA Series

2.1 Remapping

The serieshmi . sharp_cea_720s uses a Cylindrical equal area projection (CEA). The standard CEA coordinates (x, )
relate to the Heliographic longitude and latitude (¢, 1) (see equations (79) and (80) in Calabretta and Greisen (2002))

x=¢,

2
y=(180°/m)sin A. @

This is also the coordinate used in most synoptic maps, which assumes a reference latitude of zero, i.e. the equator.
Each pixel in this map represents a same area. It is suitable for the computation of total flux and perhaps extrapola-
tion, since no special treatment is needed to account for the pixel sizes.

The HMI pipeline uses the patch center Heliographic longitude and latitude (¢, A.) as the reference pixel. For a set
of desired (x, y), the corresponding (¢, 1) are given by

A=sin"![cosA. y+sinAc\/1—y2 cosx],
¢=sin"1[1/1-y2sinx/cosA]+¢e.

Here, x and y have been converted from degree to radian. The patch center coordinates (x, y.) are taken to be (0, 0).
It is easy to verify that for A, = 0, equation set (3) simplifies to the inverse of equation set (2). It is also easy to verify
that the inverse of equation set (3) is

3)

x =arg[sinAsinA; +cosA cos A, cos(¢p—¢p.), cosAsin(¢p —dc) 1, @

y=sinA cosA;—cosAsinA. cos(¢p—¢p,),

which effectively performs a spherical coordinate rotation, (¢, A;) now becoming (0,0). Here the function arg(a, b)
denotes an angle x which has |tan x| = |b/a| and is also in the same quadrant with the point (a, b). Similar operations
can be found in section 2.3 of Calabretta and Greisen (2002).

This procedure is meant to mitigate the foreshortening effect, so each final image appears as if one is observing
directly overhead. It is important to note that the contours of constant x and y generally do not align with those of
longitude and latitude, as illustrated in Figure 1.

Furthermore, since the measurement is made in the CCD image, we need to convert the Heliographic coordinate
(¢, 1) to the CCD coordinate (¢,n). Assuming the solar radius is r (in pixel), the disk center longitude and latitude is
(¢bo, b), and the image has a p-angle (CW rotation on the image needed for the solar north to be +7), we make use of
the following equations

&=¢"cosp —n'sinp, )
n=¢&sinp +n cosp,

where

r=rpcosg/[1—cosAcos(p—cy) singl,
& =r cos A sin(¢p — ¢y), (6)
n' =r[sinA cosb — cos A sinb cos(¢p — ¢o) .
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Figure 1: Example of CEA grid and remapping. (a) A 30° x 30° large patch. The cross shows the patch center, which
corresponds to a Heliographic latitude of —20° and longitude 35°. The blue dashed lines are contours of constant
Heliographic latitude, as derived from equation set (3). The orange contours are for longitude. The 12° x 9° rectangle
shows the field of view for (c). The base vector &y is tangent to the constant latitude contours. It does not align with
€, except at the patch center, as illustrated by the blue arrow. This is similar for &y, which points toward south as
illustrated by the orange arrow. (b) A 400 x 300 cutout of B; (line-of-sight field) of AR 11158 at 2011-02-16T18:00Z.
The p-angle is about 180°, so the image is upside down. At W35S20, the foreshortening effect is already obvious.
The pink and cyan contours are for constant CEA x and y, derived from the inverse of equation sets (5) and (6), and
equation set (4). (c) A 12° x 9° CEA patch derived from (b) showing the B, component. Both B; and B, are scaled
between +800 G.

This assumes the disk center CCD coordinate is (0,0), and the plate scales in ¢ and ny are identical. The observed solar
disk radius is rp, and g is the angular width of the apparent solar disk. The first equation of equation set (6) accounts
for the finite distance between the Sun and SDO.

2.2 Pipeline Procedure: Sampling

The remapping module works in the following order. First, we define the final grid in CEA coordinate, centered at the
pre-determined location corresponding to (¢¢, A.), equally spaced with a grid size of 0.03° in both directions (about
0.5” at disk center). Second, these sets of (x, y) are converted to (¢, ), and subsequently to (¢,n). Third, interpolation
is performed on the CCD image at (¢,n) to obtain the field value at (x, y), a procedure known as sampling.

A tracking module determines for each set of SHARP its maximum extent in Heliographic longitude (A¢) and latitude
(AA) during the disk passage. Each cutout is ensured to enclose at least this Heliographic range. The remapping
module currently requests a largest possible, constant size in CEA, Ax = A¢ and Ay = AA. A side effect of this choice
is that Ax and Ay may convert to an area slightly larger than what the cutout encloses. A few rows or columns of
pixels at the edge might not have the azimuthal 180°-ambiguity resolution. They are marked 0 in the BIT_MAP image
for being outside the identified region, and 0 in the CONF_DISAMBIG image for being not disambiguated.

For HMI vector field, sampling is performed on Bg, By, and B; individually, with a sixth-order Wiener interpola-
tion scheme. The same interpolator is used for float quantities, like line-of-sight magnetograms. For BIT_MAP and
CONF_DISAMBIG, a near-neighbor interpolator is used. Note that data processed before August 2013 used Wiener
interpolation for these two, which results in unreasonable values at sharp boundaries (e.g. —1 or 35 for BIT_MAP, 48
or 93 for CONF_DISAMBIG). They are being reprocessed.

In limited trial cases with visual inspection, weak aliasing patterns were found in |B| images (sampling done on B,
etc.) for a grid size of 0.06° using bilinear interpolation. No obvious examples were found with 0.03° resolution using
Wiener interpolation.



We nevertheless adopt an oversampling-smoothing scheme to suppress the possible aliasing. We first perform the

sampling at a 0.01° resolution. The resultant map is then resized to 0.03°, using Gaussian smoothing with oy =0y =
0.01°, truncated at 20.

2.3 Vector Transformation

The field vectors in hmi . sharp_cea_720s are presented as (B, By, Bp). The base vector (&, &g, &) is that of a Helio-
centric spherical coordinate. Note that the subscript 8 here in By denote colatitude, and 6 = 90° — A. The transfor-
mation from the newly sampled (Bg, By, By) to (B, By, Bp) follows equation (1) of Gary and Hagyard (1990):

B, kin ki ki3 B¢
Bg |=| ka1 koo ko3 By |, @]
By k31 k32 kss B

k11 = cosA[sin bsin p cos(¢p — o) + cos psin(¢p — ¢g)] —sinA [cos bsin p],

k12 = —cos A[sinbcos pcos(¢p — ) —sin psin(¢p — ¢pg)] +sin A [cos beos p],

k13 = cosAcosbcos(¢p—¢pp) +sinAsinb,

ko1 = sin A [sin bsin p cos(¢ — ¢g) + cos psin(¢Pp — ¢pg)] + cos A [cos bsin p],

k22 = —sinA[sinbcos p cos(¢p — o) — sin psin(¢p — ¢pg)] — cos A [cos bcos p], (8)
ko3 = sinAcos bcos(¢p — ¢pg) —cos Asin b,

k31 = —sin bsin psin(¢ — ¢g) + cos p cos(¢p — ¢y),

k32 = sin bcos psin(¢p — ¢g) + sin p cos(¢p — ¢py),

k33 = —cos bsin(¢ — o).

where

Here (¢, A) is the longitude and latitude of the pixel, (¢bg, b) is the longitude and latitude of the disk center, p is the so-

lar p-angle. We show in the Appendix the derivation of equation (7) and that (B, Bg, By) are identical to (Bi’, —-Bh, ij)
in Gary and Hagyard (1990).

We note that the sign of By is positive if the component points toward south. The base vector €, is parallel to the
constant latitude line; & parallel to the constant longitude line. As illustrated in Figure 1, they are not parallel to +x
or +y in the final CEA coordinates away from the patch center. The deviation may be estimated by

_1 V-4l — tan-! |0/ dy|
Vel |0¢/0x]
1 |sinx sinA; (y sinAc — /1 - y? cosx cosAc)|
(1 - y2)lcosx[(1 — y2) cos? A+ y2 sin? Ae] — y /1= y2Z(1 + cos? x) cosAe sinAe|

cos™! |€p - €x| = cos

=tan~

9
_11VO-&y] ! |OA/0x]|
vl EER
1 (1-y?)sinA.sinx
V1=32cosA— ysindccosx

For x =-15°, y=—-15°, A, = —20°, i.e. lower-left corner of Figure 1, we have cos™! |€p-&x| =6.6° cos~!eg -@y| =5.7°.
The deviation is generally a few degrees at most.

cos™! |€p - &y| = cos

=tan~

The inversion provides uncertainty estimates on B, y, and v, that is o g, 0, and o, respectively. Pairwise correlation
functions are also provided, which we convert to the pairwise covariances covgy, covgy, and covyy. Using equation
sets (1), (7), and (8), we may estimate the uncertainties in op,, 0p,, and g »

0B, \? 0B, \? 0B, \? 0B, 0B 0B, 0B 0B, 0B
UzBr:(aBr) U%+( Oyr) 072, (awr) 012(,-1-26]; 6—;COVBY+26—Bra—wr00VBw+26—wr6—rcova,
0By \? 0By \? 0By \? 0By 0B 0By 0B, 0By 0B,
2 0 2 0 2 0 2 0 0 0 0 [ 0
=|— —_— — 2——— 2—— 2 — , 10
OB, (GB) UB+( dy) 07+(01//) v 3B oy covpy + 3B oy COVgy oy oy COVyy (10)
0By)? 0By)? 0By)\? 0By 0B 0By OB 0By OB
2 _ ¢ 2 ¢ 2 ¢ 2 ¢ OD¢ ¢ OD¢ ¢ OD¢
By = (_OB ) 0'B+(—Y ) oy + (_Vf ) Uw+2_GB _6}/ covpy Z_GB _01// COVBU/"'Z_a _0)f COVyy,



For simplicity, we use a near-neighbor interpolation to get (¢, n) for the corresponding CEA (x, y). In this way, o, gy,
and oy are directly taken from the inversion at the integer pixel (,7), without further expansion of the propagation
equations. The partial derivatives are evaluated as

0B

6_Br = —ky1sinysiny + ky2 siny cosy + k3 cosy,
0By L )

3B = —kp) sinysiny + kpz siny cosy + ky3 cosy,
0By o .
3B = —ksz; sinysiny + ks siny cosy + k33 cosy,
0B, . .

oy = B(—kjj cosysiny + kjp cosycosy — ky3siny),
9o _ gk i k kos si
W = B(—kpj cosysiny + kzp cosy cosy — ko3 siny), a1
0By . .
W = B(—ksj cosysiny + ksp cosy cosy — k33 siny),
0B, . . .

P = B(—kj; sinycosy — kypsinysiny),

0B

6_1; = B(—kp; sinycosy — kyp sinysiny),
0By . o
W = B(—ks; sinycosy — k3p sinysiny).

3 Useful Examples

This section provides a few examples for vector field data analyzing using IDL and the SolarSoft modules
(SSW, Freeland and Handy (1998)). The dataset used here is the one illustrated in Figure 1, and can be down-
loaded from this link. It includes six images (field, inclination, azimuth; B_p, B_t, B_r). The first
three are cutout images from hmi.sharp_720s[377] [2011.02.16_18:00]. The last three are CEA maps from
hmi.sharp_cea_720s[377] [2011.02.16_18:00], where B_p is for By, B_t is for By.

To reduce the file size, most images are stored in the CFITSIO Rice-compressed format. Most standard FITS viewing
software with versions after 2010 also can read this standard compression. They can also be read using the SSW
module read_sdo. Alternatively, one can try the stand-alone fits reader fitsio_read_image.

Table 1: Ephemeris keywords for the SHARP series

Keyword (n=1,2) Meaning hmi.sharp_720s hmi.sharp_cea_720s
CRPIXn ref. pixel disk center w.r.t. patch lower-left patch center w.r.t. patch lower-left
CRVALn ref. pixel coord. Solar (X,Y) = (0,0) Carrington lon,, lat. (¢, A)
CRDELTn pixel size =~ 0.5" 0.03°
CROTA2 negative p-angle ~180° 0°

IMCRPIXn disk center pixel coord in 4K image
CRLN(T) _0BS disk center Carrington lon. (lat.) of disk center

3.1 Headers: Where Is SHARP on the Sun?
The HMI images and their headers (“metadata”) are stored separately and are combined upon “export”. For an in-
troduction to the full disk image keywords, see the metadata documentation.

The keywords of the SHARP series follow the WCS convention. The lower-left corner pixel always have the pixel
address of (1,1). Some ephemeris keywords are provided in Table 1.

Examples for the keyword values in hmi . sharp_720s. It is easy to infer that the lower-left corner of the cutout has
an integer pixel address of (685,2354) in the 4K image, assuming the lower-left is (1,1).
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IDL> read_sdo, ‘hmi.sharp_720s.377.20110216_180000_TAI.field.fits’, index, data
IDL> print, index.crpixl, index.crpix2, index.crvall, index.crval2, $

IDL> index.cdeltl, index.cdelt2, index.crota2, format=°‘(2£f10.3,5f9.3)’

1354.933 -306.263 0.000 0.000 0.504 0.504 180.083
IDL> print, index.imcrpixl, index.imcrpix2 ;ad hoc, disk center pixel in 4K image

2038.9334 2046.7371
For hmi . sharp_cea_720s.

IDL> read_sdo, ‘hmi.sharp_cea_720s.377.20110216_180000_TAI.Br.fits’, index, data
IDL> print, index.crpixl, index.crpix2, index.crvall, index.crval2, index.cdeltl, $

IDL> index.cdelt2, index.crln_obs, index.crlt_obs, format=‘(2f10.3,6£f9.3)°
372.500 189.000 395.183 -21.077 0.030 0.030 359.790 -6.877

3.2 The Handy SSW Modules

The existing WCS-related modules in SolarSoft are very handy for coordinate conversion and are in good agree-
ment with the HMI pipeline results. The WCS information is retrieved from the FITS header and used for the trans-
formation. For the cutout series, one can do the following.

IDL> read_sdo, ‘hmi.sharp_720s.377.20110216_180000_TAI.field.fits’, index, data
IDL> wcs = fitshead2wcs(index) ;extract WCS info

IDL> coord = wcs_get_coord(wcs) ;get coordinate values

To convert the current coordinate (¢,7n) to (Xe, Yo), i.e. the westward and northward distances to the disk center, one
uses the following command.

IDL> wcs_convert_from_coord, wcs, coord, ‘HPC’, solar_x, solar_y, /arcseconds

This results in two maps named solar_x and solar_y, which contain the Solar X and Y coordinate for each pixel in
the cutout image. Here, ‘HPC’ stands for Helioprojective-Cartesian.

Similarly, one uses the following o convert (¢,7n) to longitude and latitude (¢, A). ‘HG’ stands for Heliographic. Note
it assumes the disk center longitude ¢ is 0° (Stonyhurst Heliographic).

IDL> wcs_convert_from_coord, wcs, coord, ‘HG’, phi, theta

The same command sequence applies to the CEA series. See the documentation of wcs_convert_from_coord in
SSW for details.

One may, of course, implement equation sets (2) to (6) and their inverses to perform the conversion. Those are the
ones used in the HMI pipeline.

The difference between the SSW version and the HMI pipeline is generally small, less than 0.1% of the grid size. The
exception is when the absolute value of the solar radius is used, e.g. during conversion from (¢, 1) to (£,n). The
default value for SSW (set in the module wcs_rsun) is 6.955d8, whereas the HMI pipeline uses 6.96d8. Once the value
in SSW is changed to 6.96d8, the resultant (¢,n) agrees with the HMI pipeline within a few percent. The rest of the
difference comes from the different treatment of the finite distance between the Sun and SDO.

3.3 Constructing Radial Field Cutout

The HMI pipeline infers field strength B, inclination y, and azimuth v, which are provided in the cutout series. The
longitude and latitude are readily available from the previous example. Equation sets (1) and (7) give the method to
obtain B, from these images.



4 Qutlook

Future plans include a web tool that allows the coordinate system conversion upon request. A variety of coordinates
for remapping and vector transformation will be available.
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Appendix

We show here that the field components (B;, By, By) in our Heliocentric spherical coordinate are identical to the
“Heliographic components” (Bf, —BJ},’, BZC’) in Gary and Hagyard (1990).

We make use of a Heliocentric Cartesian coordinate where the Solar rotational axis is + Z, the line pointing from Sun
center to the longitude and latitude point (0,0) is +X. Conversion between the two requires a rotation with respect
to +({ by p, followed by a rotation with respect to the new +¢ by b, and a permutation of the axes. This means

By 0 1 1 0 0 cosp sinp 0 By
By |= 00 0 cosb sinb —-sinp cosp O By |. (12)
B 1 0

0 -—sinb cosb 0 0 1 B,
Further, converting from (Bx, By, Bz) to (B, By, By) needs

B, cosAcos(¢p—¢g) cosAsin(¢p—po) sinA Bx
By |=| sinAcos(¢p—¢pp) sinAsin(p—¢g) —cosA By |. (13)
By —sin(¢ — ¢o) cos(¢p — o) 0 Bz

O = O

Again, here A is the latitude. The subscript 6 in By refers to colatitude, and is positive when pointing south.

Equation (7) can then be derived by combining (12) and (13). Compare the coefficients k; ; in (8) with a;; in equation
(1) of Gary and Hagyard (1990), it is easy to verify that

B, asy as  as3 B B!
BQ = —dy1 —dyp —dy3 B’7 = —BJI} . (14)
B‘P al ai a3 B( BJ}CZ

Calabretta, M.R., Greisen, E.W.: 2002, Astron. Astrophys. 395, 1077. doi:10.1051,/0004-6361:20021327.
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