8

4. Headers by decimal 32) are present in bytes 9 and 10 of the keyword

The fi . f this ch define th ’ record this indicates that the keyword has a value field asso-
efirsttwo sections of this chapter define the structure&ane ;5104 with it, unless it is one of the commentary keywords

tent of header keyword records. This is followed in SectwitB  jofined in Sect. 4.4.2 (i.e.,HISTORY, COMMENT, or completely

recommendations on how physical units should be expresss(%nk keyword name) which by definition have no value.
The final section defines the mandatory and reserved keywords

for primary arrays and conforming extensions.
4.1.2.3. Value/comment (bytes 11 through 80)
4.1. Keyword records In keyword records that contain the value indicator in byges
4.1.1. Syntax and 10, the remaining bytes 11 through 80 of the recbrall
contain the value, if any, of the keyword, followed bptional

Each 80-character header keyword recghdll consist of a key- comments. In keyword records without a value indicatoreb@
word name, a value indicator (only required if a value isergl  through 80shouldbe interpreted as commentary text, however,
anoptionalvalue, and amptionalcomment. Keywordsayap-  this does not preclude conventions that interpret the oot
pear in any order except where specifically stated otherinisethese bytes in other ways.
this standard. It isecommendethat the order of the keywords ' The value field, when presersthall contain the ASCII text
in FITS files be preserved during data processing operatiopgresentation of a literal string constant, a logical tamis or
because the designers of therS file may have used conven-a numerical constant, in the format specified in Sect. 4.2 Th
tions that attach particular significance to the order ofa®r ya|ye fieldmaybe a null field; i.e., itmay consist entirely of
keywords (e.g., by grouping sequencesCOfMENT keywords - spaces, in which case the value associated with the keyword i
at specific locations in the header, or appendii§TORY key-  ndefined.
words in chronological order of the data processing st€ps)  The mandatoryITSkeywords defined in this standamlist
usingCONTINUE keywords to generate long-string keyword valp ot appear more than once within a header. All other keywords
ues. . . that have a valushould noappear more than once. If a keyword

A formal syntax, giving a complete definition of the syntaXjoes appear multiple times withfErent values, then the value
of FITSkeyword records, is given in Appendix A. Itis intendeds jndeterminate.
as an aid in interpreting the text defining the standard. If a comment follows the value field, inustbe preceded

In earlier versions of this standard a FITS keyword, assumgd 4 slash (/’, decimal 47 or hexadecimal 2E)A space be-
as an item whose value is to be looked up by name (and presifiisen the value and the slash is strongigommendedThe
ably assigned to a variable) by a FITS reading program, was ggmmentmay contain any of the restricted set of ASCII text
sociated one to one to a single header keyword record. Weth Eharacters, decimal 32 through 126 (hexadecimal 20 through
introduction of continued (long-string) keywords (see.4.2), 7g) The ASCII control characters with decimal values lessit
such FITS keywords may span more than one header keywaklincluding the null, tab, carriage return, and line fekdrac-
record, and the valushall be created by concatenation as €xers), and the delete character (decimal 127 or hexade@)al
plainedin 4.2.1.2. must notappear anywhere within a keyword record.

4.1.2. Components 4.2 Value
4.1.2.1. Keyword name (bytes 1 through 8) The structure of the value field depends on the data type of the
. value. The value field represents a single value and not ag arr
The keyword nameshall be a left justified, 8-character, ¢4 es! The value fieldnustbe in one of two formats: fixed
space-filled, ASCII string with no embedded spaces. Alldigi, free The fixed-format is required for values of mandatory

0 through 9 (decimal ASCII codes 48 to 57, or hexadecimal $,\,0rds and isecommendetbr values of all other keywords.
to 39) and upper case Latin alphabetic charactarsthrough

‘Z’ (decimal 65 to 90 or hexadecimal 41 to 5A) are permitted;

lower case characteshall notbe used. The underscoré_{, 4.2.1. Character string

decimal 95 or hexadecimal 5F) and hyphénr’(, decimal 45 , ,

or hexadecimal 2D) are also permitted. No other charactér€-1-1 Single record string keywords
are permitted. For indexed keyword names that have a single

positive integer index counter appended to the root name, A character string valughallbe composed only of the set of
the countershall not have leading zeroes (eNAXISL, Not yestricted ASCII text characters, decimal 32 through 126<{h
NAXTIS001). Note that keyword names that begin with (Ojgecimal 20 through 7E) enclosed by single quote characters
consist solely of) any combination of hyphens, underscemes («+» gecimal 39, hexadecimal 27). A single quote is represknte

digits are legal. within a string as two successive single quotes, e.g., O'HAR
'0' "HARA'. Leading spaces are significant; trailing spaces are
4.1.2.2. Value indicator (bytes 9 and 10) not. This standard imposes no requirements on the case sensi

tivity of character string values unless explicitly statedthe
If the two ASCIl characters'=."' (decimal 61 followed definition of specific keywords. _ _
If the value is a fixed-format character string, the starting
1 This requirement diers from the wording in the origin&ITSpa- Single quote charactenustbe in byte 11 of the keyword record
pers. See Appendix H. and the closing single quotaustoccur in or before byte 80.




Earlier versions of this standard alsmuiredthat fixed-format
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3. Enclose each substring with single quote characters: Non

characters stringmustbe padded with space characters to at significant space characters may occur between the amper-

least a length of eight characters so that the closing quae ¢

sand character and the closing quote character.

acter does not occur before byte 20. This minimum charactér Write the first substring as the value of the specified key-

string length is no longer required, except for the valuehef t

XTENSION keyword (e.g.,'IMAGE._...' and 'TABLE....'; see 5.

Sect. 7) whichmustbe padded to a length of eight characters for
backward compatibility with previous usage.

Free-format character strings follow the same rules as-ixed

format character strings except that the starting singletequ
charactemayoccur after byte 11. Any bytes preceding the start-
ing quote character and after byterhQstcontain the space char-
acter.

Note that there is a subtle distinction between the follgwvin

word.

Write each subsequent substring, in order, to a seriesyof k
words that all have the reserved keyword natO8TINUE

(see 4.4.2) in bytes 1 through 8 and have space characters
in bytes 9 and 10 of the keyword record. The substring may
be located anywhere in bytes 11 through 80 of the keyword
record and may be preceded by non-significant space char-
acters starting in byte 11. A comment string may follow the
substring; if present, the comment string must be separated
from the substring by a forward slash charactgy.(Also, it

is strongly recommendetiat the slash character be preceded

three keywords:
by a space character.

KEYWORD1= , , / null string keyword The CONTINUE keywordnust notbe used with of any of
KEYWORD2= / empty string keyworg the mandatory or reserved keywords defined in this standard u
KEYWORD3= / undefined keyword y Y

less explicitly declared of type long-string.
The following keyword records illustrate a string valuettha
is continued over multiple keyword records. (Note: the tbraf

The value oREYWORD1 is a null, or zero length string wherea : SR
the value of th&EYWORD2 is an empty string (nominallyasingleﬁhe substrings have been reduced to fit within the page Igtyout

space character because the first space in the string ificigj WEATHER = 'Partly cloudy during the evening f&'
but trailing spaces are not). The valu&k@VWwORD3 is undefined CONTINUE 'ollowed by cloudy skies overnight.&'
and has an indeterminate data type as well, exceptin CaSHSWIEONTINUE ' Low 21C. Winds NNE at 5 to 10 mph.'
the data type of the specified keyword is explicitly definethia

standard. If needed, additional space for the keyword comment field

The maximum length of a string valueat can be repre- can be generated by continuing the string value with one semo
sented on a single keyword recoisi 68 characters, with the null strings, as illustrated schematically below:
opening and closing quote characters in bytes 11 and 80, re-
spectively. In general, no length limit less than 68 is irglfor <TRkEY = 'This keyword value is continued &'
character-valued keywords. CONTINUE ' over multiple keyword records.&'

Whenever a keyword value is declared ‘string’ or said tQONTINUE '&' / The comment field for this
‘contain a character string’, the length limits in this $estap- CONTINUE '&' / keyword is also continued
ply. The next section 4.2.1.2 applies when the value is dedla CONTINUE '' / over multiple records.

‘long-string’.

FITSreading software can reconstruct the long string value
by following an inverse procedure of checking if the striradue
ends with the ‘& character and is immediately followed by a
conformingCONTINUE keyword record. If both conditions are
true, then concatenate the substring from@Q8TINUE record

Earlier versions of this Standard only defined single recoRto the previous substring after first deleting the trgili&’
string keywords as described in the previous section. TRBaracter. Repeat these steps until all subseqO@NTINUE
Standard now incorporates a convention (originally devetb records have been processed.
for use inFITSfiles from high energy astrophysics missions) for Note that if a string value ends with the ‘&’ character, but
continuing arbitrarily long string values over a poteniain- is not immediately followed by @ONTINUE keyword that con-

limited sequence of multiple consecutive keyword recosisg: forms to all the previously described requirements, thert&h
the following procedure: character should be interpreted as the literal last characthe
string. Also, any ‘orphanedCONTINUE keyword records (for-
1. Divide the long string value into a sequence of smaller sually notinvalidating the FITS file, although likely repeeging
strings, each of which is no longer than 67 characters @ error with respect to what the author of the file meant) khou
length. (Note that if the string contains any literal singl®€ interpreted as containing commentary text in bytes 9 — 80
quote characters, then these must be represented as a (§HHlar to aCOMMENT keyword).
of single quote characters in tfdTS keyword value, and
these 2 characters must both be contained within a singlg 5 Logical
substring).
2. Append an ampersand character (‘&’) to the end of each subthe value is a fixed-format logical constantshall appear as
string, except for the last substring. This character seage an uppercasg or F in byte 30. A logical value is represented in
a flag toFITSreading software that this string valoeybe free-format by a single character consisting of an uppertas
continued on the following keyword in the header. F as the first non-space character in bytes 11 through 80.

4.2.1.2 Continued string (long-string) keywords
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4.4.2.4. Commentary keywords

These keywords provide commentary information about the
contents or history of thEITSfile andmayoccur any number of
times in a header. These keywosrtgllhave no associated value
even if the value indicator charactérs.' appear in bytes 9 and
10 (hence it isrecommendedhat these keywords not contain
the value indicator). Bytes 9 through &taycontain any of the
restricted set of ASCII text characters, decimal 32 throLg6
(hexadecimal 20 through 7E).

In earlier versions of this standard continued string keyiso
(see 4.2.1.2) could be handled as commentary keywords if the
relevant convention was not supported. NGONTINUE key-
wordsshallbe honoured as specified in Section 4.2.1.2.

COMMENT keyword. This keywordmay be used to supply any
comments regarding tHe T Sfile.

HISTORY keyword. This keywordshouldbe used to describe
the history of steps and procedures associated with theegsec
ing of the associated data.

Keyword field is blank. This keywordmaybe used to supply
any comments regarding thdTSfile. It is frequently used for
aesthetic purposes to provide a break between groups tédela
keywords in the header.

A sequence of one or more entirely blank keyword records
(consisting of 80 ASCII space characters) that immedigisdy
cede theEND keyword may be interpreted as non-significant fill
space that may be overwritten when new keywords are appended
to the header. This usage convention enables an arbittargg
amount of header space to be preallocated wheRIh8 HDU
is first created which can help mitigate the potentially ime
consuming alternative of having to shift all the followingtd
in the file by 2880 bytes to make room for a new FITS header
block each time space is needed for a new keyword.

16



— The last paragraph of Sect. 4.1.2.3 was corrected to state
that the ASCII text characters have hexadecimal values
20 through 7E, not 41 through 7E.

H.3. List of modifications to the latest FITS standard

1. The representation of time coordinates has been incorpo-

rated by reference from Rots et al. (2015) and is summa-
rized in Sect. 9. Cross-references have been inserted4n pre
existing sections of the Standard (namely in Sect. 4.2.7,
4.3, 4.4.2.1, 4.4.2.2 and 5.4, as well as in various places
of Sect. 8, like 8.3 and 8.4.1). New keywords are listed
in a rearranged Table 22. Contextually an erratum was ap-
plied in Sect. 8.4.1: keyword3BSGEO- [XYZ] were incor-
rectly marked a®BSGEO- [XYZ]q; the TAI-UTC difference

in Table 30 was updated with respect to Rots et al. (2015)
taking into account the latest leap second; the possitafity
introducing more sources for the solar system ephemerides
was re-worded (at the end of Sect.9.2.5 and in Table 31).

. The continued string keywords described in Sect. 4.2.1.2
were originally introduced asRITSconvention since 1994,
and registered in 2007. The text of the original convention
is reported ahttp://fits.gsfc.nasa.gov/registry/
continue_keyword.html. The diferences with this stan-
dard concern:

— In the convention, th& ONGSTRN keyword was used to
signal the possible presence of long strings in the HDU.
The use of this keyword is no longer required or recom-
mended.

— Usage of the convention wast recommendetbr re-
served or mandatory keywords. Now itegplicitly for-
bidden unless keywords are explicitly declared long-
string.

— To avoid ambiguities in the application of the previous
clause, the declaration of string keywords in sections 8,
9 and 10 has been reset from the generic ‘character’ to
‘string’.

— Itis also explicitly clarified there is no limit to the num-
ber of continuation records.

— The description of continued comment field is new.

. The blank header space convention described in Se@.4:.4.

was used since 1996, and registered in 2014. The text of

the original convention is reportedlattp: //fits.gsfc.

nasa.gov/registry/headerspace.html. It included a

recommendatioabout using the convention in a controlled

environment, which does not appear in this standard.
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Table 21: WCS and celestial coordinates notation.

Variable(s) Meaning Related FITS keywords
i Index variable for world coordinates

j Index variable for pixel coordinates

a Alternative WCS version code

p; Pixel coordinates

rj Reference pixel coordinates CRPIXja

m; Linear transformation matrix CDi_ja or PCi_ja

S Coordinate scales CDELTia

(xy) Projection plane coordinates

(¢,0) Native longitude and latitude

(a,9) Celestial longitude and latitude

(¢, 6o) Native longitude and latitude of the fiducial point - PVi_1a' , PVi_2a

(o, 60) Celestial longitude and latitude of the fiducial pointCRVALia

(@p, 6p) Celestial longitude and latitude of the native pole

(#p. 6p) Native longitude and latitude of the celestial pole LONPOLEa (=PVi_3a'),

LATPOLEa (=PVi_4a")

Notes. T Associated withongitudeaxisi.

in the CRPIXi keywords, and the world coordinates at the refer- The keywords given below constitute a complete set of fun-

ence point are encoded in tARVALI keywords. For additional damental attributes for a WCS description. Although theitu-

details, see Greisen & Calabretta (2002). sion in an HDU is optionali-ITSwritersshouldinclude a com-
The third step of the process, computing the final world cglete set of keywords when describing a WCS. In the event that

ordinates, depends on the type of coordinate system, whictspme keywords are missing, default valuasstoe assumed, as

indicated with the value of theTYPEi keyword. For some sim- specified below.

ple, linear cases an appropriate choice of normalizatiohfe

scale factors allows the world coordinates to be takentyrémr -~ ycsayEs — [integer; defaultNAXIS, or larger of WCS indexeis
by applying a constantftset) from thex; (€.g., some spectra). 1 Number of axes in the WCS description. This keyword,
In other cases it is more complicated, and may require the ap- ;¢ presentmustprecede all WCS keywords excepxIs in

plication of some non-linear algorithm (e.g., a projectias for the HDU. The value ofiCSAXES mayexceed the number of
celestial coordinates), which may require the specificaticad- pixel axes for the HDU.

ditional parameters. Where necessary, nUmeric pafaneites/  crypg; _ [string indexed; default! " (i.e. a linear, undefined

for non-linear algorithmsnustbe specified vi@Vi_m keywords

and character-valued parameters will be specifie@Siankey- ordinate type that is not covered by this standard orféin o

words, wheremis the parameter number. _ cially recognizedITSconventiorshallbe taken to be linear.

__ The application of these formalisms to coordinate systéms o0 - Al non-linear coordinate system namemustbe expressed

interest is discussed in the following sub-sections: Sk2tde- in ‘4-3' form: the first four characters specify the coordma

scribes general WCS representations (see Greisen & Cilabre type, the fifth character is a hyphen-{, and the remain-

2002), Sect. 8.3 describes celestial coordinate syste®s (S ing three characters specify an algorithm code for comput-

Calabretta & Greisen 2002)), Sect. 8.4 describes spedios ¢ jng the world coordinate value. Coordinate types with names

dinate systems (see Greisen etal. 2006), and Sect. 9 d&scrib of less than four characters are padded on the right with

the representation of time coordinates (see Rots et al. )2015 hyphens, and algorithm codes with less than three charac-
ters are padded on the right with blafkalgorithm codes
shouldbe three characters.

CUNITi — [string indexed; default:'.' (i.e., undefined)].

A variety of keywords have been reserved for computing the Physical units ofRVAL andCDELT for axisi. Note that units

coordinate values that are to be associated with any pixel lo shouldalways be specified (see Sect. 4.3). Units for celestial

cation within an array. The full set is given in Table 22; thds coordinate systems defined in this Standatgtbe degrees.

most common usage are defined in detail below for convenience

Coordinate system specifications may appear in HDUs that coGRPIX] — [floating point; indexed; default: 0.0]. Location of the

tain simple images in the primary array or in animage extensi ~ reference pointin the image for agigorresponding to; in

Images may also be stored in a multi-dimensional vectorofell ~ Ed. (9). Note that the reference pomaylie outside the im-

a binary table, or as a tabulated list of pixel locations (ape age and that the first pixel in the image has pixel coordinates

tionally, the pixel value) in a table. In these last two typésm- (1.0,10,..).

age representations, the WCS keywords havefaréint naming CRVALi — [floating point; indexed; default: 0.0]. World

convention which reflects the needs of the tabular datatstrsc ~~ Coordinate value at the reference point of axis

and the 8-character limit for keyword lengths, but otheeditd-  CDELTI — [floating point; indexed; default: 1.0]. Increment of

low exactly the same rules for type, usage, and default salue the world coordinate at the reference point for axighe

See reference Calabretta & Greisen (2002) for example ufage  valuemust nobe zero.

these keywords. All forms of these reserved keywardstbe

used only as specified in this Standard.

axis)]. Type for the intermediate coordinate akig\ny co-

8.2. World coordinate system representations

9 Example:‘RA---UV .
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Table 22 (continued)

Notes.The indexeg andi are pixel and intermediate world coordinate axis numbespectively. Within a table, the indexrefers to a column
number, andnrefers to a coordinate parameter number. The itkd®go refers to a column number. The indicads either blank (for the primary
coordinate description) or a charactathroughZ that specifies the coordinate version. See text.

() crOTAI form is deprecated but still in use. dtust notbe used wittPCi_j, PVi_m, andPSi_m. @ PCi_j andCDi_j forms of the transformation
matrix are mutually exclusive, andust notappear together in the same HD®) EPOCH is deprecated. UsSEQUINOX instead® These 8-character
keywords are deprecated; the 7-character forms, whichrande an alternate version code letter at the shouldbe used instead® For
the purpose of time reference position, geodetic latjflodgitudegelevationOBSGEO-B, OBSGEO-L, OBSGEO-H or an orbital ephemeris keyword
OBSORBIT can be also used (see Sect. 9.28)[M] JDREF can be split in integer and fractional valugs] JDREFI and [M] JDREFF as explained
in Sect. 9.2.2.

CROTAI — [floating point; indexed; default: 0.0]. The amounin the coordinates would be given by summing the individual
of rotation from the standard coordinate system tafecént errors in quadrature.
coordinate system. Further use of this of this keyword is dep
recated, in favor of the newer formalisms that use@bigj . . o
or PCi_j keywords to define the rotation. 8.2.1. Alternative WCS axis descriptions

PCi_j — [floating point; defaults: 1.0 when= j, 0.0 otherwise].
Linear transformation matrix between pixel axeand in-
termediate coordinate axésThe PCi_j matrix must notbe
singular.

CDi_j — [floating point; defaults: 0.0, but see below]. Line
transformation matrix (with scale) between pixel axesd
intermediate coordinate axesThis nomenclature is equiv-
alent toPCi_j whenCDELTi is unity. TheCDi_j matrix must
notbe singular. Note that theDi_j formalism is an exclusive
alternative toPCi_j, and theCDi_j andPCi_j keywordsmust
notappear together within an HDU.

In some cases it is useful to describe an image with more than
one coordinate tygé. Alternative WCS descriptionsnay be
added to the header by adding the appropriate sets of WCS key-
ayvords, and appending to all keywords in each set an alplabeti
code in the ranga throughZ. Keywords that may be used in
this way to specify a coordinate system version are inditate
Table 22 with the sflix a. All implied keywords with this encod-
ing arereserved keywordandmustonly be used iFITSHDUs
as specified in this Standard. The axis humheustlie in the
range 1 through 99, and the coordinate paramaterustie in
the range 0 through 99, both with no leading zeros.

In addition to the restrictions noted above, if aibj_j keywords Theprimaryversion of the WCS description is that specified
are present in the HDU, all other unspecifiedi_j keywords with a as the blank charactér Alternative axis descriptions are
shall default to zero. If naCDi_j keywords are present then theoptional, butmust notbe specified unless the primary WCS de-
headeshallbe interpreted as being iCi_j form whether or not scription is also specified. If an alternative WCS desaripis
anyPCi_j keywords are actually present in the HDU. specified, all coordinate keywords for that versionstbe given
Some non-linear algorithms that describe the transfoonatieven if the values do notfler from those of the primary version.
between pixel and intermediate coordinate axes requir@npar Rules for the default values of alternative coordinate dpsons
eter values. A few non-linear algorithms also require ctimra are the same as those for the primary description. The altern
valued parameters, e.g., table lookups require the namig oftive descriptions are computed in the same fashion as the pri
table extension and the columns to be used. Where necessaayy coordinates. The type of coordinate depends on thevalu
parameter valuesiustbe specified via the following keywords: of CTYPEia, and may be linear in one of the alternative descrip-
. . . . . tions and non-linear in another.

PV:T‘:; d_iagzo\;:\t/t(;rr]l% Egg]rt(]j.irz\:ﬁ?:;li; \?V?]r;rgr?qt?sr ;’ﬁelus;;onrlé?é?r' Th_e alternati\_/e version codes are selected bftﬁié%writer; _
number. Leading zerasust notbe used, andn may have there is no requirement that.the codes_ be qgeql in alphaleetic s
only values in the range O through 99 and that are deﬁnggence, nor that one coordinate versiofietiin its parameter

' lues from another. An optional keywoidSNAMEa is also de-

for the particular non-linearalgorithm. , ._fined to name, and otherwise document, the various versions o
PSi_m— [string). Character-valued parameters for intermedia CS descriptions:

world coordinate axi$, wherem is the parameter number.
Leading zerosnust notbe used, andn may have only val-

ues in the range 0 through 99, and that are defined for tgCSNAMEa — [string default fora: '.' (i.e., blank, for the pri-
particular non-linear algorithm. mary WCS, else a characte&rthroughZ that specifies the

. . . coordinate version]. Name of the world coordinate system
The following keywords, while not essential for a complete represented by the WCS keywords with th@isia. Its pri-

specification of an image WCS, can be extremely useful fa-rea mary function is to provide a means by which to specify a

ﬁ:\i;% interpret the accuracy of the WCS representation®f th 4 icyjar WCS if multiple versions are defined in the HDU.

CRDERI — [floatlng pOlnt, default: 00] Random error in coordi- 10 Examp|es include the frequency’ Ve|ocity, and Wave|eng]hgia

natei, whichmustbe non-negative. spectral axis (only one of which, of course, could be lingarthe po-
CSYERi — [floating point; default: 0.0]. Systematic error in cosition along an imaging detector in both meters and degreeiseosky.
ordinatei, whichmustbe non-negative. 11 There are a number of keywords (&ij§Cna) where thea could be

] ] pushed € the 8-char keyword name for plausible values, pfk, n, and
These valueshouldgive a representative average value of th&, In such casea is still said to be ‘blank’ although it is not the blank
error over the range of the coordinate in the HDU. The totalrer character.
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Table 23: Reserved celestial coordinate algorithm codes.

Default
Code ¢o 6o Properties  Projection name
Zenithal (azimuthal) projections
AZP 0° 90 Sect.5.1.1 Zenithal perspective
SZp 0° 90 Sect.5.1.2  Slant zenithal perspective
TAN 0° 90 Sect.5.1.3 Gnomonic
STG 0° 90 Sect.5.1.4  Stereographic
SIN 0° 90¢ Sect.5.1.5  Slant orthographic
ARC 0° 90 Sect.5.1.6 Zenithal equidistant
ZPN 0° 90¢° Sect.5.1.7  Zenithal polynomial
ZEA 0° 90 Sect.5.1.8 Zenithal equal-area
AIR 0° 90° Sect.5.1.9 Airy
Cylindrical projections
CYP o O Sect. 5.2.1.  Cylindrical perspective
CEA o 0 Sect. 5.2.2  Cylindrical equal area
CAR 0O O Sect.5.2.3 Plate carrée
MER o 0 Sect.5.2.4 Mercator
Pseudo-cylindrical and related projections
SFL 0 O Sect.5.3.1  Samson-Flamsteed
PAR o 0 Sect. 5.3.2  Parabolic
MOL 0 O Sect. 5.3.3  Mollweide
AIT o 0 Sect. 5.3.4  Hammer-Aifd
Conic projections
Ccop 0 6, Sect. 5.4.1  Conic perspective
COE 0 6, Sect. 5.4.2 Conic equal-area
CoD 0 6, Sect. 5.4.3  Conic equidistant
C0O0 0 0, Sect.5.4.4  Conic orthomorphic
Polyconic and pseudoconic projections
BON o 0 Sect. 5.5.1 Bonne’s equal area
PCO 0O O Sect. 5.5.2  Polyconic
Quad-cube projections
TSC o Sect. 5.6.1  Tangential spherical cube
(e o 0 Sect. 5.6.2  COBE quadrilateralized spherical cube
QsC [0 0 Sect. 5.6.3  Quadrilateralized spherical cube
HEALPIXx grid projection
HPX 0° 0  Sect.6 HEALPIx grid

() Refer to the indicated section in Calabretta & Greisen (2662a detailed descriptiot? This projection is defined in Calabretta & Roukema
(2007).

8.3. Celestial coordinate system representations The accepted celestial coordinate systems are: the sthndar
equatorial RA-- andDEC-), and others of the forrxLON and
XLAT for longitude-latitude pairs, whepeis G for Galactic E for

The conversion from intermediate world coordinatey) in the o ; - > )
ecliptic, H for helioecliptic andS for supergalactic coordinates.

plane of projection to celestial coordinates involves tiaps: a = ! .
spherical projection to native longitude and latituded), de- Since the representation of planetary, lunar, and solandiaate

fined in terms of a convenient coordinate system (hatjve systems coulq exceed the 26 possibilitife@ed by the single
spherical coordinatésfollowed by a spherical rotation of thesecharactex; pairs of the fornyzLN andyZ T maybe used as well.
native coordinates to the required celestial coordinastesy _

(., ). The algorithm to be used to define the spherical projecRADESYSa — [string default: FK4, FK5, or ICRS: see below].
tion mustbe encoded in theTYPEi keyword as the three-letter ~ Name of the reference frame of equatorial or ecliptic co-
algorithm code, the allowed values for which are specified in ©Ordinates, whose valugustbe one of those specified in
Table 23 and defined in references Calabretta & Greisen §2002 Table 24. The default value X4 if the value ofEQUINOXa
and Calabretta & Roukema (2007). The target celestial goord < 19840, FK5 if EQUINOXa> 19840, or ICRS if EQUINOXa
nate system is also encoded into the left-most portion of the IS notgiven.

CTYPEi keyword as the coordinate type.

For the final step, the paramet@NPOLEamust be specified,
which is the native longitude of the celestial pajg, For certain
projections (such as cylindricals and conics, which are ¢esn-
monly used in astronomy), the additional keywd&ATPOLEa
must be used to specify the native latitude of the celestid.p

EQUINOXa — [floating point; default: see below]. Epoch of the
mean equator and equinox in years, whose vahustbe
non-negative. The interpretation of epoch depends upon the
value of RADESYSa if present:Besseliarif the value iSFK4
or FK4-NO-E, Julianif the value isFK5; not applicablef the
value iSICRS or GAPPT.

EPOCH — [floating point]. This keyword is deprecated and

See Calabretta & Greisen (2002) for the transformation e€qua should note used in neWITSfiles. It is reserved primarily

tions and other details.

to prevent its use with other meanings. TERUINOX key-
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word shall be used instead. The value field of this keyword Table 24: Allowed values GRADESYSa.

was previously defined to contain a floating-point number __

giving the equinox in years for the celestial coordinate sys _Value Definition

tem in which positions are expressed. ICRS International Celestial Reference System
DATE-O0BS — [floating point]. This reserved keyword is defined ~ FX> Mean place, new (IAU 1984) system

in Sect. 4.4.2. FK4 Mean place, old (Bessel-Newcomb) system

FK4-NO-E!  Mean place: but without eccentricity terms
GAPPT Geocentric apparent place, IAU 1984 system

1 New FITS files should avoid using these older reference syste

MJID-0BS - [floating point; defaultDATE-O0BS if given, other-
wise no default]. Modified Julian Date (JD - 2,400,000.5) of,
the observation, whose value corresponds (by default)eto th

start of the observation, unless another interpretation is ex- order to convert between some form of radial velocity and
plained in the comment field. No specific time system (e.g’| Y

UTC, TAI, etc.) is defined for this or any of the other time- ither frequency or wavelength, the keywoRESTFRQa and

related keywords. It isecommendethat theTIMESYS key- RESTWAVa, respectively, are reserved.
word, as defined in Sect. 9.2.1 be used to specify the tim
system. See also Sect. 9.5.

LONPOLEa — [floating point; defaultpg if 6o > 6o, ¢o + 18C°

otr;er\{y|?e]. L'[O”Q'tUdet'rT thel na’\tllve colord_mate systelm 6f th pesTFRQa - [floating point; default: none]. Rest frequency of
celestial system's north pole. Norma %.'S Zero uniesggl the of the spectral feature of interest. The physical omist
non-zero value has been set fii_1a, which is associated be Hz

with thelongitudeaxis. This default applies for all values of RESTWAVa — [floating point; default: none]. Vacuum rest wave-

%, includingeo = 90, gilthough the use of non-zero values length of the of the spectral feature of interest. The phaJsic
of 6 are discouraged in that case. e sthe m

LATPOLEa — [floating point; default: 99 or no default if
(60, 60, ¢p — ¢o) = (0,0,+90)]. Latitude in the native coor- One or the other oRESTFRQa or RESTWAVa shouldbe given
dinate system of the celestial system’s north pole, or @jui\yhen it is meaningful to do so.
lently, the latitude in the celestial coordinate systemhef t
native system’s north pole. May be ignored or omitted in
cases whereONPOLEa completely specifies the rotation t08.4.1. Spectral coordinate reference frames
the target celestial system.

ENAMEia — [string default: default’ ' (i.e. a linear, undefined
axis)]. Spectral coordinate description whighust notex-
ceed 68 characters in length.

Frequencies, wavelengths, and apparent radial veloeiteegl-
ways referred to some selected standard of rest (i.e. emter
frame). While the spectra are obtained they are, of negessit
the observer’s rest frame. The velocity correction fronotmgn-

This section discusses the conversion of intermediatedagari ~ tric (the frame in which the measurements are usually maue) t
ordinates to spectral coordinates with common axes suaieas ptandard reference frames (whictustbe one of those given in
quency, Wave'ength, and apparent radial Ve|ocity (rep'nesb Table. 27) are depend_ent on the dOt product with time-vagiabl
here with the coordinate variablest, orv). The key point for Velocity vectors. That is, the velocity with respect to ansard
constructing spectral WCS RITS s that one of these coordi- reference frame depends upon direction, and the veloaityt (a
natesmustbe sampled linearly in the dispersion axis; the othefsequency and wavelength) with respect to the local stahdar
are derived from prescribed, usually non-linear transttioms. of rest is a function of the celestial coordinate within the- i

Frequency and wavelength axeayalso be sampled linearly in 2g€. The keywordSPECSYSa andSSYSOBSa are reserved and,
their logarithm. if used,mustdescribe the reference frame in use for the spectral

axis coordinate(s) and the spectral reference frame thahela
constant during the observation, respectively. In ordescm-
pute the velocities it is necessary to have the date and firie o
observation; the keywords®ATE-AVG andM]D-AVG are reserved
for this purpose. See also Sect. 9.5.

8.4. Spectral coordinate system representations

Following the convention for theTYPEia keyword, wheri is
the spectral axis the first four characterastspecify a code for
the coordinate type; for non-linear algorithms the fifth retcaer
mustbe a hyphen, and the next three characteustspecify a
predefined algorithm for computing the world coordinatesrfr

the intermediate physical coordinates. The coordinateypst .\ rp_avc — [string default: none]. Calendar date of the mid-

be one of those specified in Table 25. When the algorithmis lin ; : :
ear, the remainder of th&'YPEia keywordmustbe blank. When gzgg_%;ghgegev%erg{auon’ expressed in the same way as the

the algorithm is non-linear, the 3-letter algorithm cadastbe ) ) N )

one of those specified in Table 26. The relationships betwedhD-AVG—[floating point; default: none]. Modified Julian Date

the basic physical quantities, andv, as well as the relation-  (JD —2,400,000.5) of the mid-point of the observation.

ships between various derived quantities are given ineefs¥  SPECSYSa— [string default: none]. The reference frame in use

Greisen et al. (2006). for the spectral axis coordinate(s). Valid values are given
The generality of the algorithm for specifying the spectral Table 27.

coordinate system and its representation suggests tha adm ssysoBsa — [string default: TOPOCENT]. The spectral refer-

ditional description of the coordinate may be helpful beyon  ence frame that is constant over the range of the non-spectra

what can be encoded in the first four characters ofCtt¥PEia world coordinates. Valid values are given in Table 27.

keyword; CNAMEia is reserved for this purpose. Note that this

keyword provides a name for an axis in a particular WCS, while The transformation from the rest frame of the observer to a

the WCSNAMEa keyword names the particular WCS as a wholetandard reference frame requires a specification of treitot
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Table 25: Reserved spectral coordinate type codes.

Codé  Type Symbol  Assoc. variable  Default units
FREQ Frequency v v Hz
ENER Energy E v J
WAVN  Wavenumber K v m-t
VRAD  Radio velocity \Y v mst
WAVE Vacuum wavelength A A m
VOPT  Optical velocity z Pl mst
ZOPT Redshift z A
AWAV Air wavelength Aa Aa m
VELO  Apparent radial velocity v v ms?
BETA Beta factor y/c) B v

(@ Characters 1 through 4 of the value of the keywoTdPEia. @ By convention, the ‘radio’ velocity is given by(vo — v)/vo and the ‘optical’
velocity is given byc(2 — )/ Ao.

on EartA? of the instrument used for the observation in order to Table 26: Non-linear spectral algorithm codes.
calculate the diurnal Doppler correction due to the Eanthta-
tion. The location, if specifiedshallbe represented as a geocen- Codé  Regularly sampled in  Expressed as

tric Cartesian triple with respect to a standard ellipsbgid F2W Frequency Wavelength .
at the time of the observation. While the position can often b F2V Apparent radial velocity
specified with an accuracy of a meter or better, for most pur- £2A lenath Air wavelength
poses positional errors of several kilometers will havdigége g;g Wavelengt AFregrﬁrt]%dial veloait
impact on the computed velocity correction. For detaile, red- W2A AiF;F\)Navelength y
erence Greisen et al. (2006). V2F Apparent radial vel.  Frequency
. . . . V2W Wavelength
OBSGEO-X — [floating point; default: none]X—coordinate (in V2A Air wavelength
meters) of a Cartesian triplet that specifies the locatioth w =~ A2F Air wavelength Frequency
respect to a standard, geocentric terrestrial referearaey A2W Wavelength
where the observation took place. The coordinatestbe A2V Apparent radial velocity
valid at the epociJD-AVG or DATE-AVG. LOG Eogarithm ﬁny four-lettgr tfype cTod; -5
OBSGEO-Y — [floating point; default: none]Y—coordinate (in ggi Dg:g:g: Azg gg: ggdg f:gm T:bl: o5

meters) of a Cartesian triplet that specifies the locatiotiy w15
respect to a standard, geocentric terrestrial refereaoedy
where the observation took place. The coordinmatestbe

valid at the epociiJD-AVG or DATE-AVG. in the direction of the celestial reference coordinate.t&Jni
OBSGEO-Z — [floating point; default: noneZ—coordinate (in mustbe m s'. The CUNITia keyword is not used for this
meters) of a Cartesian triplet that specifies the locatiath w  purpose since the WCS versiarmight not be expressed in

Not regular Any four-letter type code
@ Characters 6 through 8 of the value of the keywoTdPEia.

respect to a standard, geocentric terrestrial refereaoedy velocity units.
where the observation took place. The coordimatestbe  ZSOURCEa — [floating point; default: none]. Radial velocity
valid at the epocID-AVG or DATE-AVG. with respect to an alternative frame of rest, expressed as a

unitless redshift (i.e., velocity as a fraction of the speéd
Information on the relative radial velocity between the ob- light in vacuum). Used in conjunction witBSYSSRCa to
server and the selected standard of rest in the directioheof t  document the systemic velocity of the observed source.
celestial reference coordinateay be provided, and if sshall ~ VELANGLa — [floating point; defaultt90)]. In the case of rela-
be given by theVELOSYSa keyword. The frame of rest defined tivistic velocities (e.g., a beamed astrophysical jet)tthas-

with respect to the emitting source may be representé&d(is; verse velocity component is important. This keyword may
for this reference frame it is necessary to define the valedgth be used to express the orientation of the space velocity vec-
respect to some other frame of rest. The keywSRISYSaand tor with respect to the plane of the sky. See Appendix A of

ZSOURCEa are used to document the choice of reference frame reference Greisen et al. (2006) for further details.
and the value of the systemic velocity of the source, respgt

SSYSSRCa — [string default: none]. Reference frame for the
value expressed in tHESOURCEa keyword to document the 8.5. Conventional coordinate types
systemic velocity of the observed source. Vatugstbe one
of those given in Table 2&xcepfor SOURCE.

VELOSYSa — [floating point; default: none]. Relative radial ve-
locity between the observer and the selected standardtof

The firstFITSpaper (Wells et al. 1981) listed a number of ‘sug-
gested values’ for th€TYPEi keyword. Two of these have the
|%gnbute the associated world coordinates can assumerﬁely
gér values and that the meaning of these integers is onlyadkfin
'2 The specification of location for an instrument on a spadeara by convention. The first ‘conventional’ coordinateCBYPEia =
flight requires an ephemeris; keywords that might be reduimethis ' COMPLEX’ to specify that complex values (i.e., pairs of real and
circumstance are not defined here. imaginary components) are stored in the data array (alottg wi
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— The earliest date that may be represented in the four-ditiihe scale recorded iGTYPEia, its binary table equivalents, or
year format i9000-01-01T00:00:00 (in the year 1 BCE); PTYPEi (see Table 22).

the latest date i9999-12-31T23:59:59. This representa- The keywordsTTMESYS, CTYPEia, TCTYPn, andTCTYna or

tion of time is tied to the Gregorian calendar. In confornen inary tabie equivalenayassume the values listed in Table
with the_present ISO'860.1'2004(E) standar_d (IS0 20046%. In addition, for backward compatibility, all excefIMESYS
dates prior to 158fustbe interpreted according to the pro-,  yprypgj mayalso assume the valtIME (case-insensitive)
leptic application of the rules of Gregonus_)_(lll. For date hereupon the time scashall be that recorded imIMESYS or, ,
nﬁggovergdl_by g‘a: ra}]ane the kl;se of mOd'f'ed ];]E{Jrll'an.Da its absence, its default valuéTC. As noted above, local time
lgive- d? (i)tr ga'?fr:) rn?a?igrec)onmuranen%r: dor € useotihe S'gnpsg,ales other than those listed in Tabler88ybe used, but their
gty useshouldbe restricted to alternate coordinates in order that the

- I_r;g;%g\_/g—lqlglltTy@e@al.rJg_r?@a(ti tge_ei’:l(gltl)egég%dclgt)e:rt]gates arprimary coordinates will always refer to a properly recagu

+99999-12-31T23:59: 59. ) e
— The origin of JD can be written as: See Rots et al. (2015), Appendix A, for a detailed discussion
-04713-11-24T12:00:00. of the various time scales. In cases where high-precisiun ti

— In time scale UTC the integer part of the seconds field ruiiizg is important one may append a specific realization, iempar
from 00 to 60 (in order to accommodate leap seconds); in #fieses, to the values in the table; eXf.(TAI), TT(BIPMOS),
other time scales the range is 00 to 59. UTC(NIST). Note that linearity is not preserved across all time

— The 1SO-8601datetimedata type isnot allowedin image scales. Specifically, if the reference position remainsanged
axis descriptions sinc6RVAL is required to be a floating (see Section 9.2.3), the first ten, with the exceptiotmi, are

point value. linear transformations of each other (excepting leap s#pas
— 1SO-8601datetimedoes not imply the use of any particularareTDB andTCB. On averag&CB runs faster thafiCG by approx-
time scale (see Section 9.2.1). imately 16x 1078, but the transformation frofTiT or TCG (which

— As specified by Bunclark & Rots (1997), time zones are ex'e linearly related) is to be achieved through a time ephieme
plicitly not supported in FITS and, consequently, appegdiras provided by Irwin & Fukushima (1999).
the letterZ’ to a FITS 1SO-8601 string isot allowed The
rationale for this rule is that its role in the ISO standard i
that of a time zone indicator, not a time scale indicator. As
the concept of a time zone is not supported in FITS, the use T(TCG)=T(TT) + Lg x 86400x (JD(TT) — JDo)

The relations between coordinate time scales and their dy-
mical equivalents have been defined as:

of time zone indicator is inappropriate. T(TDB) = T(TCB)~-Lg x86400x (JD(TCB)-JDo)+T DBy
where:
9.1.2. Julian and Besselian epochs T is in seconds

Le = 6.969290134 10710

In a variety of contextgpochsare provided with astronomical Lp = 1.550519768 10

data. Until 1976 these were commonly based on the Besselian _
year (see Sect. 9.3), with standard epochs B1900.0 and B1950 :I]'[I;OB; 3{%353;153@%7525
After 1976 the transition was made to Julian epochs based on -
the Julian year of 365.25 days, with the standard epoch J200OWinearity is virtually guaranteed since images and indnatta-
They are tied to time scales ET and TDB, respectively. Notde columns do not allow more than one reference position to
that the Besselian epochs are scaled by the variable leftith o be associated with them, and since there is no overlap betwee
Besselian year (see Sect. 9.3 and its cautionary note, vatéoh reference positions that are meaningful for the first nineeti
applies to this context). The Julian epochs are easier toledie, scales on the one hand, and for the barycentric ones on tbe oth
as long as one keeps track of leap days. All use of the time scale GMT in FITS fileshallbe taken to
have its zero point at midnight, conformant with UT, inclogli

. . dates prior to 1925. For high-precision timing prior to 193@e

9.2. Time coordinate frame Rots et al. (2015), Appendix A.

9.2.1. Time scale Some time scales in use are not listed in Table 30 because

Thetime scaledefines the temporal reference frame, and is spdB€Y are intrinsically unreliable or ill-defined. When usétey
ified in the header in one of a few ways, depending upon the ¢ 1ouldbe tied to one of the existing scales with appropriate spec-

text. When recorded as a global keyword, the time sehadgibe ! ication of the uncertainties; the same is true for freening
spe.cified by: ’ clocks. However, a local time scale such as MET (Mission

Elapsed Time) or OET (Observation Elapsed Tinmglybe de-

TIMESYS — [string default:’ UTC’]. The value field of this key- fined for practical reasons. In those cases the time referenc
word shall contain a character string code for the time sca}{é'i.lue (see Section 9.2.8pall notbe applled to the valueg, and
of the time-related keywords. Thecommendesalues for 't IS Stronglyrecommendethat such timescales be provided as
this keyword in Table 30 have well defined meanings, b ternate time scales, with a defined conversion to a rezedni
other valuesnaybe used. If this keyword is absenJTC’ Ime scale.
mustbe assumed. Itis useful to note that while UT1 is, in essence, an angle (of

the Earth’s rotation +e.,aclocK), the others are Sl-second coun-
In relevant contexts (e.g., time axes in image arrays, talttes chronometers UTC, by employing leap seconds, serves as
columns, or random group¥IMESYS maybe overridden by a a bridge between the two types of time scales.
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Table 30: Recognized Time Scale Values MIDREF — [floating-point]; default: 0.0] The value field of this
keyword shallcontain the value of the reference time in
Value Meaning MJD.

TAI (International Atomic Time): atomic time standard

maintained on the rotating geoid JDREF — [floating-point; default: None] The value field of this

TT (Terrestrial Time: IAU standard): defined on the ro- keywordshall contain the value of the reference time in JD.
tating geoid, usually derived as TAI32.184 s DATEREF — [datetime; default: None] The value field of this
TDT  (Terrestrial Dynamical Time): synonym for TT (dep- keywordshall contain a character string representation of the
recated) reference time in 1SO-8601 format.

ET (Ephemeris Time): continuous with TT; should not

be used for data taken after 1984-01-01 . . .
TAT  synonym for TAI (deprecated) MIDREF andJDREF may, for clarity or precision reasons, be split

UT1  (Universal Time): Earth rotation time into two keywords holding the integer and fractional paejsas
UTC  (Universal Time, Coordinated; default): runs syn-  rately:
chronously with TAI, except for the occasional in-
sertion of leap seconds intended to keep UTC within ~ MIDREFI — [integer; default: 0] The value field of this keyword
0.9 s of UT1; as of 2015 -07-01 UTETAI - 36 s shall contain the integer part of reference time in MJD.

MT ich M Ti : i ith UTC; i . . . .
G (Greenwich Mean Time): continuous with UTC; its MIDREFF — [floating-point; default: 0.0] The value field of this

use is deprecated for dates after 1972-01-01 ; - . :
UTO!  (Universal Time, with qualifier): for high-precision keywordshall contain the fractional part of reference time in

use of radio signal distributions between 1955 and MJD.
1972; see Rots et al. (2015), Appendix A JDREFI — [integer; default: None] The value field of this key-
GPS  (Global Positioning System): runs (approximately) word shall contain the integer part of reference time in JD.

synchronously with TAI; GPS TAI - 19 s . . . .
TCG  (Geocentric Coordinate Time): TT reduced to the JDREFF — [floating-point; default: None] The value field of this

geocenter, corrected for the relativistifezts of keywaordshall contain the fractional part of reference time in
the Earth's rotation and gravitational potential; TCG JD.
runs faster than TT at a constant rate

TCB (Barycentric Coordinate Time): derived from TCG If [M]IDREF and both [M]JDREFI and [M]JDREFF are

by a 4-dimensional transformation, taking into ac-  present, the integer and fractional values shall have festze
count the relativistic #ects of the gravitational po- -~ er the single value. If the single value is present with ohe
ter]tlal at the barycenter (rela'glve to tha}t on the - ihe two ts the sinal I hall h d lfoth
tating geoid) as well as velocity time dilation vari- . parts, the single value snall have precedence. €
ations due to the eccentricity of the Earth’s orbit, Iowmg, MJ_DREF am_dJ.DREF refer to th¢|r literal meaning or the
thus ensuring consistency with fundamental physi- combination of their integer and fractional parts. If a herazbn-
cal constants; Irwin & Fukushima (1999) provide a  tains more than one of these keyworaBREF shallhave prece-
time ephemeris dence oveDATEREF and MIDREF shallhave precedence over

TDB  (Barycentric Dynamical Time): runs slower than  both the others. If none of the three keywords is presentgtise
TCB at a constant rate so as to remain approximately no problem as long as all times in the HDU are expressed in ISO-
in step with TT; runs therefore quasi-synchronously  8601: otherwis@JDREF = 0.0 mustbe assumed. [fREFPOS =
with TT, except for the relativisticféects introduced 'CUSTOM' (Section 9.2.3) it is legitimate for none of the refer-
Egrvigﬁign\s/vwetr\h?eflze?rrit;] Stgﬂg%ts{i;?fgg’:régﬂtgss ence time keywords to be present, as one may assume the data

Y ' 9 ' are from a simulation. Note that tvalueof the reference time

a pathlength correction to the barycenter may be L . .
needed which requires the Time Reference Direction has global validity for all time values, but it does not hayeaa:

used in calculating the pathlength correction. ticular time scale associated with it.
LOCAL for simulation data and for free-running clocks.

9.2.3. Time reference position

*Specific realization codes may be appended to these vaities, i An observation is an event in space-time. The referencéiposi
parentheses; see text. For a more detailed discussion®f tim specifies the spatial location at which the time is validheit
scales, see Rots et al. (2015), Appendix A. where the observation was made or the point in space for which
light-time corrections have been applied. When recorded as
global keyword, the time reference positishallbe specified

by:

I'hetime r$f?‘rer)ce valfuer'rmt requjrepto be p][.eséentir:. qnl HDU. " rpEFpPOS — [string default: TOPOCENTER]. The value field of

bowever,l L de_ume re fe:gg:%gg'lm 3%Specl\'A?D e_ifﬁ |oltmufst this keywordshallcontain a character string code for the
€ expressed In one of 15L-6bu2, JL, or - | NESE TEIRreNCe o 4tial location at which the observation time is valid. The

valuesmustonly be applied to time values associated with one | -, .« <houldbe one of those given in Table 31. This key-

of the recognized time scales listed in Table 30, and thaé tim 44 shallapply to time coordinate axes in images as well,
scalemustbe specified explicitly or implicitly as explained in

Sect. 9.2.1.

9.2.2. Time reference value

In binary tables dferent columnsnayrepresent completely
different Time Coordinate Frames. However, each column can
The reference point in time, to which all times in the HDUhave only one time reference position, thus guaranteaiegui
are relativeshall be specified through one of three keywords: ity (see Section 9.2.1).
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TRPOSN — [string default: TOPOCENTER] The value field of this Table 32: Compatibility of Time Scales and Reference Rurssti
keywordshallcontain a character string code for the spatial
location at which the observation time is valid. This table Reference

Time scdle

keywordsha" OverndeTREFpos Position TT, TDT TCG TDB TCB LOCAL
TAI, IAT

The reference position valumaybe a standard location UT(CBPGSMT
(such asGEOCENTER or TOPOCENTER) or a point in space de- :
fined by specific coordinates. In the latter case one should b0 cpxrER t Is
aware that a (3-D) spatial coordinate frame needs to be defineggocrytER Is c
that is likely to be diferent from the frame(s) that the data are garycENTER Is c
associated with. Note th@0POCENTER is only moderately infor-  RELOCATABLE c
mative if no observatory location is provided or indicatéte Other re re

commonly allowed standard values are shown in Table 31. Note
that for the gaseous planets the barycenters of their @Eanet L . )
systems, including satellites, are used for obvious reagthile Notes.(Legend (combination is not recommended if no enteyyor-

it is preferable to spell the location names out in full, iderto = féct match; refe:je_nce position comcnﬂes WE'th trl?e Sp"’;“@'m’fhthe .

: : : : space-tlme coordinates; correct match on Earth’s surface, otherwise
be consistent with the practice of G_relsen etal. (2006) e Vusually linear scalings: linear relativistic scalingre: non-linear rela-
ues are allowed to be truncat.ed to elg_ht characters. F_I:mti‘rel; tivistic scaling.®All other locations in the solar system.
in order to allow for alternative spellings, only the firstak
characters of all these valusisall be considered significant. Theg5as defined on the Earth’s surfate, TAI, GPS, or UTC (in

value of the keywora@hall be case-sensitive.

Table 31: Standard Time Reference Position Values

the last case: beware of leap seconds). This is common geacti
for spacecraft clocks. Locally, such a clock will not apptar
run at a constant rate, because of variations in the granitat
potential and in motions with respect to Earth, but tiffeas

Value" Meaning can be calculated and are probably small compared withserror
TOPOCENTER  Topocenter: the location from where the ob-  introduced by the alternative: establishing a local tinaadard.
servation was made (default) In order to provide a complete descriptiofQPOCENTER

Biggggﬂgg g::’%ir:gr of the Solar Svstern requires the observatory's coordinates to be specifiedreThe

RELOCATABLE ReI(})lcatabIe' to be used f)(/)r simulation data '€ three optionga) the ITRS Cartesian coordlnate_s defined
only ' in Sect. 8.4.1 BSGEO-X, OBSGEO-Y, _OBSGEO—_Z), which are
CUSTOM A position specified by coordinates that is ~ Strongly preferred (b) a geodetic latitudéongitudgelevation

not the observatory location

Less common, but allowed standard values are:

triplet (defined below); ofc) a reference to an orbit ephemeris
file. A set of geodetic coordinates is recognized:

HELIOCENTER  Heliocenter OBSGEO-B - [floating-point] The value field of this keyword
GALACTIC  Galactic center shallcontain the latitude of the observation in deg, with
EMBARYCENTER  Earth-Moon barycenter North positive.
MERCURY Center of Mercury . . . )
VENUS Center of Venus OBSGEO-L — [floating-point] The value field of this keyword
MARS Center of Mars shall contain the longitude of the observation in deg, with
JUPITER Barycenter of the Jupiter system East positive.
SATURN Barycenter of the Saturn system T TR : ;
URANUS - Barycenter of the Uranus system O Shalloontain the alitude of the observation n metere.
NEPTUNE Barycenter of the Neptune system '

An orbital ephemeris file can instead be specified:

Notes.PRecognized values falREFPOS, TRPOSN; only the first three
characters of the values are significant and solar systemtidns are as
specified in the ephemerides.

OBSORBIT — [string The value field of this keyword
shall contain the character-string URI, URL, or the name of
an orbit ephemeris file.

The reader is cautioned that time scales and reference posi-Beware that only one set of coordinates is allowed in a given
tions cannot be combined arbitrarily if one wants a clock th&lDU. Cartesian ITRS coordinates are the preferred cootglina
runs linearly alfREFPOS. Table 32 provides a summary of comsystem; however, when using these in an environment requir-
patible combinationBARYCENTER shouldonly be used in con- ing nanosecond accuracy, one should take care to distimguis
junction with time scaledDB andTCB andshouldbe the only between meters consistent with TCG or with TT. If one uses
reference position used with these time scales. With proger geodetic coordinates, the geodetic altitl GRSGEO-H is mea-
GEOCENTER, TOPOCENTER, andEMBARYCENTER are appropriate sured with respect to the IAU 1976 ellipsoid which is defined
for the first ten time scales in Table 30. However, relatigistas having a semi-major axis of 6 378 140 m and an inverse flat-
effects introduce a (generally linear) scaling in certain cemkening of 298.2577.
nations; highly eccentric spacecraft orbits are the exoppt A non-standard location indicated B§STOM mustbe spec-
Problems will arise when using a reference position on anottified in a manner similar to the specification of the observa-
solar system body (includirELIOCENTER). Thereforeitigec- tory location (indicated b\TOPOCENTER). One should be care-
ommendedo synchronize the local clock with one of the timdul with the use of theCUSTOM value and not confuse it with
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TOPOCENTER, as use of the latter imparts additional information In binary tables dferent columnsnayrepresent completely

on the provenance of the data. different Time Coordinate Frames. However, also in that situ-
ITRS coordinates (X,Y,Z) may be derived from geodetic cation the condition holds that each column can have only one
ordinates (L,B,H) through: Time Reference Direction. Hence, the following keyword may
overrideTREFDIR:

X = (N(B) + H) cos() cos
(N(B) + H) cos) cos®) TRDIRN—[string) The value field of this keywordhall contain

_ ; a character string consisting of the name of the keyword or
¥ = (N(B) + H)sin(L) cos@) column containing the longitudinal coordinate, followed b
Z = (N(B)(1— &) + H) sin(B) a comma, followed by the name of the keyword or column

containing the latitudinal coordinate. This referenceschr
tion shall apply to time coordinate axes in images as well.

where:
N(B) = S 9.2.5. Solar System Ephemeris
V1= e sin’(B) If applicable, the Solar System ephemeris used for calogjat
pathlength delayshouldbe identified. This is particularly per-
e = 2f — f2 tinent when the time scale &B or TDB. The ephemerides that
are currently most often used are those from JPL (2014a,b).
a is the semi-major axis, and is the inverse of the in-  The Solar System ephemeris used for the data (if required)

verse flattening. Nanosecond precision in timing requihes t shallbe indicated by the following keyword:
OBSGEO- [BLH] be expressed in a geodetic reference frame d&s; gpygM — [string default: 'DE485'] The value field

fined after 1984 in order to be Siciently accurate. of this keyword shallcontain a character string that
shouldrepresent a recognized designation for the Solar
9.2.4. Time reference direction System ephemeris. Recognized designations for JPL Solar
System ephemerides that are often used are listed in
If any pathlength corrections have been applied to the time Table 33.
stamps (i.e., if the reference position is FOPOCENTER for ob-
servational data), the reference direction that is usedlirutat-
ing the pathlength delaghouldbe provided in order to maintain
a proper analysis trail of the data. However, this is usefly o
if there is also information available on the location frohexe
the observation was made (the observatory location). Tiee-di
tion will usually be provided in a spatial coordinate frarhatt

Table 33: Valid solar systemphemerides

Value Reference

’DE200°  Standish (1990); considered obsolete, but still in use
"DE405°  Standish (1998); default

’DE421’  Folkner, et al. (2009)

is already being used for the spatial metadata, althouglcadn- 'DE430°  Folkner, et al. (2014)
ceivable that multiple spatial frames are involved, e jghesical 'DE431’  Folkner, et al. (2014)
ICRS coordinates for celestial positions, and Cartesiah feik 'DE432’  Folkner, et al. (2014)

spacecraft ephemeris. The time reference direction doelsyno
itself provide stficient information to perform a fully correct

transformation; however, within the context of a specifialgn Future ephemerides in this serisall be accepted and rec-
sis environment it should §ice. ognized as they are released. Additional ephemeridesrdesig

The uncertainty in the reference directioffiets the errors 1ONS May be recognized by the IAUFWG upon request.

in the time stamps. A typical example is provided by barygent
corrections where the time error is related to the positoare 9.3, Time unit

terr(MS) < 2.4posr(arcsec) When recorded as a global keyword, the unit used to express
time shall be specified by:

TIMEUNIT — [string default:’s’] The value field of this key-
word shallcontain a character string that specifies the time
unit; the valueshouldbe one of those given in Table 34. This

The reference direction is indicated through a referencp&
cific keywords. These keywordsayhold the reference direc-
tion explicitly or (for data in BINTABLES) indicate columns

hﬁl?tgr?s tgfe %gori'ga\fﬁtsh ;n se\;?g[l I'S(’)tssiti\gge:ﬁoghee C'ngl;? time unitshallapply to all time instances and durations that
P 99 P P ’ do not have an implied time unit (such as is the case for JD,

mayhave been used for the reference direction and the reference, ' 15" ,55.8601 J and B e ochs). If this keyword is absent
will point to the columns containing these coordinate valdde ' s’hall be assijmed P ' yw '

time reference directioshall be specified by the keyword:
In an appropriate context, e.g., when an image has a time axis
TREFDIR — [string The value field of this keyword TIMEUNIT maybe overridden by th&UNITia keywords and
shall contain a character string composed of: the name of ttreeir binary table equivalents (see Table 22).
keyword containing the longitudinal coordinate, followed The specification of the time unit allows the values defined
by a comma, followed by the name of the keyword corin Greisen & Calabretta (2002), shown in Table 34, with the ad
taining the latitudinal coordinate. This reference dii@tt dition of the century. See also Sect. 4.3 for generalitiesuab
shallapply to time coordinate axes in images as well. units.
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compressed as a block of data, and the resulting compresseg/be present in the header, and their values depend upon the
byte stream is stored in a row of a variable length column igpe of image compression employed.

a FITS binary table (see Section 7.3). By dividing the image

into tiles it is possible to extract and uncompress sub@esti

of the image without having to uncompress the whole image:
The default tiling pattern treats each row of a 2-dimendiona
image (or higher dimensional cube) as a tile, such that each

tile containsNAXIS1 pixels. This default may not be optimal
for some applications or compression algorithms, so angroth

rectangular tiling pattern may be defined using keywords tha
are defined below. In the case of relatively small images i ma
sufice to compress the entire image as a single tile, resulting
in an output binary table with a single row. In the case of
3-dimensional data cubes, it may be advantageous to treat

each plane of the cube as a separate tile if application acdtw
typically needs to access the cube on a plane-by-plane basis

10.1.1. Required Keywords

In addition to the mandatory keywords for BINTABLE exten-
sions (see Sect. 7.3.1) the following keywords are resefwed
use in the header of a FITS binary table extension to desttrébe
structure of a valid compressed FITS image. All are mangator

TILEn — [integer; indexed; default: 1 fan > 1] The value

field of these keywords (whereis a positive integer index
that ranges from 1 tBNAXIS) shall contain a positive integer
representing the number of pixels along axief the com-
pressed tiles. Each tile of pixetsustbe compressed sepa-
rately and stored in a row of a variable-length vector column
in the binary table. The size of each image dimension (given
by ZNAXISn) need not be an integer multiple BfILEn, and

if it is not, then the last tile along that dimension of the im-
age will contain fewer image pixels than the other tileshé t
ZTILEn keywords are not present then the default “row-by-
row” tiling will be assumed, i.e.ZTILE1 = ZNAXIS1, and
the value of all the otheZTILEn keywordsmustequal 1.

ZNAMEI — [string indexed; default: none] The value field of

these keywords (whereis a positive integer index start-
ing with 1) shall supply the names of up to 999 algorithm-
specific parameters that are needed to compress or uncom-
press the image. The order of the compression parameters
maybe significant, anthaybe defined as part of the descrip-
tion of the specific decompression algorithm.

ZIMAGE — [logical; value’T’] The value field of this keyword  zyayj —[string indexed; default: none] The value field of these

shall contain the logical valuéT’ to indicate that the FITS

keywords (where is a positive integer index starting with

binary table extension contains a compressed image, and tha 1) ‘shall contain the values of up to 999 algorithm-specific

logically this extensiorshouldbe interpreted as an image
rather than a table.

parameters with the same indexThe value ofZVALi may
have any valid FITS data type.

ZCHMPTYPE — [string default: none] The value field of this key- zmaskcup — [string default: none] The value field of this key-
word shall contain a character string giving the name of the - yord shall contain the name of the image compression al-
algorithm that was used to compress the image. Only the val- gorithm that was used to compress the optional null-pixel

ues given in Table 36 are permitted; the corresponding algo- qata mask. This keyword may be omitted if no null-pixel data
rithms are described in Sect. 10.4. Other algorithms may be masks appear in the table. See Sect. 10.2.2 for details.

added in the future.

ZBITPIX — [integer; default: none] The value field of this key-
word shallcontain an integer that gives the value of the
BITPIX keyword in the uncompressed FITS image.

ZNAXIS — [integer; default: none] The value field of this key-
word shallcontain an integer that gives the value of the
NAXIS keyword (i.e., the number of axes) in the uncom-
pressed FITS image.

ZNAXISn — [integer; indexed; default: none) The value field of
these keywordshall contain a positive integer that gives the
value of the correspondingpX1ISn keywords (i.e., the size
of axisn) in the uncompressed FITS image.

The comment fields for th8ITPIX, NAXIS, and NAXISn
keywords in the uncompressed imagfeouldbe copied to the
corresponding fields in th@BITPIX, ZNAXIS, and ZNAXISn
keywords.

ZQUANTIZ — [string default:” NO_DITHER’] The value field of

this keywordshall contain the name of the algorithm that
was used to quantize floating-point image pixels into inte-
ger values, which were then passed to the compression al-
gorithm as discussed further in Sect. 10.2. If this keyword
is not present, the default is to assume that no dithering was
applied during quantization.

ZDITHERGO — [integer; default: none] The value field of this key-

word shall contain a positive integer (that may range from 1
to 10000 inclusive) that gives the seed value for the random
dithering pattern that was used when quantizing the floating
point pixel values. This keywomhaybe absent if no dither-
ing was applied. See Sect. 10.2 for further discussion.

The following keywords are reserved to preserve a verbatim

copy of thevalue and comment fieldsr keywords in the origi-

nal uncompressed FITS image that were used to describe-its st
ructure. These optional keywords, when presshall be used

10.1.2. Other Reserved Keywords

The compressed image tilesustbe stored in the binary table
in the same order that the first pixel in each tile appearseén t
FITS image; the tile containing the first pixel in the imagest

appear in the first row of the table, and the tile containing th

when reconstructing an identical copy of the original FITSUH

of the uncompressed image. Thehould notappear in the com-
Rressed image header unless the corresponding keywords wer
present in the uncompressed image.

last pixel in the imagenustappear in the last row of the binary ZSIMPLE — [logical; value’T’] The value field of this keyword

table. The following keywords are reserved for use in déscri

mustcontain the value of the origin8LMPLE keyword in the

ing compressed images stored in BINTABLE extensions; they uncompressed image.
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ZEXTEND — [string The value field of this keywordhustcon- When using the quantization method to compress floating-
tain the value of the origin&XTEND keyword in the uncom- point images that is described in Sect. 10.2, it sometimgs ma
pressed image. not be possible to quantize some of the tiles (e.g., if thgeant

ZBLOCKED — [logical] The value field of this keywomhustcon-  PiXels values is too large or if most of the pixels have theesam
tain the value of the origina8LOCKED keyword in the un- value and hence the calculated RMS noise level in the tile is

compressed image. close to zero). There also may be other rare cases whererthe no

) . . inal compression algorithm cannot be applied to certa@s tiln
ZTENSION — [string The value field of this keywordhustcon- P g PP

X - . these cases, an alternate techniouzgrbe used in which the raw
}r?:ggtge originalXTENSION keyword in the uncompressedyixe| values are losslessly compressed with the GZIP afyuri

ZPCOUNT - [integer] The value field of this keywordustcon- ~ GZIP_COMPRESSED DATA [optional; variable-length] If the raw -
tain the originalPCOUNT keyword in the uncompressed im-  pixel values in an image tile are losslessly compressed with
age. the GZIP algorithm, the resulting byte streamistbe stored

ZGCOUNT — [integer] The value field of this keywordustcon- in this column (with a’ 1PB’ or *1QB’ variable-length ar-

tain the originalGCOUNT keyword in the uncompressed im- ray column format)_. The correspond|ﬂgMPRESSED__DATA
column for these tilesnustcontain a null pointer (i.e., the

age. _ ) ) pair of integers that constitute the descriptor for the goiu
ZHECKSUM — [string] The value field of this keyworehustcon- mustboth have the value zero: see Sect. 7.3.5).

tain the originalCHECKSUM keyword (see Sect. 4.4.2.7) in the

uncompressed image. The compressed data columns described albmssguse ei-

ZDATASUM — [string The value field of this keyworehustcon- ther the’ 1P’ or ’ 1Q’ variable-length array FITS column format
tain the originaDATASUM keyword (see Sect. 4.4.2.7) in thef the size of the heap in the compressed FITS file B1 GB. If
uncompressed image. the the heap is larger than 2.1 GB, then th@’ format (which

uses 64-bit pointershustbe used.

When using the optional quantization method described in
The ZSTHPLE, ZEXTEND, andZBLOCKED keywordSmUSEnot ﬁ ct. 10.2 to compress floating-point images, the following

be used unless the original uncompressed image was caahtai c%umns argequired

in the primary array of a FITS file. ThETENSION, ZPCOUNT, q

andZGCOUNT keywordsmust nobe used unless the originahuns’zgcy; ¢ [floating-point; optional] This columshallbe used

compressed image was contained in an.IMAGE exte_nsmn. to contain linear scale factors that, along WAIZERO, trans-
The FITS header of the compressed imaggycontain other — 4rm the floating-point pixel values in each tile to integers

keywords. If a FITS primary array or IMAGE extension is com- via,

pressed using the procedure described heresitasgly recom-

mendedhat all the keywords (including comment fields) in the | _ round( Fi— ZZERO)

header of the original image, except for the mandatory kega/o ' ZSCALE

mentioned above, be copied verbatim and in the same oraer int herel: andF: the int d (original) floatina-point

the header of the binary table extension that contains the co Iere i ?nh i are the |r: eger an .(O?g'n%) boadlr;g pon

pressed image. All these keywords will have the same mean- values Oo'I[ ehlmage lplxe f] respectively and fm unc-

ing and interpretation as they did in the original image neive tion rounds the result to the nearest integer value.

cases where the keyword is not normally expected to occhein t ZZERO — [floating-point; optional] This columshall be used to

header of a binary table extension (e.g., BSEALE andBZERO contain zero point fisets that are used to scale the floating-

keywords, or the World Coordinate System keywords such as point pixel values in each tile to integers via Eq. 12.

CTYPEn, CRPIXn andCRVALN).

(12)

Do not confuse th&SCALE and ZZERO columns with the
BSCALE andBZERO keywords (defined in Sect. 4.4.2) which may
10.1.3. Table Columns be present in integer FITS images. Any such integer images
. . , should normally be compressed without any further scaling,
Two columns in the FITS binary table are defined below to oo pocr and%s/ZERo keﬁwordsshouldbe cogied verbatimmi‘r?to
tain the compres_sed image tiles; the order of the columr‘man the header of the binary table containing the compressegdma
table is not significant. One of the table columns descrilpes 0 " g 1o images contain undefined pixel values; in uncom-
go?_al (éo_ntﬁ]r_]t; buttyvhe;]_rt]hls clolumn appeare_nusttz)e use(ilz as pressed floating-point images these pixels have an IEEE NaN
ke ine dm IS Sec |ond.. the co uml? namhes (glven megl tvalue. However, these pixel values will be altered whengisin
eyword) are reserved; they are shown here in upper casesle Yhe guantization method described in Sect. 10.2 to compress

but case is not significant. floating-point images. The value of the undefined pixets/be
preserved in the following way.
COMPRESSED.DATA — [required; variable-length] Each row of
this columnmustcontain the byte stream that is generatedZBLANK — [integer; optional] When present, this column
as a result of compressing the corresponding image tile. The shallbe used to store the integer value that represents un-

data type of the column (as given by tfiEORMN keyword) defined pixels in the scaled integer array. TaReommended
mustbe one of’ 1PB’, ’1PI’, or’1P]’ (or the equivalent value forZBLANK is —2147483648, the largest negative 32-
"1QB’, ’1QI’, or’1QJ’), depending on whether the com- bit integer. If the same null value is used in every tile of the
pression algorithm generates an output stream of 8-bisbyte image, therZzBLANK maybe given in a header keyword in-
or integers of 16-, or 32-bits. stead of a table column; if both a keyword and a table column
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the contents and structure of the compressed table itsef. T2. Decompose each tile into the component columns

original values of these keywords in the uncompressed table FITS binary tables are physically stored in row-by-row se-
mustbe stored in a new set of reserved keywords in the com- quential order, such that the data values for the first row in
pressed table header. Note that there is no need to preserve @&ach column are followed by the values in the second row,
copy of theGCOUNT keyword because the value is always equal and so on (see Sect. 7.3.3). Because adjacent columns in
to 1 for BINTABLES. The complete set of keywords that have a binary tables can contain very non-homogeneous types of
reserved meaning within a tile-compressed binary tablgiaes data, it can be challenging tdheiently compress the native
below: stream of bytes in the FITS tables. For this reason, the table
is first decomposed into its component columns, and then

ZTABLE — [logical, value:’T"] The value field of this keyword each column of data is compressed separately. This also al-

shallbe ’T’ to indicate that the FITS binary table extension ; : .
contains a compressed BINTABLE, and that logically this lgws one to choose the mosfieient compression algorithm

extensionshouldbe interpreted as a tile-compressed binary R
table. 3. Compress each column of data

Each column of datanustbe compressed with one of the
lossless compression algorithms described in Sect. 10.4. |
the table is divided into tiles, then the same compression al
gorithm mustbe applied to a given column in every tile. In

ZNAXIS1 — [integer; default: none] The value field of this key-
word shallcontain an integer that gives the value of the
NAXIS1 keyword in the original uncompressed FITS table

header. This represents the width in bytes of each row in the the case of variable-length array columns (where the data

uncomprgssed table. . . are stored in the table heap: see Sect. 7.3.5), each individu
ZNAXIS2 — [integer; default: none] The value field of this key-  variable length vectamustbe compressed separately.
word shallcontain an integer that gives the value of the
, 2 . Store the compressed bytes
LALIS2 Keyord i e ofgna uncompressed BTS20 The compressed srea of bytes foreach colmstoe
) P written into the corresponding column in the output table.

pressed table. The compressed tableust have exactly the same num-
ZPCOUNT — [integer; default: none] The value field of this key-  ber and order of columns as the input table, however the

word shallcontain an integer that gives the value of the data type of the columns in the output table will all have a

PCOUNT keyword in the original uncompressed FITS table variable-length byte data type, willfORMn = ’1QB’. Each

header. row in the compressed table corresponds to a tile of rows in
ZFORMN — [string indexed; default: none] The value field of ~ the uncompressed table.

these keywordshallcontain thestringstring values of the  In the case of variable-length array columns, the array of

correspondingFORMN keywords that defines the data type —descriptors that point to each compressed variable-length

of columnn in the original uncompressed FITS table. array, as well as the array of descriptors from the input

uncompressed tablequstalso be compressed and written
into the corresponding column in the compressed table. See
Sect. 10.3.6 for more details.

ZCTYPn — [string indexed; default: none] The value field
of these keywordshallcontain the character string value
mnemonic hame of the algorithm that was used to compress
columnn of the table. The only permitted values are given in
Sect. 10.3.5, and the corresponding algorithms are destri 0.3.3. Compression Directive Keywords

in Sect 10.4.
ZTILELEN — [integer; default: none] The value field of thisThefO”OWIng compression-directive keywords, if preserthe

keywordshllconiai an niege epresening he number 2" 1 e (80 Lo be compressed, e escried 1 provide
rows of data from the original binary table that are contdiné P

in each tile of the compressed table. The number of ro gmpressed. The compression softwsieuldattempt to obey

in the last tile may be less than in the previous tiles. Nofgese directives, but if that is not possible the softwary dis-

that if the entire table is compressed as a single tile, thg;gard them and use an appropriate alternative. These kegwo

the compressed table will only contains a single row, and tRe® optional, but must be used as specified below.

ZTILELEN andZNAX1S2 keywords will have the same value.

— FZTILELN - [integer] The value field of this keyword
shall contain an integer that specifies the requested number
of table rows in each tile which are to be compressed as a

The procedure for compressing a FITS binary table consfsts o group.
the following sequence of steps: — FZALGOR — [string The value field of this keyword
1. Divide table into tiles (optional) shallcontain a character string giving the mnemonic name

In order to limit the amount of data that must be managed ©f the algorithm that is requested to be used by default to
at one time, large FITS tablesaybe divided into tiles, each compress every column in the table. The permitted values
containing the same number of rows (except for the last tile ar€ givenin Sect. 10.3.5.

whichmaycontain fewer rows). Each tile of the table is com-— FZALGn — [string indexed] The value fields of these key-
pressed in order and each is stored in a single row in the out- wordsshall contain a character string giving the mnemonic
put compressed table. There is no fixed upper limit on the al- name of the algorithm that is requested to compress column
lowed tile size, but for practical purposes irecommended n of the table. The current allowed values are the same as for
that it not exceed 100 MB. the FZALGOR keyword. TheFZALGn keyword takes prece-

10.3.2. Procedure for Table Compression
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dence oveFZALGOR in determining which algorithm to use 3. Compress the combined array of descriptors usZitp_1,
for a particular column if both keywords are present. and write that byte stream into the corresponding VLA col-
umn in the output table, so that the compressed array is ap-

ended to the heap.
10.3.4. Other Reserved Keywords P P

When uncompressing a VLA column, two stages of uncom-

The following keywords are reserved to store a verbatim cop . .
essiormustbe performed in order:

of the value and comment fields for specific keywords in t
original uncompressed BINTABLE. These keywords, if preésenq Uncompress the combined array of descriptors using the
shouldbe used to reconstruct an identical copy of the uncom- 4,35 aigorithm.

pressed BINTABLE, anghould notappear in the compressed
table header unless the corresponding keywords were fiiesen
the uncompressed BINTABLE.

2. For each descriptor to a compressed array:
— Read the compressed VLA from the compressed ta-
ble and uncompress it using the algorithm specified by
ZCTYP for this VLA column.

ZTHEAP — [integer; default: none] The value field of this key- o o
— Write it to the correct location in the uncompressed table.

word shallcontain an integer that gives the value of the
THEAP keyword if present in the original uncompressed FITS
table header. 10.4. Compression Algorithms
ZHECKSUM — [string default: none] The value field of this key-
word shall contain a character string that gives the value

the CHECKSUM keyword (see Sect. 4.4.2.7) in the original un] 20!€ 36: Valid mnemonic values for ta€MPTYPE andZCTYPN

compressed FITS HDU. keywords
ZDATASUM — [string default: none] The value field of this key-=Z1;5 Sect.  Compression Type
word shallcontain a character that gives the value of thesgreg 1 1041 Rice algorithm for integer data
DATASUM keyword (see Sect. 4.4.2.7) in the original uncom-»gzp_1° 10.4.2 Combination of the LZ77 algorithm
pressed FITS HDU. and Hufman coding, used in Gnu
GZIP
) . 'GZIP.2’ 10.4.2 Like *GZIP_1’, but with reshffled
10.3.5. Supported Compression Algorithms for Tables pixel values
’PLIO_1’ 10.4.3 IRAF PLIO algorithm for integer data

The permitted algorithms for compressing BINTABLE columns 'HCOMPRESS.1° 10.4.4 H-compress algorithm for 2-D images
are RICE_1, GZIP_1, and GZIP_2 (plus NOCOMPRESS), which  »yocompRESS’ The HDU remains uncompressed

are lossless and are described in Sect. 10.4. Lossy corgpress
could be allowed in the future once a process is defined to pre-
serve the details of the compression.

The name of the permitted algorithms for compressing FITS
HDUs, as recorded in th@CMPTYPE keyword, are listed in
Table 36; if other types are later supported, thayst be
10.3.6. Compressing Variable-Length Array Columns registered with the IAUFWG to reserve the keyword values.

. . . . Keywords for the parameters of supported compression algo-
Compression of BINTABLE tiles that contain variable-lengt-  jinms have also been reserved, and are described with each

ray (VLA) columns requires specigigiiggiiigration bEtlhse talgorithm in the subsections below. If alternative compias
array values in these columns are not stored directly inethlet algorithms require keywords beyond those defined below, the

butare instead stored in a data heap which follows the mhle ta \q(5150 be registered with the IAUFWG to reserve the associ-
(see Sect. 7.3.5). The VLA columniin the original, uncompees keyword n%mes.

table only contains descriptors, which are composed of two i
tegers that give the size and location of the arrays in th@.hea

When uncompressing, these descriptor values will be neteded 0.4.1. Rice compression

write the uncompressed VLAs back into the same locationen t(}\/hen ZCMPTYPE = 'RICE.1’ the Rice algorithm (Rice et al.

hffcpeiiﬁr&;?feofgﬂg'ﬁéﬂnfﬁrgﬁjffsﬁﬂéﬁbéiﬂ}iﬁﬁge gnignl\_/v 1993) shallbe used for data (de)compression. When selected,
E:)olumn Within a tile: ' ' P 9 ﬁhe keywords in Table 38houldalso appear in the header with
' one of the values indicated. If these keywords are absesr, th
) their default valuesnustbe used. The Rice algorithm is loss-
1. For each VLA in the column: less, but can only be applied to integer-valued arraysffére

— Read the array from the input table and compress it usiggignificant performance advantage over the other conipress
the algorithm specified byCTYP for this VLA column. techniques (see White et al. 2013).

— Write the resulting bytestream to the heap of the com- _
pressed table. 10.4.2. GZIP compression

— Store (or append) the descriptors to the compress@fhenzcMpTYPE = *GZIP.1’ the gzip algorithmshall be used
bytestream (whicmustbe 64-bit Q-type) in atemporary for qata (de)compression. There are no algorithm parasjeter
array. so the keyword€NAMENn and ZVALn should notappear in the

2. Append the VLA descriptors from the uncompressed tabiheader. The gzip algorithm is used in the free GNU software
(which maybe either Q-type or P-type) to the temporary arcompression utility of the same name. It was created by J.-
ray of VLA descriptors for the compressed table. L. Gailly and M. Adler, based on the DEFLATE algorithm
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