Astronomy & Astrophysicenanuscript no. WCSPaperV0.90 © ESO 2011
October 14, 2011

Representations of Time Coordinates in FITS
Time and Relative Dimension in Space (V0.90)

Arnold H. Rots! Peter S. Bunclark,* Mark R. Calabretté,Ste%/en L. Aller’* Richard N. Manchestérand William T.
Thompso

! Harvard-Smithsonian Center for Astrophyg®mithsonian Astrophysical Observatory, 60 Garden Stre®t6l, Cambridge, MA
02138, USA

2 Institute of Astronomy, Madingley Road, Cambridge CB3 OHUX
3 Australia Telescope National Facility, PO Box 76, Eppin§W 1710, Australia
4 UCO/Lick Observatory, University of California, Santa Cruz, ©8064, USA

5 Adnet Systems, Inc., NASA Goddard Space Flight Center, ®de Greenbelt, MD 20771, USA

Received December 25, 2008; accepted January 1, 2009
ABSTRACT

Context. In a series of four previous papers, formulation and specidfche represention of World Coordinate Transformations i
FITS data have been presented. This fifth paper deals withdamg time.

Aims. Time on all scales and precision known in astronomical @édsashall be described by extending the established FIT8ata.
Methods. Employing the well-established World Coordinate Systemmfework, and maintaining compatibility with the FITS con-
ventions that are currently in use to specify time, the stath@s extended to rigorously describe the time coordinate.

Results. World coordinate functions are defined for temporal axeguegninearly and as specified by a lookup table.

Key words. methods: data analysis — techniques: image processing

1. Introduction time stamp may be ambiguous if a time scale is used for dates

) . L _ . __prior to its definition by a recognized authority, or for dasd-
Time as a dimension in astronomical data presents chaengee it definition is abandoned. However, common sensddhou
its representationin FITS files as great as those met by 8&-pr o\ il and it would be overly pedantic to require a precisio
ous papers in this series. The first, Paper | (Greisen & Cef#br e gescription of the time coordinate that far exceeds toa-a
2002), lays the groundwork by developing general consirug cy of the temporal information in the data.
and related FITS header keywords and the rules for their us-", e following sections we will first define the terms of
age in recording coordinate information. Paper |l (CaltBr& oterence of this standard. The next section provides akexp
Greisen 2002) addresses the specific problem of descriing Gaion of the components that are involved and defines the key
lestial coordinates in a two-dimensional projection ofskg. In 045 to be used for specifying those components. A section 0
Paper lIl, Greisen et al. (2006) apply these methods 10 EeC;s5 e context that includes four header examples refekstbac
coordinates. Paper IV (Calabretta et al. 2012) extendsdhe fihe terms of reference. Finally, we present some concluding
malism to deal with general distortions of the coordinatd.gr 1\ s.

This paper, Paper V in the series, formulates the represen- generally helpful references may be found in Seidelmann

tation of the time axis, or possible multiple time axes, itite (1992) and McCarthy & Seidelmann (2009).
FITS World Coordinate System (WCS) previously described.

We show how much of the basic structure is employed, while

developing extensions to cope with théfeiences between time2. Terms of Reference
and other dimensions; notable amongst thefferdinces is the
huge dynamic range covering the highest resolution relaitn-
ing to the age of the Universe. — Recording time stamps in header keywords

The precision with which any time stamp conforms to any— Time coordinate axes in images

conventional time scale is highly dependent on the characte— Time columns in tables

istics of the acquiring system. The definitions of many conrve — Time coordinate axes in table vector columns
tional time scales vary over their history along with thegis®n  — Time in random groups

which can be attributed to any time stamp. The meaning of any o ) ] -
We shall distinguish the following components in the speaifi

* Deceased tion of time:

Time WCS information needs to be supported in five contexts:
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— Time Coordinate Frame, containing: 3.1. 1ISO-8601 DatetimeStrings
— Time Scale S )
— Time Reference Position FITS uses a subset of ISO-8601 (which in itself does not im-
— Reference Time (the zero point for relative times) ply a particular time scale) for several time-related kesogo
— Time Reference Direction (if applicable) (B_unclark & Rots 1997), sych GATE-xxx andMJID-xxx. In
— Planetary and Solar System ephemeris used (if appli¢BiS Paper we will uselatetimeas a pseudo data type. At the
ble) present time its values can be written as a character stiig i
— Time Unit format, but it would be desirable to have it included as a data
— Corrections, errors, etc.: type in its own right into the FITS standard as tyfe It is pre-
— Time ofsets mature to prescribe a full format specifier, but we expedct bie
— Absolute error similar to the way the format is handled. If and when an ISO-
_ Relative error 8601 data type is adopted we will assume that it will be used,
— Time resolution rather than the string type.
— Durations The full specification for the format of traatetimestring till

now has been:
The following use cases illustrate the scope of the require-

ments for time axes. CCYY-MM-DD[Thh:mm:ss[.s...]]
— Photon arrival times (“event lists”) All of the time part may be omitted (just leaving the date) or
— Time-sampled data streams (referred to as “light curves” ihe decimal seconds may be omitted. Leading zeroes may not be
some of our communities) _ omitted and timezone designators are not allowed.
— Pulsar pulse profiles (folded or stacked light curves) This paper extends the definition to allow five-digit years

Image cubes: typically a series of two-dimensional imagegth a (mandatory) sign. I.e., one may either use uhsigned

acquired at regular time spacing, and stacked so the thigdir-digit year format or theignedfive-digit year format:
axis is time. Usually precision isn’'t demanding, but thegim

axis must be integrated into a three-dimensional WCS. [+C]CCYY-MM-DD[Thh:mm:ss[.s...]]
— Simulation data
“Mixed” axes, where spatial or spectral coordinates chama Note the following:
function of time (e.g., during an observation) represemecil
challenge.

Where possible, we have adopted the same keywords as in
the OGIP conventioh which has becomede factostandard for
representing timing information within high-energy agtigsics
data files, particularly from NASA as well as many ESA mis-
sions.

— The earliest date that may be represented in the four-digit
year formatis 0000-01-01T00:00:00 (in the year 1 BCE); the
latest date is 9999-12-31T23:59:59. This representatfon o
time is tied to the Gregorian calendar (Pope Gregorius 1582)
which means that its use for times before 1582 is not defined
by the ISO standard itself. However, for use in FITS files
we specify that such dates are to be interpreted according

Contrary to the convention followed in previous FITS stan- , ihe projeptic application of the rules of Gregorius (1582
dards papers, Appendix A is to be considered part of this stan o ates not covered by the range we recommend the use of
dard. The more subtle issues associated with the definifion o \1qqified Julian Date (MJD) or Julian Date (JD) numbers or

time scales are, of necessity, germaine to the details cfttre the use of the signed five-digit year format.
dard, but it seemed unwieldy to include them in the main téxt o_ |, the five-digit year format the earliest and latest dates ar

this paper. ~-99999-01-01T00:00:00 (i.e., -100000 BCE) and
+99999-12-31T23:59:59.
— In time scale UTC the integer part of the seconds field runs

3. Time Values and Representations of Time from 00 to 60; in all other time scales the range is 00 to 59.
This data type is not allowed in image axis descriptionsesinc
CRVAL is required to be a floating point value.

— ISO-8601datetimedoes not imply the use of any particular

time scale (see Section 4.2.1).

Even though we may tend to think of certain representatiéns o
time as absolute (ISO-8601, Julian dates), time valuessmptx
per will all be considered relative: elapsed time since &qdar

reference point.in time; it may help to view the “absplutelgm; — As specified by Bunclark & Rots (1997), time zones are ex-
as merely relative to a globally accepted zero point. Bessel plicitly not supported in FITS and, consequently, appegdin

arjﬁjf._luhan epohchfs%e;gglonly exceptions. 'E theﬂfollpvymg W the letter 'Z’ to a FITS 1SO-8601 string is not allowed. The
WII irst ':cre?tt ed >-60 repre?entatlon, tl enCoatlmlj,::p rationale for this rule is that its role in the ISO standard is
;/a ues of elapse t'”;]e smrc]:e a rle erer}c_e va ule. Ogcer €9 U that of a time zone indicator, not a time scale indicator. As
atter, usage cases show that values of time elapsed S a P 1ha concept of a time zone is not supported in FITS, the use
ticular reference time cannot always be representedaetiisfly ; P P :
= >, of time zone indicator is inappropriate.

by existing FITS data types. In addition to the 32-Bijt&nd 64-
bit (D) floating point types it is desirable to have a 128-bit float-
ing point data type. We conclude the section with a speciinat 3.2. Single or Double Precision Floating Point Relative Time
of epochs. o _
These are existing data types that do not need any particular

1 This convention was developed by théiiGe of Guest Investigator Provisions and can be used when their precisioffices. The
Programs within the HEASARC (High Energy Astrophysics 8cie following sections deal with situations where double ps&ei
Archive Research Center) at the NASA Goddard Space Flighte€e floating point does not provide enough precision.
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3.3. Higher Precision in Header Keywords 4. Components of the Standard

In headers, the value may be written to as many significant fighis section describes the components of the standard.&he k
ures as required. Such free-format floating point is already Words used to specify times are summarized in Table 4. Ttte firs
ognized in the FITS standard (IAU FITS Working Group, 2008gection of the table contains data items: time values that,ha
We emphasize that it always is, and always has been, the im{principle, global validity in the HDU. The second section
plementer’s responsibility to check on the required acouaf ~ Presents metadata keywords that define the time referemmoe fr
keyword values, rather than to assume that “a double is go@d all ime values in the HDU. If the HDU contains a table, all
enough” (see Section 4.2.4 of the standard), although Fé@8-r keywords in the first two sections may be replaced by columns,
ers and general applications may need to be checked whettgh specific values for each row (“Greenbank conventioA”).
they handle this correctly. Nevertheless, the conclusiothat Subset of the metadata keywords may also be overriddeniin ind

there are no problems with keyword values as well as the tirvglual table columns, as summarized in the third sectionlevh
axis in images. the fourth section lists the keywords that allow overridihg

Note that this technique can also be used in ASCII tabl@iPbal HDU keyword values for the time axis in images.
with the use of th&. E. andD formats. In the following high precision floating-valueghould be
o interpreted adloating-valuedwith the caveat that routine dou-

ble floating precision may not provide fiigient accuracy; see

3.4. Higher Precision in Binary Tables: Doublet Vectors Section 3.Datetime-valuedshould be interpreted astring-
valuedwhere the string conforms to 1ISO-8601 format as defined

In binary tables one may use pairs of doubles. The time colunSection 3.1 .

in such a table shall contain a vector of two doubles where the

first component of the doublet contains the integer portidh® )

time value and the second one the fractional part. We readily 4-1- Keywords that Represent Global Time Values

mit that a combination of an integer and a floating point nUMbReywords The following time values may only be found in the

would be preferable, but the use of two doubles allows usépkeneader, independent of any time axes in the data. Except for

the time stamps in a single table column. DATE, they provide the top-level temporal bounds of the data
in the HDU. As noted before, they may also be implemented as

3.5. Higher Precision in Binary and ASCII Tables: Quad table columns.

Floating Point DATE (datetime-valued)
) ~_ Creation date of the HDU in UTC
For ASCII tables there may not be any need for a high-pretisio

data type (see Section 3.3). DATE-OBS (o!atetime-valued) .
In binary tables, we expect that at some point a new data 11me of datain ISO-8601 according TGMESYS
type will be definedlong doubleor quad With theL andqQ type B ; o .
codes spoken for, we propose that the valugrafRM n shall be ¥iJn]1)e 2?3;2'%%? Jrgc;ig:cﬂr?; %r;gE\gz;\ISued)
rSa (suggesting sixteen bytes — or super-double); see Section
7.3.1 of the FITS Standard (2008) for the interpretationha$ t DATE-OBS is already defined in Section 4.4.2.2 of the FITS
string. If and when this data type is adopted we shall asshate tStandard. It is not specifically defined as the start time @bib-
it will be used for time stamps and eventually supersede ske ervation and has also been used to indicate some form of mean
of doublet vectors (see Section 3.4). observing date and time. In order to specify a start dateiare t
unambiguously one should use:

3.6. Julian and Besselian Epochs DATE-BEG (datetime-valued)
Start time of data in 1ISO-8601 accordingToMESYS

In a variety of contextepochsare provided with astronomical )
data. Until 1976 these were commonly based on the BesselianDATE-AVG (datetime-valued) _
year (see Section 4.3), with standard epochs B1900.0 and?Average time of data in 1ISO-8601 accordingltMESYS; note:
B1950.0. After 1976 the transition was made to Julian epochs thiS Paper does not prescribe how average times should be cal
based on the Julian year of 365.25 days, with the standaichepo culated
J2000.0. They are tied to time scales ET and TDB, respegtivel paATE-END (datetime-valued)

B1950.0 corresponds to JD 2433282.423(ET); more epochs Stop time of data in ISO-8601 accordingTtMESYS
are provided by Seidelmann (1992) and they are scaled by the

variable length of the Besselian year (see Section 4.3). MJD-BEG (high precision floating-valued)
. . Start time of data in MJD according TIMESYS

The Julian epochs are easier to calculate, as long as one
keeps leap days in mind: MJD-AVG (high precision floating-valued)

J2000.0= 2000-01-01T12:00:00(TDB} JD 2451545.00(TDB) Average time of data in MJD according TAMESYS; note: this
J2001.0= 2000-12-31T18:00:00(TDBy JD 2451910.25(TDB) paper does not prescribe how average times should be calcu-
J2002.0= 2002-01-01T00:00:00(TDBy JD 2452275.50(TDB) lated

J2003.0= 2003-01-01T06:00:00(TDBy JD 2452640.75(TDB)

A0 MJID-END (high precision floating-valued
J2004.0= 2004-01-01T12:00:00(TDB) JD 2453006.00(TDB) ;e (Of gatfin D Ao ding MMESYS)

Caution: be aware that the year 1 corresponds to 1 CE, year
0 to 1 BCE, year -1 to 2 BCE, and so on. For negative year TSTART (high precision floating-valued)
numbers there is anfiset of one, since the (B)CE counting of  Start time of data iTIMEUNIT relative toMJDREF, JDREF, or
years does not recognize a year 0. DATEREF according tarIMESYS
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TSTOP (high precision floating-valued)
Stop time of data i IMEUNIT relative toMJDREF, JDREF, or
DATEREF according toTIMESYS

Table 1 Recognized Time Scale Valtigs

TT (Terrestrial Time; IAU standard): defined on the ro-

The following time values are part of an axis definition (see tating geoid . .
Section 5 for details): TDT (Terrestrial Dynamical Time): synonym for TT

(deprecated)
CRVALI (high precision floating-valued) ET (Ephemeris Time): continuous with TT; should not
Reference pixel time value be used for data taken after 1984-01-01
TAI (International Atomic Time): TF 32.184 s
CRVALia (high precision floating-valued) IAT  synonym for TAI (deprecated) _
Reference pixel time value UTC  (Universal Time, Coordinated; default): runs syn-
chronously with TAI, except for the occasional in-
TCRVLn (high precision floating-valued) sertion of leap seconds; as of 2009-01-01 UFC
Reference pixel time value TAI - 345 L )
GPS  (Global Positioning System): runs (approximately)
TCRV na (high precision floating-valued) synchronously with TAI; GPS TAI - 19s.

TCG (Geocentric Coordinate Time): TT reduced to the
geocenter, corrected for the relativistiffexts of

. . . . the Earth’s rotation and gravitational potential;
Finally, Julian and Besselian epochs (see Sections 3.6 &)d 4 TCG runs faster than TT at a constant rate.

may be expressed by these two keywords —to be used with great .. (Greenwich Mean Time): continuous with UTC:

caution: should not be used after 1972-01-01.
. . . TDB (Barycentric Dynamical Time): runs quasi-
ﬁﬁfncgp(géﬁh precision floating-valued) synchronously with TT, except for the relativistic
effects introduced by variations in the Earth’s

velocity relative to the barycenter; when referring
to celestial observations, a pathlength correction to
the barycenter may be needed which requires the
Time Reference Direction used in calculating the
pathlength correction.

TCB (Barycentric Coordinate Time): TDB corrected for

Reference pixel time value

BEPOCH (high precision floating-valued)
Besselian epoch

4.2. Time Coordinate Frame

This section defines the various components that constitete the relativistic &ects of the gravitational potential

time coordinate frame. For a full review of the 1AU resolutso at the barycenter (relative to that on the rotating
concerning space-time coordinate transformations, séel%0 geoid), thus ensuring consistency with fundamen-
al. (2003). tal physical constants; TCB runs faster than TDB

at a constant rate.
LOCAL for simulation data and for free-running clocks.

4.2.1. Time Scale

) ] ] ISpecific realizations may be appended to these values,
The time scale defines the temporal reference frame (in the te in parentheses; see text.

minology of the IVOA Space-Time Coordinate metadata stan- 2Recognized values farTMESYS, CTYPEia, TCTYPn, TCTY na.
dard; see Rots 2008). See also the USNO (2008) page on time
scales.

Table 1 lists recognized values. For a detailed discusdion
the time scales we refer to Appendix A; that information wil
be of particular relevance for high-precision timing. Insea
where this is significant, one may append a specific realiz,gb
tion, in parentheses, to the values in the table; &T(TAI),
TT(BIPMO8), UTC(NIST). Note that linearity is not preserved
across all time scales. Specifically, if the reference osite-
mains unchanged (see Section 4.2.2), the first nine arerlin S timing inf fi hould b fth Jimi
transformations of each other (excepting leap secondsjteas, _.. Iming nformation shou'd be aware of thé accuracyimi
TDB andT(B. Linearity is virtually guaranteed since images anfftions of POSIX and NTP, especially around the time of a leap
individual table columns do not allow more than one refeeenéecond'
position to be associated with them and since there is no over
lap between reference positions that are meaningful fofitste  Keywords The following keywords may assume the values for
nine time scale on the one hand, and for the barycentric amesthe time scale that are listed in Table 1. In addition, forkveard
the other. All use of the time scale GMT in FITS files shall beompatibility, all excepTIMESYS may also assume the value
taken to have its zero point at midnight, conformant with UTIME (case-insensitive). The foundational keyword for the time
including dates prior to 1925; see Sadler (1978). scale is:

Any other time scales that are not listed in Table 1 are in- )
trinsically unreliable antr ill-defined. These should be tied to ~ TIMESYS (string-valued)
one of the existing scales with appropriate specificatiothef ~ 11me Scale; defauliTc
uncertainties; the same is true for free-running clocksveéier, In relevant context it may be overridden by (see Sections 5.2
alocal time scale, such as MET (Mission Elapsed Time) or OE 4 5.3 for details):

(Observation Elapsed Time), may be defined for practical rea
sons. The Time Reference Value (see Section 4.2.3) shotld no CTYPEIi (string-valued)

boe applied to the values and we strongly recommend that such

pmescales be provided as alternate time scales, with aetkfin

conversion to a recognized time scale.

Most current computer operating systems adhere to the

SIX standard for time, and use Network Time Protocol (NTP)

to closely synchronize to UTC. This reasonable approxiomati

to UTC is then commonly used to derive timestamps for FITS
ta. However, authors of FITS writers and subsequent o$ers
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Table 2 Standard Time Reference Position Values Contam#fteiJPL  Table 3 Compatibility of Time Scales and Reference Position

Ephemerides Reference TT,TDT,ET TCG TDB TCB LOCAL
Position TAI, IAT
TOPOCENTER  Topocenter: the location from where the ob- GPS
servation was made (default) UTC, GMT
GEOCENTER  Geocenter
BARYCENTER Barycenter of the Solar System TOPOCENTER t Is
RELOCATABLE Relocatable: to be used for simulation data GEOCENTER Is [
only EMBARYCENTER Is Is
CUSTOM A position specified by coordinates that is BARYCENTER Is o
not the observatory location RELOCATABLE c
Othe? re re
Less common allowed standard values are:
HELTOCENTER  Heliocenter ILegend (combination is not recommended if no entry):
GALACTIC Galactic center c: correct match
EMBARYCENTER  Earth-Moon barycenter t: correct match on earth’s surface, otherwise usuallyalirsealing
MERCURY  Center of Mercury Is: linear relativistic scaling
VENUS  Center of Venus re: non-linear relativistic scaling
MARS  Center of Mars 2All other locations in the solar system

JUPITER Barycenter of Jupiter
SATURN  Barycenter of Saturn
URANUS  Barycenter of Uranus

NEPTUNE Barycenter of Neptune

PLUTO Barycenter of Pluto

nine time scales in Table 1, although one needs to be aware tha
relativistic dfects introduce a (generally linear) scaling in cer-
tain combinations; highly eccentric spacecraft orbitsthecex-
TRecognized values fAREFPOS, TRPOS I, ception. Problems mainly arisel when using a referenceip_nsit
may be truncated to 8 characters on another solar system body (includifiel. TOCENTER). At this

point we recommend synchronizing the local clock with one of
the time scales defined on the earth’s surfade TAI, GPS, or

CTYPEia (string-valued) UTC (in the last case: beware of leap seconds). Locally, such a
clock will not appear to run at a constant rate, because of var
TCTYPn (string-valued) ations in the gravitational potential and in motions witBpect
to earth, but theféects can be calculated and are probably small
TCTY na(string-valued) compared to errors introduced by the alternative: estaiblisa

local time standard.

The default value i9TC. Note that the time Scale for time  In order to provide a complete descriptid®POCENTER re-
axes is encoded in tl&TYPE family of keywords; if these are ab- quires the observatory’s coordinates to be specified. Wier o
sent or have the valuEIME, it defaults to the value GfIMESYS; three options: the ITRS Cartesian coordinates (X, Y, Z)ontr
if that is absent, too, the time scaleUsC. See also the notesduced in Paper Ill; a geodetic latityttngitudeheight triplet;
relating to these keywords in Sections 5 and 5.3. or a reference to an orbit ephemeris file.

A non-standard location indicated GySTOM will be spec-
ified in a manner similar to the specification of the observa-
tory location (indicated byfOPOCENTER). One should be care-
The reference position specifies the spatial location atkvtiie ful with the use of theCUSTOM value and not confuse it with
time is valid; i.e., where the time was measured or to whicFOPOCENTER, as use of the latter imparts additional information
the observations were reduced. This may be a standarddocatin the provenance of the data.

(such assEOCENTER or TOPOCENTER) or a point in space defined
by specific coordinates. In the latter case one should beeawgr ds The ti f ition i ifiad by the k
that a (3-D) spatial coordinate frame needs to be definedsha ey\(/jvor s Thelime reterence position 1S specitied by the key-
likely to be diferent from the frame(s) that the data are assodt©"

ated with. Note thafOPOCENTER is only moderately informative TREFPOS (string-valued)

if no observatory location is provided or indicated. Time reference position; defalloPOCENTER

The commonly allowed standard values are shown in Table
2. Note that for the gaseous planets we use the barycerdersTREFPOS? will apply to time coordinate axes in images as well.
obvious reasons. Our preference is to spell the locationesan®ee Section 5.2.1 for an explanation.
outin full, butin order to be consistent with the practicéajper In binary tables dierent columns may represent completely
Il (2006) and the FITS Standard (IAU FWG 2008) the valuedifferent Time Coordinate Frames. However, each column can
are allowed to be truncated to eight characters. have only one time reference position, thus guaranteaiegit

Some caution is in order, here. Time scales and refererige(see Section 4.2.1) and the following keyword may owgri
positions cannot be combined arbitrarily if one wants a kclodREFPOS:
that runs linearly aTREFPOS. Table 3 provides a summary of .
compaible combinatonSARYCENTER shold only b Used n 5, 11%, O, OVeHHCn USes e keynamierar and only alows
conjunction with time scale$DB and TCB and should be the :so arsysTEM' (i.e., Barycenter): the convention contains also the
only reference position used with these time SCEH#ESCENTER,  somewhat peculiar keyworBASSIGN. We will not adopt these key-
TOPOCENTER (as long as one does not venture too far from thgords in order to avoid confusion on allowed values and nreani
earth’s orbit), andEMBARYCENTER are appropriate for the first Instead, we adopt the keywor@REFPOS and TRPOS .

4.2.2. Time Reference Position
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TRPOSn (string-valued) Note: Thevalueof the reference time has global validity for all
If the value of any of these keywordsTOPOCENTER, the obser- g{gg ﬁtlﬁelts but it does not have a particular time scalecasso

vatory position needs to be specified. If the valuéUisTo, the
“custom” position needs to be specified. In either case vomal
three mechanisms for this.

| Therefore, ifMJDREF = 50814.0 andIMEUNIT="s":
a time instanT = 864000 associated with TT will fall on
The ITRS Cartesian coordinates (with respect to the geoc gggigﬂggggggg%{%&g
ter) as defined in P_aper i: but a time instanT = 864000 associated with TAI will fall on
OBSGEO-X (floating-valued) 1998-01-02T00:00:32.184(TT) or
ITRS Cartesian X inm 1998-01-02T00:00:00.0(TAI).

OBSGEO-Y (floating-valued)
ITRS Cartesian Y inm

OBSGEO-Z (floating-valued)

4.2.4. Time Reference Direction

ITRS Cartesian Zin m If any pathlength corrections have been applied to the time
o ] ) ) stamps (i.e., if the reference position is FOPOCENTER for ob-
Similarly defined geodetic coordinates: servational data), the reference direction that is usedlicutat-
OBSGEO-B (floating-valued) ing the pathlength delay should be provided in order to na&int
Latitude in deg, North positive a proper analysis trail of the data. However, this is onlyfuise

if there is also information available on the location frorhexe
the observation was made (the observatory location). Tiee-di
tion will usually be provided in a spatial coordinate frarhatt

OBSGEO-L (floating-valued)
Longitude in deg, East positive

OBSGEO-H (floating-valued) is already being used for the spatial metadata, althoughigha
Altitude in m not necessarily the case. Itis, for instance, quite coabéathat
An orbit ephemeris file: multiple spatial frames are already involved: spheric&8x0-

ordinates for celestial positions, and Cartesian FK5 f@csp

craft ephemeris. We also acknowledge that the time referenc

direction does not by itself provide Sicient information to per-
Beware that only one set of coordinates is allowed ifdrm a fully correct transformation; however, within thentext

a given HDU. Nanosecond precision in timing requires thaf a specific analysis environment it shouldfize.

OBSGEO-[XYZBLH be expressed in a geodetic reference frame The uncertainty in the reference directioffiegts the errors

defined after 1980 in order to be fBaiently accurate. The inthe time stamps. A typical example is provided by barydgent

geodetic altitudeDBSGEO-H is measured with respect to I1AU corrections where the time errty is related to the position
1976 ellipsoid which is defined as having a semi-major axis efror pos:

6378140 m and an inverse flattening of 298.2577. One should
not assume a spherical earth! terr(Ms) < 2.4pos(arcsec)

OBSORBIT (string-valued)
URI, URL, or name of orbit ephemeris file

. We shall indicate the reference direction through a refegen
4.2.3. Time Reference Value to specific keywords. These keywords may hold the refereince d

We allow the time reference point to be defined in threfgegi "€Ction explicitly or indicate columns holding the cooralies. In
ent systems: ISO-8601, Julian Date (JD; see Herschel 1651)9"9?1? lists where the |_nd|V|duaI photons are tagged withediap
Modified Julian Date (MJB- JD — 2,400,000.5; see IAU 1997). Position, those coordinates may have be used for the raferen
These reference values are only to be applied to time vahktes jrection and the reference will point to the columns caritey

: : : - : : ese coordinate values. The factoOGIP convention, on the
iomated with one of the recognized time scales listed irleTa bther hand, uses the keywoikls NOM andDEC_NOM indicating a

globally applied direction for the entire HDU.

Keywords The reference pointin time, to which all times in th : o -
HDU are relative, may be specified through one of three k;&/gywords The time reference position is specified by the key-

words: ord
MIDREF (high precision floating-valued) TREFDIR (string-valued)
Reference time in MJD Pointer to time reference direction
JDREF (high precision floating-valued) TREFDIR will apply to time coordinate axes in images as well.
Reference time in JD See Section 5.2.1 for an explanation.
DATEREF (datetime-valued) In binary tables dterent columns may represent completely
Reference time in 1ISO-8601 different Time Coordinate Frames. However, also in that situ-

ation the condition holds that each column can have only one

If, for whatever reason, a header contains more than one . - :
these keywordsJDREF shall have precedence ovBATEREF '(If/ereri(lj?ee]fleurzelz:g(;;D|rectlon. Hence, the following keyword may

andMJDREF shall have precedence over both the others. If none

of the three keywords is present, there is no problem as long TRDIRN (string-valued)

as all times in the HDU are expressed in 1ISO-8601; otherwise

MIDREF = 0.0 shall be assumed. TREFPOS = 'CUSTOM it is The value of the keyword shall consist of the name of the key-
legitimate for none of the reference time keywords to begares word or column containing the longitudinal coordinateldaled

as one may assume that we are dealing with simulation data.by a comma, followed by the name of the keyword or column
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containing the latitudinal coordinate. For the above qd@Q&I1P CUNITI (string-valued)
convention this would result in: . )
TREFDIR = 'RA_NOM,DEC NOM’ CUNITia (string-valued)

For the example in Table 6:

TRDIR20 = ’EventRA, EventDEC’ TCUNIn (string-valued)

TCUNna(string-valued)
4.2.5. Planetary and Solar System Ephemeris

If applicable, the Planetary and Solar System ephemerig use# Assorted ltems Affecting Time Data: Corrections, Errors,

for calculating pathlength delays should be identified.sTiBi ete.

particularly pertinent when the time scaleTis. All quantities enumerated below will be expressed in thegite
The ephemerides that are currently in use are JPLs (Jﬁ.]g time units, the default being

2007a and 2007b): ’

— DE200 (Standish 1990; considered obsolete, but still in use).4.1. Time Offset

— DE405 (Standish 1998; default) . . . .
_ DE421 (Folkner et al. 2008) It is sometimes convenient to be able to apply a uniform clock

correction in bulk by just putting that number in a single key
Future ephemerides will be accepted and recognized as theyword. A second use for a timefset is to set a zerofiset to a
released. relative time series, allowing zero-relative times, ott joigher
precision, in the time stamps. Its default value is zero.
Its value is to be added t0JDREF, JDREF, or DATEREF, and

Keyword The Planetary and Solar System ephemeris used fQf\ce gects the values ofSTART, TSTOP, and the time axis
the data (if required) is indicated by the value of the keyvor  reference valueRVALI, c.s.), as well as any time pixel values

PLEPHEM (string-valued) in a binary table.
Solar System ephemeris; defanii405

Keyword The time dfset is set by:

4.3. Time Unit TIMEOFFS (high precision floating-valued)

The specification of the time unit allows the values defined in Time affset; default 0.0

Paper | (2002) and the FITS Standard (IAU FWG 2008), withnd has global validity for all times in the HDU. It has the sam
the addition of the century. We would recommend the follayin meaning as the keyworBIMEZERO in the OGIP convention —
which we did not adopt out of concern for the potentially am-
: biguous meaning of the name. The nffeet of this keyword is

dj dJa;;_(: 86,400 53265 254 that the value oTIMEOFFS is to be added to the time stamp val-
a. ( u |a_m) year¢ ' ) ues in the file. Formally, this isfiected by adding that value to
= cy: (Julian) century< 100 &) MIDREF, JDREF, angor DATEREF.

The following values are also acceptable:

s: second (default)

. 4.4.2. Absolute Error
— min: minute & 60 s) .

— h: hour (= 3600 s) The absolute time error is the equivalent of the systematar e
— yr: (Julian) year £ a = 365.25 d) defined in previous papers.
— ta: tropical year

— Ba: Besselian year Keywords The absolute time error is set by:

The use ofta andBa is not encouraged, but there are data and T1MsYER (floating-valued)
applications that require the use of tropical years or Besse Absolute time error
epochs. The length of the tropical yearin days is (McCarthy

& Seidelmann (2009)): but may be overridden, in appropriate context, by (see Geéti
36524120_1|_8396698- 0.00000615359 — 7.29 x 1071972 1 for details):

2.64x 10 ;

whereT is in Julian centuries since 2000-01-01T00:00:00(TT). CSYER (floating-valued)

The length of the Besselian yeBa in days is (ibid.): CSYERia (floating-valued)
3650941896698 0.14800615359 — 7.29 x 10719T? +

2.64x 1071073 TCSYEn (floating-valued)

TCSY na(floating-valued)

Keywords The time unit is set by the keyword
4.4.3. Relative Error

TIMEUNIT (string-valued) L . .
Time unit; defaults The relative time error specifies accuracy of the time stamlps

ative to each other. This error will usually be much smaliant
In relevant context, this may be overridden by (see Sectifmn 5 the absolute time error. This error is equivalent to the oamd
details): error defined in previous papers.
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Keywords The relative time error (the random error betweeconcepts like: awarded exposure time; scheduled expasuge t
time stamps) is set by: on-target time; duration of the exposure, including deaukti
. and lost time; exposure time charged against the awarded ex-
Eﬂ;ﬁ/ﬁﬁﬁfiﬂgg'valued) posure time; exposure time corrgcted for lost (bad) datd.laan
posure time corrected for dead time. Related to these ai@ugar
but may be overridden, in appropriate context, by (see @eéti keywords providing dead time correction factors, dead tore
for details): rection flags, and duty cycle informatiofELAPSE, as well as
Good-Time-Interval (GTI) tables. We suggest that theseaege
CRDER (floating-valued) excellent candidates for definition through an appropriate
) ) mally approved FITS convention, rather than inclusion iis th
CRDERia (floating-valued) standard.
We shall only defin&POSURE and TELAPSE in the present

TCRDEn (floating-valued) standard

TCRD na (floating-valued)
Keyword The only defined durations are indicated by the key-
4.4.4. Time Resolution words:

The resolution of the time stamps is represented by a singple d XPOSURE (floating-valued)

ble. This may, for instance, be the size of the bins for tinte&@se i the units of TIMEUNIT. It shall be the Bective exposure

data or the bit precision of the time stamp values. time for the data, corrected for dead time and lost time. ¢f th
HDU contains multiple time slices, it shall be the total accu

Keyword The time resolution is global in the HDU, and set b)?nulated exposure time over all slices. More obviou_s can_dizja

the keyword or the keyword name (lik€XPOSURE) had to be avoided since

they have been used with conflicting definitions in various-su
TIMEDEL (floating-valued) communities.
Time resolution
TELAPSE (floating-valued)
in the units of TTIMEUNIT. ) ) ) )
also in the units ofTIMEUNIT provides the amount of time

_ o elapsed between the stafiSTART, MJD-BEG, etc.) and the end
4.4.5. Time Binning (TSTOP, DATE-END, etc.) of the observation or data stream.

When data are binned in time bins (or, as a special case,svent

are tagged with a time stamp of finite precision) it is impotta 4.6. Good Time Interval (GTI) Tables

to know to which position in the bin (or pixel) that time stamp ) - .

refers. This is an important issue: the FITS standard assunfzP0d-Time-Interval (GTI) tables are indispensable foadaith

that coordinate values correspond to the center of all giyeit, Holes” in them, especially photon event files, as they allow

clock readings arefiectively truncations, not rounded valuesON€ t0 discriminate between "no data receivedrsusno data

and therefore correspond to the lower bound of the pixel. taken”. GT! tables contain two mandatory columsBART and
STOP, and one optional columWEIGHT. The first two define the
interval, the third, with a value from 0 to 1, the quality oétin-

Keyword The relative position of the time stamp in each timeerval;i.e., a weight of 0 indicates Bad Time-Interval WEIGHT

bin (TIMEDEL in the case of an event list) or pixelIELT in  has a default value of 1. Any time interval not covered in the

the case of an image axis) is set universally in the HDU by thgble shall be considered to have a weight of zero.
keyword:

TIMEPIXR (floating-valued) 5. Usage Contexts
Pixel position of the time stamp; from 0.0 to 1.0, default.0.5
Before getting to specific usage context, we need to make a few

In conformance with the FITS pixel definition, the defauldi§, general comments.
although the value 0.0 may be more common in certain contexts First, we should point out that the distortion conventioas d
Note, for instance, that this is required when truncatedlcloscribed in Paper IV (2012) are also very much applicable¢o th
readings are recorded, as is the case for almost all evésit lisme coordinate axis. The keywords that are discussed ifothe
It seems unwise to allow this keyword to be specified sep@ratéowing in detail are summarized in Table 4.
for multiple time frames, rather than requiring its valuefiply Second, the globally applicable keywords [IREMESYS,
to all. MIDREF et al., TIMEUNIT, etc., provide default values for the
corresponding* andTC* keywords im images and tables with
CTYPE or TTYPE set toTIME. Furthermore, with the exception
of TIMESYS itself, they provide defaults for all axis and col-
Durations shall not be expressed in 1ISO-8601 format, but onimn specifications (including alternate coordinate defing)
as actual durations (i.e., numerical values) in the unitthef that use a time scale listed in Table 1. Any alternate coatdin
specified time unit. specified in a non-recognized time scale assumes the vatlhe of

There is an extensive collection of header keywords that iaxis pixels or the column cells, optionally modified by apati
dicate time durations, such as exposure times, but theraamg ble scaling anfbr reference value keywords.
pitfalls and subtleties that make this seemingly simplecepi Finally, we have observed that there is a confusing varia-
treacherous. One may encounter similar-sounding keywords tion in the labeling of time axes in figures and presentatioms

4.5. Durations
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particular, the usage of terms like “TJD”, “HJD”, and “BJD¥ i If one of the axes is time and the matrix form is used, then

highly ambiguous. Julian and Modified Julian Date countsato nthe treatment of theCi_ja (or CDi_ja) matrices involves at least

imply any particular time scale or any particular refereposi- a Minkowsky metric and Lorentz transformations (as coméws

tion. The “B” in “BJD” raises the question whether it refecs t with Euclidean and Galilean). See B et al. (2003) for a full

the reference positioBARYCENTER or the time scal&DB. And review of the IAU resolutions concerning space-time coueitk

an expression like “BJB2400000” leaves the reader in doubtransformations.

whether the value is to be taken literally or whether the @uth  As an example we present a header in Table 6 (Example 2)

really meant “BJB-24000005”. We strongly recommend thatthat describes a SOHO Coronal Diagnostic Spectrometer ob-

authors be explicit about the times that are posted and adeptservation from October 1998: a linear slit moves across the

following convention for axis labeling: field from right to left during the observation, sdfdirent parts
ID|MID(<times scale>;<reference position> (columns) of the image are observed dfefient times. The ex-

In order to facilitate the correct labeling we suggest thase ample header defines the relations between thierdnt coordi-

strings be provided in theNAME* andTCNA* keywords if possi- nate systems by specifying a degenerate Time axis thasigel

ble; for instance: to the first spatial pixel axis throughRCi_j matrix; the non-

TCNAM1 = °MID(TDB;Barycenter)’ diagonal spatial elements are not zero since the detectoneta
Also, see the examples BENALE andTCNALF in Table 8. aligned to solar north.

An alternative approach would be to define the Time axis as
5.1. Header Keywords CT?[(PE 2A tieing it directly to the almost-longitude pixel coordi-
nate.

The rules governing these keywords are elaborated on ifoBect |t e align the image to solar north, the header changes to
4 and summarized in Table 4. what is shown in Example 3 (Table 7). One could still use the

alternative description of Time as an alternate axis onitadeg,
5.2. Time Axis in Images but in that case it would need its ovPd 2_jA matrix.
Example 1 (Table 5) is a data cube in which tf&&xis is time. .
Itis in fact a sequence of 2-D images stacked together. 5.2.3. CRVALIa

The rules governing keywords defining the time axis in he WCS standard requires this keyword to be numeric and can-

"T‘age (.WhiCh could t_)e a one-dimensional time series or aimu ot be expressed in 1SO-8601 format. Therefore, CRVALia is
dimensional space-time-spectral hypercube) are alseliabg- required to contain the elapsed time in unitsTAMEUNIT or

ing dealt with in Section 4 and summarized in Table 4, butedhe : : : L iy
are some aspects that require further elaboration as peeki EUNITia, even if the zero point of time is specified DYTEREF .

the following sub-sections.
5.3. Time Columns in Tables

5.2.1. Restrictions Example 4 (Table 8) is part of the header of an event list (a bi-

An image will have at most one time axis as identified by ha?@"y table in pixel list mode) with two time columns. Column
ing the CTYPEi value of TIME or one of the values listed in 1 carries time in TT, with alternate time coordinate frames i

Table 1. Consequently, as long as the axis is identified girolJTC: TCG, Mission Elapsed Time, Observation Elapsed Time,
CTYPE|, there is no need to have axis number identification df}JP» @nd JD. Column 20 contains the time stamps in TDB with

the global time-related keywords. In addition, we exprepsb- alternate frames in TCB and Julian epoch; columns 21 and 22

hibit the specification of multiple time reference posigoon Provide the events’ positions.

this axis for alternate time coordinate frames, since thisila/ The rules governing keywords defining the time in table

give rise to complicated model-dependent non-linearicriat columns (pixel as well as vector columns) are largely beietd

between these frames. Hence, time sca@ldsandTCB may be With in Section 4 and summarized in Table 4, but, again, there

specified in the same image, but cannot be combined with s some aspects that require further elaboration.

of the first nine time scales in Table 1; those first nine can be All times (other than 1SO-8601), expressed in a recognized

expressed as linear transformations of each other, tovida® time scale (see Table 1), are relative {tdDREF, JDREF or

the reference position remains unchanged. Time dd&t@l is DATEREF). That means that they are elapsed times and that users

by itself, intended for simulations, and should not be miwéiti have to take care of leap seconds when using UTC; the dinit’

any of the others. is defined as 86400 elapsed seconds. But beware of the follow-

ing: the reference time values are to be taken in the timescal

. o . specified for the coordinate one is dealing with. That is t

5.2.2. (DELTia, CDi-ja and PCi_ja TgRV1A in the Table 8 needs to accountgfor théfehiencewttg—

If the image does not use a matrix for scaling, rotation amesh tWeenMIDREF(TT) andMIDREF(UTC).

(Paper I, 2002)¢CDELTia provides the numeric value forthetime  Times that are expressed in any other time scale (e.g.,

interval. Mission Elapsed Time, a common scale) take the values in the
If the PC form of scaling, rotation and shear (Paper I, 2002) i&ble cells at face value, though they may be modified by appli

used,CDELTia provides the numeric value for the time intervalgable keywords such &&RP*, TCRV*, andTCD*.

andPCi_j, wherei = j =the index of the time axis (in the typical  In the context of tables the most important point to keep
case of an image cube with axis 3 being time, j = 3) would in mind is thatTCTYPn andor TCTY na contain the time scale.
take the exact value 1, the default (Paper I, 2002). However, it should also be pointed out that a binary tablercol

When theCDi_j form of mapping is usedDi_j provides the with TTYPEn="TIME and either lacking an§C* n keywords or
numeric value for the time interval. with TC*n = "TIME' will be controlled by the global keywords
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listed in Table 4. This is a common convention in existingsfileReferences
that will still be compliant with the present standard. Bunclark, P. S. & Rots, A. H. 1997 FITS-Y2K agreement:
The keywordsJEPOCH andBEPOCH, of course, may also be ™ i its gsfc.nasa.ggyear2000.htm
turned into table columns. However, one shoudl be mindfail thcalabretta, M. R., & Greisen, E. W. 2002, A&A 395, 1077, Paper
they are implicitly tied to specific time scales and représdn Calabretta, M. R., et al. 2012, Representations of distestin FITS world co-

; iati i ordinate systems, in preparation, Paper IV
fr?luttle tlljmleks. Conzequently, they have no association wwittof Clemence, G. M. 1945 A1 53, 169
€ global keyworas. Folkner, W. M., Williams, J. G., Boggs, D. H. 2008, JPL Memd@343.R-08-
003:
L ftp://naif.jpl.nasa.gofpulynaif/generickernelgspk/planetgde421 announcement.pdf
5.3.1. Restrictions Fukushima, T., et al. 2008, Transactions of the Internatiokstronomical

. . . . . Union, Series A, 27,5
The same restrictions imposed on the image time axis (§@gorius P. P. XIll 1582Inter gravissimas in: Clavius, C. Romani
Section 5.2.1) also apply to individual table columns. Heeve Calendarii A Gregorio XIll P. M. Restituti Rome 1603; see also:
since one can have more than one column with time information  httpy/www.fourmilab.ctidocumentgalendaiG_Latin. html
in the same table, it is possible to mixidirent time reference po- Greisen, E. W., & Calabretta, M. R. 2002, A&A 395, 1061, Pdper

. . . Greisen, E.W., Calabretta, M.R. Valdes, F.G., & Allen, $S2006, Paper IIl:
sitions and time scales that are not linearly related to eduér Representations of spectral coordinates in FITS, A&A 446-771.

— provided that one does not mix these in the same column. Greisen, E. W. & Harten, R. H. 1981, A&ASuppl 44, 371
Herschel, John 1851, Outlines of astronomy (4th edition)SiryJohn F. W.
. . Herschel

5.4. Time in Random Groups IAU 1997, Resolution B1 of the XXIlird AU,

. . . . httpy/www.iau.orgstatigresolutiond AU1997_French.pdf
There are two ways in which time can enter into random group hitpy/www.iers.orgMainDisp.cs|?pig98-110
data (see Greisen & Harten 1981): as one of the subarray akesFITS Working Group, 2008 Definition of the Flexible Imageansport
or through a group parameter. In the former case the situatio _System (FITS) httpfits.gsfc.nasa.ggfits_standard. html

o i in i ; Irwin, A. W. & Fukushima, T. A. 1999, A&A 348, 642
is identical to that in images and we refer to Section 5.2Her t\, - 5" b "¢ “Seidelmann, P. K. 2009IME — From Earth Rotation to

rules. If time is to be transmitted through a group paraméter stomic Physicswiley-VCH

simply means that the NASA/JPL Planetary Ephemerides 2007a:
. . httpy/ssd.jpl.nasa.ggvephemerides
PTYPEi (string-valued) NASA/JPL Solar and Planetary Ephemerides 2007b:

keyword needs to be set to one of the time scale codes frg@,%’ggéﬁfgnAaE?T'%(’ggrlsgﬁltﬁ)pngfxpo”

Table 1, jUSt like th{TYPFJ All the glObal time reference frame httpj/heasarc_gsfc_nasa_gdgcgheasarmfwg/ofwg_recomm.htm|
keywords (see Table 4) apply, just as they wouldlifPEi were Rots, A. H. 2008 Space-Time Coordinate Metadata for thesgit®bservatory:
set to the same time scale value, except that there is ndydgsi dlhtth/WWW-Ivoa-neﬁDocumentﬂateSISTC-html
of override since theUNITi, PSYERi, andPRDERi keywords are Sadler, D- H. 1978, QJRAS 19, 290 .

. . Seidelmann, P. K. 199Explanatory Supplement to the Astronomical Almanac
not defined in the standard. University Science Books

Seidelmann, P. K. & Fukushima, T. 1992, A&A 265, 833

. . Safel, M. et al. 2003, AJ 126, 2687
6. Concluding Remarks on Precision Standish, E. M. 1990, A&A 233, 252

. . : . Standish, E. M. 1998, JPL Memo IOM 312.F-98-048
The following comments summarise some saliant points thgdno Time Scales: httgitycho.usno.navy.misystime. htm

may otherwise go unnoticed.

Times have special requirements when it comes to precision
and, hence, data types. We anticipate at some time in theefutu
that one or two new data types may be added to the FITS stan-
dard that will address this requirement. In the meantime,

As an alternative to a 128 bit quad floating point (IEEE 754-
2008) we recommend that relative elapsed times may be ex-
pressed a2D, but require that the first element of the doublet
vector contain the integer part, the second the fractioagl gf
time. This is, in a way, an unfortunate bandaid, but not ucgre
dented, since the device is used in various ephemeris aimhtim
packages.

There is no precision problem with time-related keywords,
as they may contain as many digits as necessary. Howeves, use
should take special care in reading these values and notysimp
assume that "a double is good enough”.

Times are relative (tMJDREF, JDREF or DATEREF), except
when they are expressed as an ISO-8éatktimestring.
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Table 4. Time Scale Keywords

Keyword Description Section Header Only Images Table Rb@dumns  Table Vector Columns
Single  Multiple Primary Alternate Primary Alternate

Informational Keywords (data)

Date of HDU creatiofi 4.1 DATE
Dategtime of whole observation 4.1 DATE-OBS
MID-0BS
Effective datéTime of observation 4.1 DATE-AVG
MID-AVG
Start dat@ime of observation 4.1 DATE-BEG
MID-BEG
TSTART
End daté&ime of observation 4.1 DATE-END
MID-END
TSTOP
Net exposure time 4.5 XPOSURE
Wall clock exposure time 4.5 TELAPSE
Global Time Reference Frame Keywords (metadata)
Time scale 4.2.1 TIMESYS
Zero point in MJD 4.2.3 MIDREF
Zero point in JD 4.2.3 IDREF
Zero point in 1ISO-8601 4.2.3 DATEREF
Reference position 4.2.2 TREFPOS
Reference direction 4.2.4 TREFDIR
Solar System ephemeris 4.2.5 PLEPHEM
Time unit 4.3 TIMEUNIT
Time resolution 4.4.4 TIMEDEL
Time ofset 4.4.1 TIMEOFFS
Time location in pixel 4.45 TIMEPIXR
Absolute Error 442 TINMSYER
Relative Error 4.4.3 TIMRDER

Optional Context-Specific Override Keywords for Metadata

Time scale 4.2.1 TIMESYS CTYPEI CTYPEia TCTYPn TCTYna iCTYPn iCTYna
Reference position 4.2.2 TREFPOS TRPOSN TRPOSN
Reference direction 4.2.4 TREFDIR TRDIRN TRDIRN
Time unit 4.3 TIMEUNIT CUNITi CUNITia TCUNIn TCUNna iCUNINn iCUNna
Absolute Error 4.4.2 TIMSYER CSYERi CSYERia TCSYEn TCSYna iICSYEn iCSYna
Relative Error 4.4.3 TIMRDER CRDERi CRDERia TCRDEn TCRDna iICRDEn iCRDna

Context-Specific Keywords for Metadata

Time axis name 5.2 CNAMEI CNAMEia TCNAMn TCNAna iICNAMNn iCNAna
Time axis reference pixel 5.2 CRPIXi CRPIXia TCRPXn TCRPna iCRPXn iCRPna
Time axis reference value 5.2 CRVALi CRVALia TCRVLn TCRVha iCRVLn iCRVNna
Time scaling 5.2.2 CDELTi CDELTia TCDLTn TCDEna iDLTnN iCDEna
Transformation matrix 5.2.2 CDi_j CDi_ja TCn_ka ijCDna
Transformation matrix 5.2.2 PCi_j PCi_ja TPn_ka ijPCna

3n UTC if the file is constructed on the Earth’s surface
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Table 5. Cube with two spatial & one time axis

123456789 123456789 123456789 123456789 123456789 123456789 123456789 123456789

SIMPLE = T / Fits standard

BITPIX = -32 / Bits per pixel

NAXIS = 3 / Number of axes

NAXIS1 = 2048 / Axis length

NAXIS2 = 2048 / Axis length

NAXIS3 = 11 / Axis length

DATE = "2008-10-28T14:39:06’ / Date FITS file was generated
OBJECT = ’2008 TC3’ / Name of the object observed
EXPTIME = 1.0011 / Integration time

MID-0BS = 54746.02749237 / Obs start

DATE-OBS= ’'2008-10-07T00:39:35.3342’ / Observing date
TELESCOP= ’VISTA ’ / ESO Telescope Name

INSTRUME= ’'VIRCAM '’ / Instrument used.

TIMESYS = ’UTC ’ / From Observatory Time System
TREFPOS = ’TOPOCENT’ / Topocentric

MIDREF = 54746.0 / Time reference point in MID
RADESYS = "ICRS ’ / Not equinoctal

CTYPE2 = 'RA---ZPN’ / Zenithal Polynomial Projection
CRVAL2 = 2.01824372640628 / RA at ref pixel

CUNIT2 = ’deg ’ / Angles are degrees always
CRPIX2 = 2956.6 / Pixel coordinate at ref point
CTYPE1 = ’'DEC--ZPN’ / Zenithal Polynomial Projection
CRVAL1 = 14.8289418840003 / Dec at ref pixel

CUNIT1 = ’deg ’ / Angles are degrees always
CRPIX1 = -448.2 / Pixel coordinate at ref point
CTYPE3 = ’UTC ’ / linear time (UTC)

CRVAL3 = 2375.341 / Relative time of first frame
CUNIT3 ="'s ’ / Time unit

CRPIX3 = 1.0 / Pixel coordinate at ref point
CTYPE3A = 'TT ’ / alternative linear time (TT)
CRVAL3A = 2440.525 / Relative time of first frame
CUNIT3A = ’s ’ / Time unit

CRPIX3A = 1.0 / Pixel coordinate at ref point
OBSGEO-B= -24.6157 / [deg] Tel geodetic latitute (=North}
OBSGEO-L= -70.3976 / [deg] Tel geodetic longitude (=East}
OBSGEO-H= 2530.0000 / [m] Tel height above reference ellipsoid
CRDER3 = 0.0819 / random error in timings from fit
CSYER3 = 0.0100 / absolute time error

PC1_1 = 0.999999971570892 / WCS transform matrix element
PC1_2 = 0.000238449608932 / WCS transform matrix element
PC2_1 = -0.000621542859395 / WCS transform matrix element
PC2_2 = 0.999999806842218 / WCS transform matrix element
CDELT1 = -9.48575432499806E-5 / Axis scale at reference point

CDELT2 = 9.48683176211164E-5 / Axis scale at reference point

CDELT3 = 13.3629 / Axis scale at reference point
PV1_1 = 1. / ZPN linear term
PV1_3 = 42 . / ZPN cubic term

END
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Table 6. Header extract of an image where Time is entanglddSyace

123456789 123456789 123456789 123456789 123456789 123456789 123456789 123456789

SIMPLE
BITPIX
NAXIS
NAXIS1
NAXIS2
NAXIS3
NAXIS4
DATE
BUNIT
DATE-OBS
DATEREF
TIMESYS
CTYPE1
CUNIT1
CRPIX1
CRVAL1
CDELT1
CTYPE2
CUNIT2
CRPIX2
CRVAL2
CDELT2
CTYPE3
CUNIT3
CRPIX3
CRVAL3
CDELT3
CTYPE4
CUNIT4
CRPIX4
CRVAL4
CDELT4
PC1_1
PC1_2
PC1_3
PC1_4
pPC2_1
PC2_2
pPC2_3
PC2_4
PC3_1
PC3_2
PC3_3
PC3_4
PC4_1
PC4_2
pPC4_3
pPC4_4
END

T
-32
4
20
120
143
1

72009-09-25"
'erg/cm”2/s/sr/Angstrom’ /

71998-10-25T16:59:41.
’1998-10-25T16:59:41.

"UTC
"WAVE

’Angstrom’

10.5000
629.682
0.11755400

"HPLN-TAN’

’arcsec

60.5000
897.370
2.0320000

"HPLT-TAN’

’arcsec

"TIME

72.0000
-508.697
1.6800000

1.00000
3147.84
6344.8602
1.00000
0.00000
0.00000
0.00000
-0.00128426
0.987269
0.131508
0.00000
-0.00964133
-0.192389
0.987269
0.00000
0.00000
-0.00832947
0.00000
1.00000

/Written by IDL: Fri Sep 25 14:01:44 2009
/Real*4 (floating point)

/

/ Wavelength

/ Detector X

/ Detector Y

/ Time (degenerate)

/

823’ /
823’ /
/ We will use UTC

~

Might also have been ’'UTC’

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/

13
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Table 7. Header extract of an image where Time is entanglédSyace needing a PC matrix

123456789 123456789 123456789 123456789 123456789 123456789 123456789 123456789

SIMPLE
BITPIX
NAXIS
NAXIS1
NAXIS2
NAXIS3
NAXIS4
DATE
BUNIT
DATE-OBS
DATEREF
TIMESYS
CTYPE1
CUNIT1
CRPIX1
CRVAL1
CDELT1
CTYPE2
CUNIT2
CRPIX2
CRVAL2
CDELT2
CTYPE3
CUNIT3
CRPIX3
CRVAL3
CDELT3
CTYPE4
CUNIT4
CRPIX4
CRVAL4
CDELT4
PC1_1
PC1_2
PC1_3
PC1_4
pPC2_1
PC2_2
pPC2_3
PC2_4
PC3_1
PC3_2
PC3_3
PC3_4
PC4_1
PC4_2
pPC4_3
pPC4_4
END

T
-32
4
20
120
143
1

72009-09-25"
'erg/cm”2/s/sr/Angstrom’ /

71998-10-25T16:59:41.
’1998-10-25T16:59:41.

"UTC
"WAVE

’Angstrom’

10.5000
629.682
0.11755400

"HPLN-TAN’

’arcsec

60.5000
897.370
2.0320000

"HPLT-TAN’

’arcsec

"TIME

72.0000
-508.697
1.6800000

1.00000
3147.84
6344.8602
1.00000
0.00000
0.00000
0.00000
-0.00128426
1.000000
3.50908E-05
0.00000
-0.00964133
5.13000E-05
1.000000
0.00000
0.00000
-0.00822348
0.00109510
1.00000

/Written by IDL: Fri Sep 25 14:01:44 2009
/Real*4 (floating point)

/

/ Wavelength

/ Longitude

/ Latitude

/ Time (degenerate)

/
823’ /

823’ /
/ We will use UTC

Might also have been ’'UTC’

N N N N N T N N N N N N N

/
/
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Table 8. Header extract of a binary table (event list) with tisne columns

123456789 123456789 123456789 123456789 123456789 123456789 123456789 123456789
COMMENT ~  --————---- Globally valid key words ----------————---
TIMESYS = ’TT ’ / Time system REPEATED FOR CLARITY ##t#
MIDREF = 50814.000000000000 / MID zero point for (native) TT ###
MID-BEG = 53516.157939301 / MID start time in (native) TT #H#
TSTART = 233466445.95561 / Start time in MET ###
TIMEPIXR= 0.5000000000000 / default ###
TIMEDEL = 3.2410400000000 / timedel Levl (in seconds) ###
TREFPOS = ’TOPOCENT’ / Time is measured at the telescope
PLEPHEM = ’DE405 ’ / SS ephemeris that is used

TIMRDER = 1.0000000000000E-09 / Relative error

TIMSYER = 5.0000000000000E-05 / Absolute error

OBSORBIT= ’orbitf315230701N001_ephl.fits’ / Orbit ephemeris file

COMMENT ~  -—-—=--——--- First Time Column ---------------———————-

TTYPE1 = ’'Time ’ / S/C TT corresponding to mid-exposure ###
TFORM1 = ’2D ’ / format of field ###
TUNIT1 = 's ’ ###
TCTYP1 = 'TT ’

TCNA1 = ’Terrestrial Time’ / This is TT

TCUNI1 = "'s ’

TCRPX1 = 0.0 / MIDREF is the true zero point for TIME-TT ...
TCRVL1 = 0.0 / ...and relative time is zero there

TCDLT1 = 1.0 / 1sis1ls

TCRD1 = 1.0000000000000E-09 / Relative error

TCSY1 = 5.0000000000000E-05 / Absolute error

TCTY1A = ’UTC ’ / UTC ELAPSED seconds since MJDREF

TCNA1A = ’Coordinated Universal Time’ / This is UTC

TCUN1IA ='s ’

TCRP1A = 0.0

TCRV1IA = 63.184

TCDE1A = 1.0

TCTY1B = 'TCG ’ / TCG

TCNA1IB = ’Geocentric Coordinate Time’ / This is TCG

TCUN1IB = 's ’ / still in seconds

TCRP1B = 0.0 / MIDREF is the reference point

TCRV1IB = 0.46184647 / But TCG is already ahead of TT at MJDREF
TCDE1IB = 1.0000000006969290 / And it keeps running faster

TCTY1C = ’MET ’ / Mission Elapsed Time

TCNAIC = ’Mission Elapsed Time’ / This is MET

TCTY1D = ’OET ’ / Observation Elapsed Time

TCNAID = ’Observation Elapsed Time’ / This is OET

TCRVID = 0.0 / Reference pixel: 0 is at:

TCRP1D = 233466445.95561 / ... start time in MET

TCTY1E = ’MID ’ / For listing MID

TCNALIE = ’MID(TT;Topocenter)’ / This allows a properly labeled MID axis
TCUNIE = 's ’ / Now in days
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Table 8 (contd)

123456789 123456789 123456789 123456789 123456789 123456789 123456789 123456789

TCRP1E = 0.0 / MET 0 is the reference point

TCRVIE = 50814.0 / Not surprising, that is MIDREF

TCDE1E = 1.157407407407e-05 / = 1/86400

TCTY1F = 1D ’ / For listing 1D

TCNA1F = ’JID(TT;Topocenter)’ / This allows a properly labeled JD axis
TCUNIF = 's ’ / Now in days

TCRP1F = 0.0 / MET 0 is the reference point

TCRV1F = 2450814.5 / Not surprising, that is JDREF

TCDE1F = 1.157407407407e-05 / = 1/86400

COMMENT ~  --—-—-——--- Second Time Column -----------—--————————-
TTYPE20 = ’Barytime’ / S/C TDB corresponding to mid-exposure
TFORM20 = ’2D ’ / format of field

TUNIT20 = ’s ’

TCTYP20 = ’'TDB ’

TRPOS20 = ’BARYCENT’ / Time is measured at the Barycenter
TRDIR20 = ’'EventRA,EventDEC’ / Reference direction is found in cols 21 and 22
TCNA20® = ’Barycentric Dynamical Time’ / This is TDB

TCUNI20 = ’'s ’

TCRPX20 = 0.0 / MIDREF is the true zero point for Barytime ...
TCRVL20 = 0.0 / ...and relative time is zero there
TCDLT20 = 1.0 / 1sis1ls

TCRD20 = 1.0000000000000E-09 / Relative error

TCSY20 = 5.0000000000000E-05 / Absolute error

TCTY20C = 'TCB ’ / TCB

TCNA20C = ’Barycentric Coordinate Time’ / This is TCB

TCUN2OC = ’s ’ / still in seconds

TCRP20C = 0.0 / MIDREF is the reference point

TCRV20C = 10.27517360 / But TCB is already ahead of TDB at MJDREF
TCDE20C = 1.00000001550520 / And it keeps running faster

TCTY20G = 'JEPOCH ’ / JEPOCH

TCNA20G = ’Julian Epoch’ / This is a proper Julian epoch
TCUN20G = ’a ’ / now in Julian years

TCRP20G = 63115200 / 2000-01-01T12:00:00 in MET seconds
TCRV20G = 2000.0 / 12000.0

TCDE20G = 3.16880878141E-08 / Convert seconds to Julian years
COMMENT -----—---- RA and Dec of each photon event ---------
TTYPE21 = ’EventRA ’ / RA of photon event

TFORM21 = ’D ’ / format of field

TUNIT21 = ’deg ’

TTYPE22 = ’EventDEC’ / Dec of photon event

TFORM22 = ’'D ’ / format of field

TUNIT22 = ’deg ’

END

Appendix A: Time Scales

If one is dealing with high-precision timing, there are a meubtle issues associated with the various time scalestioatd be
considered. This Appendix provides the necessary infaomahat supplements Section 4.2.1. It also provides sormkgraund
information on how some of the time scales are realized amdthey relate to each other.
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A.l. TT and TDT

TT is defined by Resolution B1.9 of the 24th General Assembtii@IAU in 2000 at Manchest&rThis is a re-definition of TT as
originally defined by Recommendation IV of Resolution A4 loé tXXIst General Assembly of the IAU in 1991 at Buenos Alres
By that resolution TT was recognized as a better-defineccephent for TDT.

The initial definition of TT was explained by Seidelmann & feskima (1992). For explanation of the redefinition see Retit
IERS Technical Note 29

Due to the rotation of the earth (and motion of other bodeppint on the surface changes its depth in the gravitatjpsiahtial
of the solar system. As noted in &l et al. 2003, the proper time experienced by chronometetiseosurface of earth fiiers from
TT with a diurnal variation at the picosecond level.

Because TDT never had a satisfactory definition its mearsiragribiguous at microsecond precision. For most uses other th
historical tabulation it is more practical to express suetetstamps as TT.

A.2. TCG and TCB

TCG and TCB are defined by Recommendation Il of Resolutiorofhe XXlIst General Assembly of the IAU in 1991 at Buenos
Aires®. Note 4 suggests that precise use of these time scalesasgpiecification of both the realized time scale (i.e., TAD the
theory used to transform from the realized time scale to tieedinate time scale. All of the references given above foafe also
relevant for TCG and TCB.

Given that TT and TCG dier only by a constant rate, a precise value of TCG is speciffedosumenting the realization of
TT. Thus we suggest that TCG(TAI) be shorthand for TCG comgéitom TT= TAI + 32.184 s or, alternatively, TCG(TT(TAI)).
Likewise, we suggest that TCG(BIPMnn) be shorthand for TCIGBIPMnNnN)).

Specifying a precise value for TCB requires documentingezipe value of TT and additionally a time ephemeris. A curren
example of a time ephemeris is TE405 given by Irwin & Fukush{t999).

It is not immediately clear to us how best to express this imrcise value for the FITS keyword, for there is no guarantee
of a controlled vocabulary for the time ephemerides: naffprevents other authors from producing another time ephsiased
on DE405. However we may proceed on the assumption that ffexatices between any two time ephemerides will be incon-
sequentially small. Consequently, we suggest that TCB{BIf, TE405) be shorthand for TCB computed from TT(BIPMnnjl an
TE405.

A.3. TDB

TDB is defined by Resolution B3 of the XXVIth General Assembfythe IAU in 2006 at Prague This definition is required for
microsecond precision.

A4 ET

ET was defined by Clemence (1948) named by Resolution 6 0f3468 Conference on the Fundamental Constants of Astronomy
held at CNRS in Paris, and adopted by a recommendation frasnGAmmission 4 during the VIlith General Assembly in 1952
at Rome. The definition of ET is based on the works of NewcontileEaof the Sun, Astr. Papers Amer. Ephemeris 6, 1895 and
Brown Tables of the Motion of the Moon, 1919 At the IAU Genekabemblies in 1961 and 1967 Commission 4 designated three
improvements on ET named ETO, ET1, and ET2.

Because ET is nonrelativistic its meaning is ambiguous Hisetond precision. For most uses other than historidalltgion it
is more practical to express such time stamps as TT or TDBthegpurposes of historical tabulation we might want to reemnd
the use of 'ET(ETO)", ’ET(ET1)’, and 'ET(ET2)".

A.5. TAI

TAl is defined by BIPM. (SLA) This wants to be a little more formal for Paper V withesénces to the roles of the CCICETF,
CIPM, BIPM, and CGPM. | believe that it is possible to cite aré&l from members of the CCTF who have indicated that the
definition of TAl has also been amended by the 1AU 2000 regmiuB1.9, but | don’t have them in hand right now.)

Thus TAl is intended to be the best possible realization gfWHich means its aim is to be a geocentric coordinate timke sca
Because of deficiencies in the realization, TAl is only apprately equal to TT - 32.184 s

3 httpy/www.iau.orgstatigresolutiond AU2000_French.pdf

4 httpy/www.iau.orgstatigresolutiond AU1991_French.pdf

5 httpy/www.iers.orgnn_1121@SharedDog® ublikationefEN/IERSPublicationgr/
TechnNote28n29 _019,templatelgéraw,property:-publicationFile.pdtn29.019.pdf

6 httpy/www.iau.orgstatigresolutiondAU1991_French.pdf

7 httpy/www.iau.orgstatigresolutiond AU2006_Resol3.pdf

8 httpy/www.bipm.orgerycommitteegg/cctf/ccds-1970.html (Note the 1980 amendment and the little othe right indicating the change
implicit by the IAU 1991 Resolution A4)
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TAl is a special case of the atomic time scales because tlyevahdl realization is the one in Circular T which is publishie
arrears by the BIPM. As such a FITS keyword value of "TAI' sttbanly be used for timestamps which have been reduced using a
chain of chronometers traceable through Circular T. TAldtimot be used casually.

For example, there are GPS devices which provide time stanthbat claim to be TAI (e.g.,
httpy//www.meinberg.dgenglishiproductggps170pci.htm but | don’'t want to name such names in the pafteis inappropri-
ate to designate a time scale such as TAI(GPS). For the sadte@s§ion the FITS keyword for the time scale in this caseighbe
'GPS’ along with aTOFFSET of 19 s because these time stamps cannot be TAI until theyedreed using next month’s Circular T
value for the dfset of UTC(USNO).

A.6. GPS time

GPS time is defined by the document "ICD-GPS-200, Revisionit@ lRNs 1 through 5”. Note that GPS time is defined in terms
of UTC(USNO). That is to emphasize that GPS time is *not* dediiin terms of TAI. GPS time is only required to match UTC to
within a microsecond.

GPS time is practical, but precision timestamps want to kmdwether the receiver has implemented the corrections to the
satellite clocks and ionosphere given by the contents ofr8ofe 1 as documented in section 20.3.3.3 of the ICD.

(SLA) At this moment | do not have a suggestion for specifyarqmarenthetical expression to indicate whether or not ttedlisa
clock correction has been applied. In the absence of a peeticel expression indicating whether the correctionehmen applied
the precision of an instant expressed in time scale 'GP S3ilshuze 1 microsecond.

A.7. UTC

UTC is defined by ITU-R TF.460, and according to that spedificathe broadcasters are only required to match to withirila m
lisecond. Because of the international recommendatiodsraaty obligations regarding its use, most national niegroagencies
have adopted UTC and disseminate it as part of their statotadigation.

UTC from any source is practical, but precision timestampatto know which realization was used.

UTC from a GPS receiver is also practical, but precision sitamps want to know whether the receiver has implemented the
corrections given by the contents of Subframes 4 and 5 asw@tied in section 20.3.3.5 of the ICD.

(SLA) At this moment | do not have a suggestion for specifyingarenthetical expression to indicate whether or not the
polynomial clock correction between GPS time and UTC(USN&y been applied.

| suppose perhaps that UTC(GPS) might literally mean GP8 wiith the leap seconds subtracted away, and if the polyriomia
is applied then it would be UTC(USNO).

In the absence of a parenthetical expression indicatingtecpkar realization the precision of an instant expresedime scale
'UTC’ should be 1 millisecond. We mighttter that UTC(TAI) would mean UTC corrected after the fact byngshe diset values
published in the subsequent Circular T.

UTC with its current definition was not available prior to P9Aside from historical tabulations, most terrestrial@istamps
prior to 1972 should be expressed at UT.

A.8. GMT

(SLA) With regret for Pete’s work, | do not believe that thareny useable definition for GMT. I've looked at the recomai&iions
of IAU 1935° and they do not actually contain the ruminations from thecpealings wherein the various commissions basically
capitulate that GMT can continue to be used so long as it loreed from midnite.

(SLA) I think we have to disallow GMT and only allow UT. This e®nsistent with the wording of the FITS Y2K agreement
which is now incorporated in the FITS standard v3.0.

(AHR) Proposed text:

Greenwich Mean Time (GMT) is an ill-defined timescale thatartheless stubbornly continues to persist in populapag
as well as scientific papers. Its use is to be discouragedf, énutountered it should be interpreted as UTC, with the attheat it is
rather loosely defined as such and any assertions as to ttisipneof the time stamps should be regarded with caution.

A.9. UT

The underlying concept for UT originated at the Internatidvieridian Conference held in Washington in 1884 which dfithe
Universal Day as a mean solar day to be reckoned from Greénwidnight. UT was initially defined by Newcomb'’s fictitious
mean sun Tables of the Sun, Astr. Papers Amer. Ephemeri®6, 8 name Universal Time was established as the subdiva$io
the Universal Day by Commission 4 of the IAU at the Illith Geadekssembly in 1928 at Leidéh

Most terrestrial time stamps prior to 1972 should be exmgess UT. For events with time stamps established by radigtra
missions we note that it is possible to use Bulletin Horafréhe BIH to obtain sub-second precision on one of the timéesdaere.

9 httpy/www.iau.orgstatigresolutiondAU1935_French.pdf
10 httpy/www.iau.orgstatigresolutiondAU1928_French.pdf
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In exceptional cases of events with time stamps establighetironometers at observatories with meridian instrus)eatibration
is possible to sub-second precision as far back as*£830

Appendix B: Unresolved Issues

This is not part of the paper. It is merely a list of issues thasstill have to attend to or comments that require review.

— | have added Tropical Year and Besselian Year as units arahJarhd Besselian Epochs as time instants. It appears iosgct
3,3.6,4.1,4.3,5.3, and Table 8.

— Appendix A has a number of paragraphs (the ones in red) tleat toebe cleaned up or finalized. Most, if not all, are on Steve
plate.

— Appendices traditionally have not been considered to begidhe standard. | have reversed that for Appendix A (seeaénd
section 2).

— The FITS 1ISO-8601 standard has been expanded to also aliowdsfive-digit years.

11 httpy/adsabs.harvard.etig1994GeoJl.117..811J



